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An excess of like-cha.rgé dimuons has been observed with the MAC detector in
multihadron evenls produced in e*e™ annihilation at /s = 20 GeV. I this excess
is atlributed to /3%-3° niixing, the corresponding value of the mixing parameter
x=T{B = p~X)/V(B = ptX)is x =021733 and x > 0.02 at 00% C.L.

favited talk prresented ab the XX1Ind Rencontees de Moriand:
Eleclroweak Interactions and Unified Theories
Les Ares, France, March 8-15, 1987
. -'!."Iil‘;ﬂlk W."I” ;uppml-ul in part by the U. 5. Department of Energy wider coutract

number DE-ACO3-TGSFIN515 and by the National Science Foundation under grant number
NSF-PIIY82.15)33.

N



) DR —0B3-¢

Immediately altor the discovery of the beauty quzrk!” speculation began that
significant mixing might occur between B? ~ B9 just as it does between K9 « Ko®
UA1 and Asgus have recently reported evidence for such mixing!™ The MAC col-
laboration has performeil a measurement of B%- B? mixing using data collected at
the PEP storage ring. At PEP ete™ collisions with /s = 20 GeV pravide a fa-

vorable er.viranment for studying B9 B? mixing. In contrast with pp collisions the

ete” » bb dilferential cross gection is very well known and the events are quite
clean. And unlike e? ¢ collisions at the T{43} resanance PEP energy is well above
the threshold for producing BY mesons, the species thought mnost likely to exhibit
significant mixing!" and the energy is sufficient to produce a clear jet structure

with the decay products of the b and b isolated from eacli other in opposite jets,

To measure H%- [i¢ mixing MAC uses multihadron evenls cantaining two muons.
The mueas pruvide flavor entichment and they also provide charge lagging to dis-
criminate between Lhe decays & —v p~Byc and b —» u*v,e. Without mixing prompt
dimuons in ete” -+ bb events have apposite charges, with mixing these is some
probability of producing like-charge prompt dimuons. like-charge backgrounds
camea from evenls iy which ane af the muons is produced from the ¢ascade decay

b ¢ — ptorb-¢2 -+ u” and from events in which a like-charge hadron is

misidentificd 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 tuomentum veetor from Independently reconstructed inner
and outer drift chambers which are separated by more thar 5 absorption lengihs
of hadron catosimetyy; (2) energy deposition in the hadron caloritmeter consistent
with the passage of a minimum ionizing particle; (3) p between 2 and 18 GeV/e
where p 15 the weighted average of the two independent moinentnin measnrements;
(1) pafp > 0.1 to cut out the fake muon backgrouml in the core of the jet. Muon
p) s calculated refative to the thrust axis, an estimator of the original yuark direc-
tion. The Lhrust axis is determined from energy deposition in the calorimeters with
muan-associated calorivueter hits augmented to eorrespond to the measured muon

momenitum. To have greater assurance of the reliability of the thrust axis recon-
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struction events ate seiecied if theust is less than 0.72 or if the thrust axis is wilthin
30° of the beam 2xis. The success of mvon identification criteria may be judged
by the probability of misidentifying a hadron as a prompt muon. Hadrons which
either pencirate the calarimeters or decay inta secondary muons nay fake prowpt
muons. Using taus which decay into three charged particles as a clean source of
hadrons and all of the cuts listed above except the p) /p cut, the misidentification
probability is found to be (0.41 £ 0.08)% far tau data and (0.35 + 0.03])% for tau
Monte Carln. The agreement indicates that the data is modeled well by the Monte

Carlo. This small misidentification probability is further reduced by the p, fp cut.

Fig. 1. Dimuon evenl in the MAC detector.

The full MAC data sample of 310pb~" i3 used for this analysis. The above
muon selection criteria yiold 2813 single muon events with 2790 & 53 predicted by
the Monte Carlo. There are 47 dituon ¢venis with 51 % 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 deteclor. Monte Carlo
predictions are largely based on ~ 2800pb~7 of generated beauly and charm dimuon
events, However, predictions for background events which contuin one or more fnke
muons are made from 307ph~1 of generated multihadrons of all Tavors and typus.
Agreemout botween the data and Maonte Carlu w illustrated by the p and py spectra
in Figure 2.
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Fig. 2. Momentum and transverse momentuin speetea of single rmuons.

High p, is characteristic of prompt muons from b lh.-r.ays!” Figure 3 shows a
Muonte Carlo sisimlation of Lhe elfectiveness of a py cut for selecting a dala sample en-

riched in bb cveits. The upper {dimuon) curve approaches 100% for p; > 1.0 Gev/c.
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Fig. 3. Flavor purity of sample.

Dividing p, inte Mo'{< | GeV/e) and *hi’ (> 1 GeV/e) regions, the data is
partitioned inle three bins- a *lo-lo” bin with p, < | for both muons, a ‘lo-hi’ bin

with g, - ¢ for only one muon, and 2 *hi-hi’ bin with py > § for both muons,

The *hi-hi* bin has the grealest purity of b6 events. Events are divided into two



jets by a plane perpendicular to the thrust axis and are clussified as ‘same-jet’ or
‘oppasite-jet’ depending on the posilions of the two muon tracks. The table below
shows nurnbers of dimuon evenls and Monte Carlo predictions according to this
classification. The data agrees well with the predictions. The predicted numbers of
evenis and their errors are scaled to datz leminesity, but Poisson lluctuations on
the nombers of predirted events are not inclnded,
Numbers of Dimuon Events
Data {Monte Carlo in parenlhcses)

Total

py bin| Same Jet | Opposite Jei

LolLop

FLo-Tli
Hi-1h
Total

1{1.5%1.0)
4 {191 15)
8 (7.6 21)
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 (16.1 + 2.5)
47 (51 £ 4.8)

The significant quantities in a2 mixing measurement are the relative numbers of
like-charge and unlike-charge dimuons in opposite jets. Same-jet ditnuons contain
no information about mixing but are a good check on the modeling of backgrounds.
The table below shows data and Monte Catlo prediclicns withaut mixing, The
eame-jel data agrees very well with the predictions, however, the spposite-jet data
shows significant deviation fiom the predictions. The greatest deviation is jn the
‘hi-hi’ bin, exacily where mixing would most increase the number of like-charge

dimuogs. The probability of a statistical fluctuation of this magnitude is ~ 5%.

Liike and Unlike Charge Dimuons
Data [Monte Carlo in parentheses)

py bin Same Jet Oppasite Jet
Like Charge | Unlike Charge | Like Charge | Unlike Charge
lodo | 0(0s*7) [ 1(10+07) |1(27+03) | 10(7.5+1.5)
lo-hi 11§00 £1.0)) 3(3.841.) |4 (5.041.8) | 7 (11.3+2.0)
hi-hi |1(2043.4)| 7(56+18) [5(1.0408) [ 7(864 1)
Total |2 (;.5 1oyl o5 £ 2.0) [ 10 (u.nT.'z.-l) 24 (27.4 § 2;)—
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The fraction F = (number of like-charge dimuons)/(total dimuons) s plotted in

Figure 4a. We see reasaonable agreement between data and Mante Cario for same-

jet dimuona (the three py hins combined) and for the first two bins of opposite-jet

dimuons, but a discrepancy of ~ 2¢ in the opposite-jet *hi-hi® bin. Figure 4b shows

the sensilivity to mixing delined by § = (Up — Lg)/Total where Uy and L are the

predicted nnmbers of unlike-charge and like-charge beauty dimuons without mixing,

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

the excess of like-charge dimuons in the data.
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Fig. 4. Fraction of like-Charge Dimuon Events and Sensitivity to Mining.

To describe the amount of mixing we define

rn
where X~ I—,i'ﬁ

f-2x(1-x)

-+ p”X)

*wrong’ sign decays

aiXy T

‘right’ 1 “wroag' sign

(1)

()

and M represents up average over the beanty particles in Lhe sample (B, B3, B,
Ap o). a is the Traction of prompl muens which change sign as a result of mixing,

wherens [ is the fraction of dimuon events which change refative sign as a result of

1



mixing. The parameters F, §, and [ are related by

Fainng = fo + f§ ()

where Fp is the Monte Carlo prediclion with zere mixing and Fixing is the value
of F calculated for any given amount of mixing, f. If we attribule the ‘hi-hi' bin

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

Fdnta = Fp + fs = f = Dﬁ?ig:?

To fit all three bins in an unbiasced way we maximize the log likelihood
In£(f) =) Liln(Fo, + [5) + UsIn[t - (Ko, + f5.)] (4)
i

where L; and U; are the numbers of like and unlike charge data dimnons in bin 1.

The log likelihood is plotted in Figure b with Monte Carle uncertainties folded in

and from it we determine the result

f=0344022 J > 0.04 at 90% C.L.
or equivalently X = D.2lfg:f: 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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It has become commen practice to plot Tesults ol mixing experiments in terms
of 90% confidence Yevel Yunils on the parameters r, and rg"™

x by

which are related Lo

X
LE I’! and X = PaXs ¥ PaXd (5)
X

where p, — praportion of B in the sample and where equal semileptonic branching
ratlios are assumed for all beauty hadrons. Figutes 6a and 6b show such plots for all
experiments currently reporting results on H% B° wixing!™ ‘The Mark 13, VALY, and
MAC contonrs depend on untested assumptions about event sample composition;
{pa,p2) = {0.2,0.4) is assumed for Fig. 6a and (ps,py) = (0.1,0.35) is assumed for
Fig. 8b. The intersection of the allowed regions of all experiments {nat 0% C.[.1)
is shaded. If this area is Ltaken as the allowed reginn of parameter space, substantial
mixing is indicaled. The allowed region in Fig. 6a conflicts with Lhe theoretical
expectation' that r, 3 ry, i.e. that mixing should be much greater for BY than for

Bg. However, lat confllict does not exist with the composition assumed in Fig. Gb.

T thank T. L. Lavine, F. Muber, 11 N, Nelson, and ). M. Ritson for Lhicir help
preparing this tatk.
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Fig. 8a. Experimental 80% C.L. limits on mixing for {p,, p4) = {0.2,0.4).
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