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Introduction

The MAC (MAgnetic Calorimeter) detector consists of a central tracking detec-
tor inside,a small solenoid, an electromagnetic calorimeter, scintiTlation
counters, a segmented, toroidally magnetized steel hadron calorimeter, and large
muon tracking chambers. The detector was designed to have nearly complete solid
angle acceptance (>0.95-47 for all processes), to provide good identification
and measurement of photons, electrons and muons, and to measure as well as pos-
sible the total energy of events containing hadrons. The detector was installed
in the winter of 1979/80 and first beam checkout began when PEP turned on in
spring 1980. The data presented here were accumulated primarily during
February-June 1981 and February-March 1982. The center of mass energy is 29 GeV
and the useable integrated luminosity is approximately 15 pb-'. Results are

presented on several processes that illustrate the strengths of the MAC detec-
tor.

Petector

We give here a brief description of the detector (see Fig. 1), its resoiu-
tion, calibration and triggering, since the details are described elseshere.!)

1 METER

Fig. 1. MAC detector layout. The components labelled in the figure

are: central drift chamber (CD), shouer chamber (SC), trigger/timing
scintillators (TC), central and endcap hadron calorimeters (HC, EC),

and the inner and cuter muon drift chambers (MI, MO). Also indicated
are the solenoid and toroid coils.

Charged particle tracking is provided by a cylindrical drift chamber (CD) with
ten layers of wiresz (four axial and six stereo layers at #3°) surrounded by a
solenoid coil giving a magnetic field of 0.57 T. The setting error of 200 um
leads to a momentum resoiution Ap/p = .055-p-sinB. An electromagnetic shouer
counter (SCJ) surrounding the solenoid consists of proportional wire chambers
sampling the shower which develops in 32 lead plates, sgach 0.5 radiation length
thick., MWire groups are combined fo give 192 separate azimuthal signals in each
of three layers in depth. The axial position of the shouer is measured using
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I current division with an accuracy = Zcm
(1% of the length of the wires). Fig. 2

i T T
30 ; shous the energy distribution for a sam-
ple of Bhabha events. The data and
Monte Carlo calculation {(smooth curve)
are in good agreement (ops/7E = 0.08) when
@ 20 — the effects of 5% non-functioning chan-
& nels are included. More recent data
o with many of these channels fixed shous
the expected improved energy resolution.
10 —
A total of 144 scintillation count-
ers (TC) inserted betueen the electro-
Mlﬂ magnetic and hadronic calorimeters in
0 | ! |
5 10 15

both the central and endcap regions are
. 0 20 used for triggering and to reject cosmic
asen) DETECTED ENERGY (GeV) ray background. The central hadron
calorimeter (HC) consists of propor-
Fig. 2. Energy response of the cen- tional chambers interspersed between 2.5
tral shower chamber to 14.5-GeV cm steel plates totaling 5.0 absorption
electrons. The curve is the pre- lengths. The readout and segmentation
dicted resolution function. are the same as for the shouer chambers.
The endcap (EC) regions of the calorime-
- ter also consist of proportional cham-
bers and 6.0 absorption lengths of 2.5
B cm steel plates. The anode wires in the
proportional chambers are oriented to

l I I f i
100 + . measure the radial pesition of a shouer,
to) while wedge-shaped cathode strips meas-
80 — ure ¢. Fig. 3a shous the distribution
of total calorimeter energy for a sample
60 - - of multihadron events for uwhich the
thrust axis satisfies lcos 61 ¢ 0.8
40 — (avoiding the poles of the detector
where energy is not sampled). Fig. 3b
20 + — shous the results of a Monte Carlo simu-
lation using EGS?} and HETC3? for elec-
L | ! 1 ! tromagnetic and hadronic shouwer develop-
(b)

EVENTS
o

ment and the Lund Monte Carlo*! for

multihadron physics input. The simula-
60 |- ~ tion includes a realistic model of the
detector geometry and shows reasonabie
agreement with the data energy resolu-

40 - N tion, og/E = 0.18.

20 | i Muon tracking drift chambers (MO)
surround the entire calorimeter and
additional layers (MI) are placed before

0 f L 1 | P the HC. The inner drift chambers are

0 10 20 30 40 50 60 planar and the outer chambers are 10 cm

TOTAL CALORIMETER ENERGY (GeV) diameter drift tubes. As nearly as pos-

e ronana sible given the hexagonal geometry, all

o ' wires are oriented perpendicular to the
Fig. 3. Total energy for non-polar direction of bend of particles emerging
multihadron events: (a) data; (b) from the toroidally magnetized steel.

Monte Carle caiculation. The combination of inner and outer drift
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chambers measure the bend angle of muons with a multiple scattering limited pre-
cision Apsp = 0.25.

The trigger for the experiment consists of the logical OR of:
(1) scintillator opposite sextants or end quadrants; (2) scintillator hits on
any 3 or more of the & faces of the detector (modeled as a hexagonal prism with
ends); (3) shouwers of at least 2 GeV in any 2 of: 6 SC sextants, 2 endcaps, or
any part of the HC; (4) one or more penetrating tracks, defined by a string of
central drift hits within a 20° sector, a hit in the corresponding scintilla-

tors, and the corresponding central hadron calorimeter sextant registering at
least 400 Mev.

ete” >

Since PEP has run almost entirely at a single center of mass energy, 29 GeV,
the reaction ete »yy provides the only test of QED with point-like leptons.

. This is because there is no louest order uweak contribution to this process. A
modification to the electron propagator in this process can be parameterized by

do  doyg sZ sin%? 8
— 2 — ’ P ——
df df 2 As®

where . QP
dog «a? { 1 + cos? 8 }
- df- s sin? 6
) is the lowest order QED differential cross section. The inverse of A, and A.
can be interpreted as limits on the size of the electron. Alternatively this
analysis can be interpreted as a search for a hypothetical heavy electron E¥,

#ith charge e*, in uhich case ue set a limit on the mass of the E* with
A+=mg*Je/e*.

At present, this analysis has been
T performed on only 254 of the total data
sample. The events are collected via
the total-energy portion of the harduare
80 trigger. The event selection requires
that: at least tuwo opposite sextants of

'g the detector have greater than 1.5 GeV
o deposited in the electromagnetic portion
> 60 — — . . .
Ky of the calorimeter, uhile the remaining
2 /{ sextants have less than 1.5 GeV depos-
- + ited eneruy; the total electromagnetic
< or — calorimeter energy is greater than one-
% half of the total center of mass energy:;
9 feuwer than 10 hits are found in the cen-

20 = - tral drift chamber. Corrections are
made for triggering and analysis ineffi-
ciencies such as the conversion of pho-

| { i tons in the material before the drift
0
0 0.2 0.4 0.6 08 chamber. The data are compared to a
lcos@] o Monte Carlo simulation which includes
first order radiative corrections.S)
Fig. 4. Angular distribution {for Fig. 4 shous the differential cross sec-

ee>yy events with expected QED curve. tions for the data and the Monte Carlo
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calculation. A %% fit to the parameterization of equation (1) has been
performed in order to extract limits on the A parameters. Our limits at the 95%
confidence.level together with previous results®’-7} zre summarized in Table I.

Table 1 Summary of A: parameters for ele vy

A, (GeV) A-(GeV)

MAC 46 37
CELLO 43 48
JADE 47 44
MARK J 55 38
MARK I1I 50 41
PLUTO 46

TASSO 34 42

ete” = p*u- and ete” » rtr-

The differential cross section for pair production of quarks or leptons is
expected to be modified by the contribution of a diagram involving the exchange
of a neutral weak boson 2°. In general it is possible that more than one such
neutral vector boson could exist. We will present results here for the pair
production of muons and taus. (Results for the Bhabha process have been pre-
sented previously?’)). 1Ignoring lepton masses, the differential cross section

for these tuwo processes to lowest order in the weak coupling constant g can be
uritten as

do  dog Mz2 . Mz%" cos §
—=—{1-8sggy? | ——— ¢ - 16s g gyt
d  dn Mz2 - s Mz2 ~ s ) 1 + cos?2 @

where (2)

— = — (1 + cos?2 §) ’
df 4s

gy and g4 are the vector and axial-vector couplings of the 2° to charged lep-
tons, and g=4.5%X10"% GeV-2. The second term in the above expression just alters
the total cross section and is very small in the standard model but the third

term modifies the angular distribution and leads to a foruard-backward asymmetry
defined by

dosdfi(8) -~ dosd(w-8)
A(8) = ) (3)
do/di(8) + dosdt(w-6)

with 8 the angle between the outgoing lepton of the same charge as the incoming
electron and 0° ¢ 8 ¢ 90°. The standard model predicts a total asymmetry of
-6.3% for Ecy=29 GeV and the nearly 4m acceptance of MAC.

The event selection for the present pu analysis uses the central drift cham-
ber rather than muon chambers for momentum measurement and requires:

1) tuwo tracks with opposite charge, an acceptable vertex fit, and axial poesi-
tion within 5 em of the mean interaction position;
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3)
4)

5)
6)
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each track be consistent with being a muon {(possibly accompanied by a
nearby photon) according to the calorimeter energy deposition;

the two tracks to be collinear to within 10°;
each track be outside of a *3° azimuthal window centered on each of the

twuelve cracks in the detector;

the total momentum of the two tracks be
each track have associated scintillator
the mean TOF be within 4 ns of the mean
the difference betueen the tuo TO0F’s be

greater than 8 GeVs/c;
time-of-flight (TOF) information,
for beam associated events, and
less than 5 ns.

100 T

80 -

{nb Gev?2)

sdo/dcosé

P cosé

0

A BAY

Fig. 5. Angular distribution of 84%
pu events with curve showing asymme-

try best fit.

Requirements 2 and 4 reduce Bhabha con-
tamination to an insignificant level; 1,
5, and 6 effectively eliminate cosmic
ray background; and cuts 3 and 5 remove
eepi events from the sample. The angu-
lar distribution of the 846 events in
the sample is shoun in Fig. 5 accompa-
nied by the best fit curve to the form
of equation 2. The data points are cor-
rected for the asymmetry due to first
order QED radiative corrections®’) which
amount to 2.6% for our acceptance. Sys-
tematic errors are estimated to be less
than 1%. Table Il summarizes our result
and the expected value for the standard
model as uell as the corresponding num-
bers for previous experiments.?)s?®) (The
34 GeV data has been used for the PETRA
experiments if avatflable). The second
error if given refers to a systematic
error. The large acceptance of MAC
allous maximal sensitivity to the asym-
metry, as evidenced by the fact that our
error is comparable to the errors from
the PETRA experiments which have much
larger data samples.

Table 11 Summary of asymmetry results for pp data

Best fit Appld) Standard model Apnp(#)
MAC 1.8 & 3.3 -6.3
CELLO -6.4 * 6.4 -9.1
JADE -12.8 + 3.8 £ 1.0 -9.1
MARK J -8.4 + 2.9 * 1.1 ~9.,5
MARK 11 -6.0 * 4.0 -6.3
PLUTO +7 %10 ~5.8 (%228 GeV)
TASSO -16.1 % 3.2 -9.3

The data sample for the
events for which the event

77 asymmetry analysis consists of charged 2-prong
selection is described belou, and the charged 4- and
6-prong events used in the 7 lifetime analysis. MUe reject events classified as
ee or ppu and requirements 1, 4, and 6 of the pp analysis are also used for the
77 2-prong sample; in addition we require that:

1) the total momentum of the tuo tracks be greater than 2.5 GeV/c;
2) the total electromagnetic calorimeter energy be less than 20 GeV;
3) the two tracks be collinear within 50 dearees;
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Fig. 6. Angular distribution of 242
77 events uwith best fit curve.

7 lifetime

4) events identified as "pe" have a
p,;<1.5 GeV/c relative to the axis
for which the p,; for the tuo par-
ticles is equal.

Requirement 2 is necessary in order to
eliminate Bhabha events uhile 1, 3, 4
are necessary to reduce eepp and eerrT
background to a negligible level.

Fig. 6 shous the angular distribution
for 242 events from approximately 504 of
the total data sample as uwell as the
curve for the asymmetry best x2 fit.
Radiative corrections are handled as in
the pp analysis. The results of this
analysis as uwell as the 77 results from
other experiments?)-19) are summarized
in Table III.

Table 111 Summary of asymmetiry results
for 17 data

Standard
Best fit Aye(R) model Ary(Z)
MAC +3.8 * 6.4 -6.3
CELLO -9.3 * 5.2 -8.2
JADE -4.7 + 4.2 1.2 -7.5
MARK J -7.0 % 7.2 * 2.1 -9.5
MARK 11 -3.5 % 5.0 -6.3
TASSO -0.4 * 6.6 -9.1

A measurement of the lifetime of short-lived particles is possible with the
MAC detector due to the good vertex position resolution of the central drift

chamber afforded by its small size.

We present resulis for the lifetime of the

7 lepton extracted from a sample of events uith between four and six recon-
structed charged tracks. The method is to measure the transverse distance
betuween the interaction point and the vertex position of accepted 3-prong 71
decays. A sufficiently Targe number of such decays allous the mean of the decay
path to be determined with an accuracy much better than the vertex position res-

olution.

ing:

The final sample of 135 events (139 3-prong 7 decays) uWas selected by requir-

1) the event be consistent with ee>77, with zero total charge and at least
one of the 7’s decaying to three charged particles;
2) the total calorimeter energy be less than the pure-electiromagnetic equiva-

lent of 24 Gev;

3) the charged-track sphericity be less than 0.03;
4) the magnitude of the total momentum of each 3-prong be greater than 4

GeVsc;

5) the larger of the two jet invariant masses determined from the calorimeter

energies be less than 4.5 GeV;



6) 3-prong vertex quality cuts:

a) an average of at least 7 hits per track;
b) x2¢15 for the vertex fit (3 degrees of freedom);

¢) net charge equal to *1;

d) the error on the decay length less than & mm.

Requirement 2 was necessary to eliminate radiative Bhabha events with the photon
converting in the material before the drift chamber, though the majority of

events of this type were eliminated by reconstructing the e*e- pairs.

The con-

tamination of eerr events in the sample uas reduced to an estimated 1 event

using cuts 3 and 4.

Muttihadron events were another important source of back-

ground, but are reduced to an estimated 7 events using requirement 5; the effect

of this cut for multihadron events and the events in the present sample is shoun
in Fig. 7.
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Fig. 7. Distribution of the larger
of the two jet invariant masses with
the cut used in the analvsis shoun.
Solid curve: v lifetime sample.
Dashed curve: multihadron events
(arbitrarily normalized).
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Fig. 8. Total Ip! of charged tracks
for v lifetime sample with lMonte
Carlo curve supsrimposed.

Requirement 6 was used to remove poorly measured triplets which

would have otherwise increased the sys-
tematic errors. As an example of a typ-
ical kinematic distribution, the summed
magnitude of the momenta of the charged
tracks is shoun in Fig. 8 with a compar-
ison curve from a Monte Carlo simula-
tion. HWe find good agreement betueen
the data and Monte Carlo for a variety
of such kinematic quantities, reinforc-

“ing the conclusion that the contamina-

tion from other processes in the final
sample is small.

The decay path is calculated using
the displacement of the vertex tran-
sverse to the beam, correcting for the
polar angle of the triplet. The uncer-
tainty in the transverse position of the
beam is 0.7 mm, much smaller than the
typical vertex error of =24 mm. Fig. 9
shouws the distribution for the total
error in the decay length. The actual
decay path distribution is shoun in
Fig. 10. The curve is the Monte Carlo
calculated distribution using our meas-
ured lifetime.

In erder to calculate the lifetime,
we must correct the measured decay path
for a bias due to the effects of finite
drift chamber position resolution on the
vertex fit position. We have estimated
this systemalic effect using a realistic
simulation of the drift chamber, includ-
ing non-Gaussian position errors, as
well as using a sample of 3-prong ver-
tices from multihadron data events cho~-
sen to be similar to our 7 decay sample
in the relevant kinematic distributions.
The estimated bias in the ueighted decay
length from the former method is 0.55
mm, uhile the latter method gives 0.50
min after correcting for the expected
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40 . ,
! T ! Fig. 9. Error in the decay length
for v Tifetime event sample.
35 | ' 2
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(1—r7—1__1 Fig. 10. Distribution of decay
o [ ! . position for 1 lifetime sample.
0 5 10 15 20 Curve is for Monie Carlo using final

4-82 DECAY PATH ERROR (mm)  saosas measured lifetime.

bias due to short-lived hadrons in the multihadron data (0.2 mm). UWhen the
Monte Carlo estimated bias is subtracted from the weighted mean decay length for
~ the data (1.75 £ 0.4 mm) and an estimated systematic uncerntainty of 0.3 mm is
added in quadrature with the statistical errors, we find
Te = (4.9 % 2.0) X 10713 gec.
The prediction assuming 7-f universality is

Ty = (np/medSrpbe = (2.8 * 0.2) X 10713 sec,

where bhe is the branching fraction for 7 = evd, 0.176 * 0.016., Table IV shous
our result in comparison with previous measurements of the 7 lifetime®):11),

Iable 1V T lifetime summary

MAC 4.9 £ 2.0
CELLO 4.9 = 2.9
MARK I1I 4.6 * 1.9
TASSQ -0.2 * 3.5

Hadroni's_cross section (R)

R, the ratio of the cross sections of eeshadrons to ee-pp, is expected to
deviate from the simple quark model prediction (3 2/3 at PEP energies) due to
gluon radiative corrections, in a way calculable with quantum chremodynam=-
jcs (QCHD)Y. The first order correction term is expected to be approximately 54%.
A measurement of R With sufficient accuracy would be ancther important test of
QCD. The nearly complete solid angle acceptance and calorimeiric measurement of
the total hadron energy make the MAC detector well suited to a precision meas-
urement of R.
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The primary difficulty involved in
this measurement is to separate the
one-photon annihilation signal from a
large background dominated by tuo-photon
annihilation. This is illustrated in
Fig. 11, which shous the total energy
distribution for a sample of events with
at least five reconstructed tracks orig-
inating from a common vertex, consistent
Hith coming from the interaction point.
Two primary cuts are useful in eliminat-
ing the low energy tuo-photon back-
ground, taking advantage of the fact
that these processes tend to have a rel-
atively large net momentum along the

beam direction and a small total momen-

tum transverse to the beam. Thus ue
define an energy imbalance vector

g = Y Eifii/ ¥ Eg
and transverse energy
EJ_ = z Eisinei;

where the sums are over individual calo-
rimeter hits with energy £j, polar angle
8;, antd unit vector direction f6j. The
magnitude of the imbalance vector is
plotted in Fig. 12a and £, in Fig. 12b
for the data sample of Fig. 11. The
cuts shoun in the Figure, as well as
several other minor cuts, result in the
signal (dashed line) and background
(dotted line) separation of the events
in Fig. 11. In order to keep the accep-
tance as large as possible and thereby
reduce the systematic errors due to the-
oretical models, no cut has been made on
the peolar angle of the thrust axis (see
Fig. 13). Houwever, the £, cut results
in a loss of small polar angle events
that are indistinguishable from back-
ground. Monte Carlo calculations®’
indicate that only 12% of the multiha-
dron sample is removed by all cuts (57
if QED radiative corrections®) are
ignored), of which the E; cut is the
most important.

A second method of multihadron analy-
sis used the data itself to estimate the
acceptance loss and background contami-
naticn of the sample. This method
relies on the fact that high multiplic-
ity, small imhalance events are nearly
all one-photon signal, while events with
large imbalance are largely background.
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charged tracks and the imbalance cut at
B-=0.57. The shape of these distribu-
-tions is then used to calculate the
background leakage and signal loss due
to a cut near the minimum of Fig. 11.

having 25 prongs and Bz > 0.57.

The results of these analyses for a sub-ssmple of the data representing an
integrated luminosity of 5.5 pb-', give R values of 4.0 and 4.3. Ue estimate
the total systematic error to be 7%, comprised of nearly equal contributions
from event selection, luminosity measurement, and acceptance and radiative cor-
rection calculations. Thus we find

R =4.1 % 0.05 % 0.3,

while a value of 3.9 is expected from QCD uith louest order radialtive correc-
tions and «g=0.17. This result is still very preliminary and we expect the sys-
tematic errors to decrease substantially in the near future.

e*e> > p + hadrons

Multihadron events which include identified leptons can be used for a variety
of interesting physics objectives, uwhich include: (1) measurement of the life-
time of the Tightest meson containing b quarks (B), thereby obitaining informa-
tion on the uweak mixing angles;'2) (2) measurement of a forward-backuard asymme-
try of large transverse momeontum muons, which, for a pure b quark signal, uould
be expected to be a factor of thres ltarger than the lepton pair asymmetry since
the size of the asymmetry varies inversely as the parton charge; (3) measurement
of the branching ratio for B =» p + %; (4) measurement of the fragmentation func-
tions of heavy quarks; (5) search for production of new heavy quarks. Though
the majority of this physics requires much larger data samples than are cur-
rently available, we give here a preliminary report on the status of our inclu-
sive muon analysis and shou our sensitivity to item (5) above.
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Several features of the MAC detector are very favorable for obtaining a sam-
ple of multihadrons containing muons with low backgrounds from decay or punch-
through of charged 7 or K mesons. The detector is compact, therefore minimizing
the probability that a w or K decays before it interacts in the calorimeter. 1In
addition, the matching of informatien in the central drift chamber, inner muon
chambers, and outer muon chambers resuits in a poor %2 for most tracks resulting
from K decays. Finally, punch-through background can be reduced to a very lou
level by examining the lateral spread and energy deposition of the track going
through the hadron calorimeter.

A sample of multihadron events including an apparent muon uwas selected by
requiring a visible track in the outer muon drift chambers (only those chambers
covering 62% of the solid zngle could be used for this analysis) correlating
with a track in the hadron calorimeter which is p-like in energy deposition and
number of struck channels. Muon track information from the central and inner
muon drift chambers is not yet used for this analysis. The momentum of each
muon is determined by linking the outer
muon chamber track with the interaction
position measured by the central drift
chamber, and the transverse momentum
found relative to the thrust axis for
] the event. The p; distribution of 219
events from 2/3 of the total data sample
is shoun in Fig. 15 along uwith Monte
_ Carlo calculated predictions including
all knoun particles (solid curve) and
adding a hypothetical sixth quark
(dashed curve) of mass 10 GeV and charge
3 273 with a 184 branching ratic to muons,
(Gewre) We can therefore exclude at the 9574 con-

o fidence level the existence of such a
new quark with a mass mgq ¢ 13.5 GeV.
Fig. 15. Momentum perpendicular to Approximately 40% of the 50 events with

EVENTS/(200 MeV)

L

the thrust axis for muons in multi- P.>1 GeVse are expecied to result from
hadron events. Solid curve: calcu- ihe semileptonic decay of B mesons,
tated contribution from 1w, K, ¢, and while the remainder are roughly equally
b decay. Dashed curve: contribu- split betueen the semileptonic decays of
tion including a 10-GeV t-quark with charmed particles and background from 7
108% muonic branching ratio. or K mesons.

Lonclusion

We have presented Timits on the A parameters for the process eesyy. The
asymmeiries for the processes ee=up and ee>77 are measured as a test of the
electroweak theories. The lifelime of the 1 lepton has been measured and is in
general agreement with the expected value. The ratio R has been measured uwith a
systematic uncertainty of 7% with considerable improvement anticipated scon.
Finally, the p, distribution for a sample of ee p+X events was shoun to be in
agreement with expectations from currently knoun quarks.
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