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*- ABSTRACT 

The MAC detector has been exposed at PEP to 40 pb-l luminosity 
of e+e- collisions. The detector is described and recent results 
of a continuing analysis of hadronic cross section, lepton pair 
charge asymmetry, Bhabha process, two photon final state and 
radiative u pairs are given. New results on "flavor tagging" of 
hadronic events with an inclusive u, and some searches for new 
particles are presented. 

INTRODUCTION 

The MAC detector (MAgnetic Calorimeter) endeavors to capture 
all possible observable energies from e+e- collision events at PEP, 
the SLAC storage ring. The large mass needed for this makes the 
detector an excellent muon identifier, and so the iron of the 
calorimeter is magnetized to provide a muon momentum measurement. 
To maximize capture at reasonable cost requires the charged parti- 
cle tracking chamber to be small. Loss of resolution here is 
partially compensated for by decreased particle decay probability. 
The detector thus specializes in the following areas: total 
hadronic cross section, lepton pair properties, "flavor tagging" 
with muons, and new particle searches. 

-- 

The detector has collected an integrated luminosity of -40 
-1 i)b , most of wl;<ch data is used in the analyses presented. 
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THE DETECTOR 

Figure 1 shows end and side views of the detector. Going out 
radially from the beam pipe there is first a central drift (CD) 
chamber of 10 layers in a -1 m diameter solenoid of 5.7 kG field. 
Next are six sextants of shower chambers (SC), constructed of.lead 
plates and proportional chamber layers wired into 192 azimuthal 
cells with layers grouped into 3 sections. An axial coordinate is 
obtained by current division. Scintillator trigger counters (TC) 
follow, then comes the central hadron calorimeter (HC) of 2.5 cm 
steel plates for a total thickness -1 m, interleaved with propor- 
tional chambers wired like the SC, including current division. As 
noted above, the iron is excited toroidially to -17 kG by the coils 
shown. Finally, four layers of drift chamber tubes (MO) are mounted 
on the iron, which can locate muon tracks exiting the iron and 
provide a momentum determination. 

The endcaps (EC) are made of iron plates, also magnetized, 
sandwiched with proportional chambers. The segmentation is coarser 
here than for the central part of the detector, except for a small 

. a- angle region used for shower detection. The endcaps are followed 
by six layers of drift tubes (MO) for muon detection: each layer 
is set at a 60' rotation to the preceding one to allow spatial 
reconstruction. 

-The trigger counters (TC) of scintillator, already mentioned, 
are positioned after the SC, providing a hexagonal "barrel" en- 
closure, and two end walls of scintillator are set within the EC 

I- -i 
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Fig. 1. MAC detector end and side views. Components are: central 
drift chamber (CD), shower chamber (SC), trigger/timing scintilla- 

-- tion counters (TC), central and endcap hadron calorimeters (HC,EC), 
and inner and outer muon drift chambers (MI,MO). 

_ -2- 



steel, as shown in Fig. 1. These provide time of flight measurement 
as well as forming a part of the hardware trigger. The resolution 
properties of the detector are described in Table I. More details 
can be found in Ref. 1. 

Table I. Resolution of the various sections of the MAC detector. 
- - 

Section Resolution Comments 

Central Detector Ap/p=O.O6p, 2OOu in space 

Shower Chamber AE/E=O.2/& Gaussian part 

3 =OaSZ 
segmentation 

8 =1.3 current division 

Endcap SC AE/E=O.45/fi 
04=2o cathode strips 
cJg =1.5O anode wire groups 

Central and Endcap 
Hadron Calorimeter AE/E=O.87/& 

Outer Muon Drift Chambers Ap/p=O.3 multiple scattering 
a- limited 

HADRONIC TOTAL CROSS SECTION 

The hadronic total annihilation cross section is expressed as 
a ratio 
of muon 

"0 
At & = 

R between hadron production and the purely QED production 
pairs. The latter has a cross section 

= a(e+e- -f y + p+p-) = 47fa2/3s . 

29 GeV, our running energy, a0 = 0.103 nb. 

Experimentally 

R=l Nh corr 1 .---t---.-.--e.- 
aO A /Ldt 

where Nh corr is the number of purely hadronic events corrected for 
detector'efficiency, background subtraction, and radiative processes. 
A is the apperture and ILdt is the integrated luminosity. 

For hadron production purely by known quark pairs, with no 
final state interactions, the theoretical expectation for the basic 
process is 

R. = 3 

where q, is the electron charge and qf is the quark charge for 
flavors f=u,d,s,c,b. A correction for gluon radiation is also 
postulated,2 giving 

R = Ro(l+as/~ + . ..) = 1.06 R. 
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for as=0.17, the most commonly quoted value.3,4 This implies 
R=3.90. 

Experimentally, the ratio Nh,corr/A is determined as a unit by 
a Monte Carlo procedure in which the computer code of Berends and 
Kleiss5 is used to generate quark pairs. 
account all radiative processes to order c1 

;his procedure takes into 
. The quarks are then 

subjected to hadronic fragmentation using the Lund Monte Carlo 
procedure.6 Finally, each event is subjected to a Monte Carlo 
simulation of the detector response, and the cuts applied to real 
data are used on the simulation. 

The term /Ldt is determined in three independent ways: a) by 
the corrected number of central section Bhabha events (polar angles 
55'-125O); b) by endcap Bhabhas (15O-25O); and c) by a separate 
luminosity monitor at -30 mr. 

The first data cuts used were based on the energy flow, a 
vector for each calorimeter cell of the detector, (Ei,Bi @i)* 
These cuts were: a- 

l. Evis = C [Eil > 12 GeV 

2. E vis,I = CIEil sinei > 7.5 GeV 

3. Imbalance I = IC~iI/Evis < 0.65 . 

In the second set of cuts, at least 3 good CD tracks were required 
(ClPil > 2 GeV/c, fit to a common vertex). The vertex position 
Iz I vertex had to be ~5 cm, and the total of all tracks >4. With 
these cuts defining Nh,corr, the corresponding A is found to be 
1.08. 

The major corrections applied, and the estimated systematic 
errors were as follows: 

1) virtual yy -+ hadrons, 1% _+ 0.5% 

2) -c + 6 prongs, 0.5% + 0.3% 

3) other (pileup etc.), 0.5% ? 0.5% . 

The final numbers were Nh corr = 10,870 events, /Ldt = 24.6 pb -1 , 
giving , 

R = 3.97 + 0.04 5 0.12 + 0.12 . 

Here the uncertainties are respectively statistical, experimental 
systematic, and theoretical uncertainty in higher order (u4) 
corrections. The overall uncertainty is 4.2%. This result com- 
pares favorably with previously reported values.7 

The agreement with simple QCD is striking; the 6% ~1~ correction 
seems beautifully confirmed. It is clear that the production of a 
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charge 213 top quark pair is ruled out, and the presence of a charge 
l/3 quark is very unlikely. At this energy there is no detectable 
affect on R from the weak interactions. 

MUON PAIR PRODUCTION CHARGE ASYMMETRY 

In the standard model, muon pairs are expected to show a 
detectable asymmetry in the angular distribution of p+ with respect 
to the initial e+ beam direction, owing to interference between 
annihilation through y and through Z" intermediate states: 

do .a2 --=- 
dcos0 2s Ruu(1+cos28) + Bcos0 1 

R 2 
11lJ 

=1+2gxw1 V (to order aG) 

B = 4& 

X= GF 
--+ 2fina s/Mz-1 

where the symbols have their well known meanings. The charge 
asymmetry 

-A NF-NB 
1-u 

zN +N =--$ 
F B UP 

is predicted this way to be -6.3% at & = 29 GeV. Using a recent 
modification of the standard Monte Carlo procedure which includes 
radiation on the Z" diagrams,8 the expected asymmetry becomes -6.0%. 

Experimentally, detector fields were reversed periodically. 
The data was selected as follows: 

1. Two CD track found, vertex constrained, and associated 
with minimum ionizing tracks in shower and hadron 
calorimeters and/or muon track in the OD system. 

2. CD momenta satisfy 1~11 + Ip21 > 8 GeV/c. 

3. Iz vertex 1 < 5 cm, /xv/ < 0.4 cm, lyvl < 0.2 cm. 

4. Scintillator time difference -10 < At < 4 nsec. 

5. Acollinearity angle <lo'. 

6. Opposite signs of momenta (CD or OD). 

We have only recently incorporated the OD muon detectors into 
the analysis. This has helped to reduce charge sign ambiguities 
and identify some feed-in of forward Bhabha events, which are 
highly asymmetric. Background estimates are: 
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1. Cosmic rays, < 0.5% 

2. w-w , - 1.8% 

3. Bhabhas , < 0.3% 

4. TT events , 2.5% 

The final sample had 3067 events, with 130 attributed to back- 
ground. Integrated luminosity was 39.9 pb-1. For this data the 
observed asymmetry was corrected for an asymmetry from QED processes8 
of +2.8%, to give 

A =- 0.076 !I 0.018 f 0.003 . u1-l 
For Mz = 90 GeV, this implies via the standard model 

gi gA ' = 0.31 + 0.08 . 

If the expected value of 0.25 is used as input, the asymmetry implies 

Mz > 40 GeV 

. a*- at 90% confidence level. 

When all detector efficiencies are included, the normalization 
of the reaction gives 

R = 0.99 I? 0.02 f 0.05 . 
PU 

This‘ result implies 

gG gv u = 0.03 + 0.16 . 

Both results are in excellent agreement with measurements from other 
detectors (see paper of A. BGhm, this conference). 

The analysis of T pair processes for charge asymmetry remains 
as reported at the Paris Conference.4 

BHABHA SCATTERING 

The elastic scattering reaction has its charge asymmetry 
overwhelmed by the intensity of the t-channel process. However 
the angular distribution is modified by electroweak effects, even 
if sin20 = 0.25. This process is so prolific that very small 
errors a!!, possible, and an understanding of the data provides an 
excellent assurance that one understands the detector response. 

Events were selected with two vertex constrained CD tracks, 
collinear to loo, and having a total energy in the shower counters 
of over 0.5 EC.,.. Corrections were made for tracking efficiencies, 
energy cut efficiencies, and radiative corrections with the standard 
Monte Carlo techniques. In these events no external charge 
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identification is available, and so the small CD double sign re- 
versal ambiguity puts enough forward high cross section events into 
the backward hemisphere to spoil the beauty of the distribution. 
Fortunately, little actual sensitivity is lost in the fit to a 
folded distribution. 

In Fig. 2, the angular distribution is shown as a ratio to the 
pure QED prediction. The solid line shows the best fit for a 
variation of sin2f3W. The broken line shows the charge for a 95% 
confidence level variation, in either direction. The result is 

sin20 W = 0.24 If: 0.08 . 

The statistical level of data from this reaction has reached 
a point at which a significant test of "preen" models of composite 
leptons can be made. Details may be found elsewhere,q but briefly, 
composite structure would imply constituent exchange, which would 
induce an effective contact interaction of the form 

3 

where i,j are over left and right handed spinors. g2/4n is taken 
equal to unity (making A a "mass scale" rather than an actual mass) 
and n's are zero or tl. Interference with the normal exchange pro- 
cess would produce a deviation from QED of a quite marked character, 
for masses in the usual range of testing. 

I I 1 I , I , , , 

.-.--.--* 

h-=0.5 TeV 

Fig. 2. Angular tistribution of the 
reaction e+e- -f e e- compared with 
QED. BEST FIT is from varying sin2eW 
and 95% C.L. is from such a variation. 
The dot-dashed lines are meant to show 
the sensitivity of the data to preon 
mass. 
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The dot-dash lines of Fig. 2 show a prediction for ARR = 0.5 
TeV, which would produce a wildly unacceptable fit. At the 95% 
confidence level, actual fits produce the limits: 

nLL = 1, nRR = qRL = 0 : ALL > 1.2 TeV 

rlRR = QLL = nRL = 1 : Aw > 2.5 TeV 

%R = 'lLL = 1, nRL = -1 : AAA > 1.3 TeV 

where V and A stand for vector and axial vector coupling combinations. 

TWO PHOTON FINAL STATE 

The process 

e+e- + YY 
shows no effects from weak interactions, and hence provides the 
cleanest test of QED theory. When the experimental angular distri- 
bution is compared with QED, deviation from agreement are parame- 

.?- terized as the mass of an excited or "ortho" electron which can be 
exchanged. The cross section becomes 

da/dR = (du/dR)QED (1 + s2 sin20/2A4) 

where A is the e 
* 

mass. 

‘We have found our data to be consistent with QED. At the 95% 
confidence level 

A = Me* <55GeV . 

RADIATIVE MUON PAIRS 

The interest in the reactions 

e+e- -+ vu * + UlJY (1) 
is twofold. First, it provides a search for an "orthomuon," i.e. 
an excited state. Secondly, it provides an excellent test of our 
understanding of radiative corrections. Thus we win either way. 

Process (1) is described bylo 

do 2 2 ==A a (s-M)~ 
-Q3-- (s+M2)- (s -M2) cos20 1 

which is quite distinguishable from the usual Bremsstrahlung. Here 
X is a factor modifying the usual coupling of pairs. 

If such a state as p* exists, we would also expect to see the 
process 
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e+e- * -+?J v * -t !JI-IYY 
with an equally distinctive distribution 

(2) 

da cr2 IF(s>~~ 8[ -=- 
dR 4s l+co~~e+(l- fi2) sin2t3 1 . 

Therefore we study both final states. 

The puy event sample was selected by the following criteria: 

1. Two tracks, satisfying muon criteria, with collinearity 
> 100. 

2. Ey > 1 GeV. 

3. Acceptable 4-constraint kinematic fit. 

The upyy selection used the above, plus an extra requirement of 
>lO" between any tracks or showers. 

The invariant uy mass for reaction (1) is shown in Fig. 3(a). 
Superimposed is the QED prediction (Berends-Kleiss5), in excellent 

a- agreement. In Fig. 3(b) the angular distribution is shown, with 
the QED prediction. A strong charge asymmetry, well explained, 
is evident, of around -20%. Its source is interference between 
initial and final state real radiation. At large angles and ener- 
gies the two sources become comparable, but have different inter- 
mediate state C parities. 

0 30 

40 

30 

e 
5 20 
> 
W 

IO 

(b) 

ttitttJi t t 

I 
I I I 

---_I---- 
- I.0 -0.5 0 0.5 I.0 

1-a case 4515*1 

Fig. 3. (a) Invariant mass of uy system in the reaction e+e- -t 
P+lJ-Y * The solid curve is the absolute QED prediction; (b) angular 
distribution of the same reaction, along with the QED prediction, 
both showing a strong charge asymmetry. 
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In Fig. 4(a) we show a scatter plot for reaction (2) py masses. 
If a u'1-r" pair was being made, the area enclosed by broken lines 
would have an enhanced population, which is not found. Figure 4(b) 
shows the 95% confidence level mass limits assigned as a function 
of MPy and effective couplings assumed. 

30 

a- 

0 
0 

-, 

I I /’ I I 1 
/ , / 

Excluded 5 
(b) ; 

Excluded z 

10-l 
IO 20 30 0 IO 20 30 

Mp+y (GeVd) MPY (w/c*) ,51)A4 

Fig: 4. (a) Scatter plot of invariant py masses in the reaction 
e+e- -f v+p-yy. Each event appears twice. The broken line indicates 
the search area for an excess of events due to excited muon produc- 
tion; (b) mass limits (95% confidence level) for the excited muon 
state corresponding to assumed parameters of the production process 
given in the text. 

INCLUSIVE MUON FLAVOR TAGGING 

With the MAC detector surrounded by drift tubes, it is possible 
to identify muons in hadronic events, measure their momentum, and 
deduce their initial angles. A large momentum transverse to the 
jet axis carried by the muon is indicative of a massive quark semi- 
leptonic decay. The main background is from muonic decay of v or K 
mesons and “punch-through" of hadrons. Our estimates of these 
backgrounds in the selected sample are 20% and 10% respectively. 

A total of 240 events were selected from a 27 pb-' data sample. 
The muon momentum transverse to the event thrust axis, p,, is shown 
in Fig. 5(a). Superimposed upon the histogram are the expected 
distributions from b and c quark decays and from background. This 
decomposition was arrived at by first deducing a quark fragmentation 
spectrum, I1 then fitting the data assuming a semi-muonic decay 
fraction. The Ali12 Monte Carlo procedure was used. 
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Fig. 5. (a) Nuon momenta perpendicular to the thrust axis in 
hadronic annihilation events with an identified "inclusive muon." 
Curves indicate the contributions from bb (solid),.& (broken) and 
background (dot-dash) production processes as obtained in an overall 
fit; (b) jet mass, defined in the text, for above events with pI > 

a- l GeV/c. Fit determined contributions are again indicated. 

For the jet opposite the one with the muon, a "jet mass" is 
calculated: 

-M. 
Jet 

= Ebeam MY2 

where T1/2 is the thrust of particles in the jet hemisphere. 
Figure 5(b) shows the normalized distribution for pL > 1 GeV/c, the 
b quark selection cut. Superimposed is the jet mass found for all 
hadronic events (broken line) which peaks noticeably lower. We note 
parenthetically that for pI < 1 GeV/c, the jet mass agrees with the 
"all hadron" curve. The solid lines show the deduced b6 and cc 
contributions. A cut for Mjet > 5 GeV further enhances the b signal. 

The charge asymmetry for quark pairs is expected to be larger 
than for 1-1 pairs, i.e. 

Aff 
= 2x. e f 

24, gA gA 

because for bg, Qf = l/3. We naively expect Abb M -19%. UnfOrtU- 
nately, with the above cuts, only 64 events remain, and we find 

Abb = 0.06 t 0.13 

which is not a significant test. Further data and deeper analysis 
will be needed to use this promising technique. 
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SUMMARY 

MAC has now produced results which in each test confirm the 
validity of the Standard Electroweak Model. Its future now lies 
in the search for phenomena outside that model. 
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