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Summary

The MAC detector at PEP features a large solid-angle
electromagnetic/hadronic calorimeter system, augmented
by magnetic charged-particle tracking, muon analysis
and scintillator triggering. 1Its implementation in the
context of electron-positron annihilation physics is
described, with emphasis on the utilization of calori-
metry.

Detector Description

The MAC detector is shoun in Fig. 1. cCharged parti-
cles produced with polar angles between 17° and 163°
are analyzed in the central tracking chamber, which
comprises 833 drift cells arranged as 10 layers in a
common gas volume. Each cell contains a double sense~
uire pair connected to differential electronics so that
drift distance is determined without right-left ambigu-

Fig. 1.
1abelled in the figure are:
chamber (CD), shouwer chamber (SC), triggers/tim-
ing scintillators (TC), central and endcap

hadron calorimeters (HC, EC), and the inner and

outer muon drift chambers (MI, MO).

MAC detector layout.

ity. The wires in four of the layers are axial; these
are interspersed with six stereo layers at plus and
minus three degrees to determine axial positions. The
setting accuracy is 200 um; with the solencidal mag-
netic field of 5.7 kG, the momentum resolution is

8psp = .065 p sinB.

Surrounding the solenoid coil is the central shower
chamber (referred to below as SC), a calorimeter opti-
mized for electromagnetic shower analysis and composed
of 32 lead plates interspersed with proportional wire
chambers for a total thickness of 16 radiation lengths.
Each anode Wwire is suspended parallel to the beam at
the center of a rectangular aluminum cathode about 1 em
thick X 2 cm wide. Groups of wires are combined for
readout as 192 azimuthal sectors in each of three lay-
ers. Axial position is determined by current division,
i.e., the ratio of pulse heights measured at both ends
of the wire group through low input-impedance preampli-
fiers.

The components
central drift

Also indi-

cated are the solenoid and toroid coils.
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The central hadron calorimeter (HC) which surrounds
the shower chamber has a very similar structure except
the absorbers are 24 1-inch-thick steel plates, tol-
jowed by three 4-inch-thick plates. The three thick
plates and their associated proportional chambers are

for muon tagging.

The steel plate calorimeter is extended to small
polar angles by the two endcap sections (EC), whose
absorber plates stand perpendicular to the beam. Each
endcap has 28 1-inch-thick calorimeter plates follouwed
by 2 4-inch-thick muon tagging layers. The endcap sam-
pling detectors are planar proportional chambers, each
covering a 30-degree azimuthal sector. The anode uires
run parallel to the edges of the hexagonal endcaps and
are grouped, for readout, into four radial panels.

Each cathode is divided into three 10-degree azimuthal
wedges which are read out as well. The chambers occu-
pying the first 9 gaps (16 radiation lengths) have
finer segmentation to match them to the electromagnetic
shouers which are outside the acceptance of the central
shouwer chamber. In these chambers each segment meas-
ures about 5° in azimuth by 5° in zenith. The endcap
signals are grouped into four layers in depth.

One layer of scintillation counters for triggering
and time-of-flight are inserted into one gap near the
entrance face of the hadron calorimeter, in the central
and both endcap regions. There are 144 separate scin-
tillators.

The muon tracking system consists of one central and
three endcap planes of drift chambers located before
the entance faces of the hadron calorimeter, four lay-
ers of drift chambers surrounding the calorimeter, and
six layers covering the end faces. For momentum analy-
sis the calorimeters/absorber steel is magnetized by
toroid coils, one at the center of each sextant. The
entrance chambers, and those underneath the calorime-
ter, are planar; the remaining exit planes are assem-
bled from 10-cm-diameter tubes each containing a single
wire. The wires are all oriented to determine axial
position, since the toroidal field causes a change in
the tracks’ polar angle, except for the endcap planes
of which tuo layers have horizontal wires, and two each
have uires at 60° and 120° respectively.

Triggers for the experiment may be summarized, with
. some simplification, as the logical OR of: (1) scintil-
lator opposite sextants or end quadrants; (2) scintil-
lator hits on any 3 or more of the 8 faces of the hex-
agonal prism with ends; (3) showers 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 and
the corresponding scintillator and central hadron calo-
rimeter sextant registering at least 408 MeV.

Calibration and Resolutions

The electromagnetic calorimeters have been cali-
brated with electrons from Bhabha scattering. The
energy response for the central shower counter is shoun
in Fig. 2. The observed width of 8% (standard devia-
tion) is greater than the 5% we would expect on the
basis of earlier tests Wwith one of the sextants in an
electron beam. Those tests gave AE/E = .20/JE from .5
to 16 GeV. The difference is largely attributable to
scattered non-functioning channels which number about
3-7% of the total. (The curve accompanying the data of
fFig. 2 includes the effect of 5% randomly-distributed
non-responding channels.) Presumably the importance of
this effect is smaller at louwer energies relative to
inherent ionization fluctuations. In any case, the
resolution of this device is not the limiting one for
hadron calorimetry. The directional resolution, meas-
ured by comparing the shower centroid with the extrapo-

I 1 I l
30 - R 7
g 20 7
Z
w
>
wl
10 .
I} 1 1 1
0 5 10 15 20

3-82
428841

DETECTED ENERGY (GeV)

Fig. 2. Energy response of the

central shouer
chamber to 14.5-GeV electrons. The curve is
n

the predicted resclution function.

lated central drift chamber track, is 0.8° in ¢ x 1.3°
in 8. The ¥ error corresponds to about 0.4 times the
wire group segmentation. The 8 error corresponds to
about 1% of the wire length from current division.

The corresponding
chamber is presented

information for the endcap shower
in Fig. 3. The low-energy tail in
Fig. 3a is caused by the insensitive regions occupied
by the frames of the proportional chambers. These
regions occur every 30 degrees and are about 10 cm
wide, independent of radius, and hence have maximum
impact near the poles which are preferentially illumi-
nated by the Bhabha electrons. The directional resoiu-
tion is 2° in ¢ (cathode strips) X 1.5° in 8 (anode
wire groups).

The shouwer detectors alone accomplish both trigger-~
ing and analysis of Y events, for which we show, in
Fig. 4, the noncollinearity angle distribution compared
with the QED calculation.

For calibration of the response of the calorimeter
system to hadrons, we have only the total energy of
multihadron events as a known reference point. To pro-
duce the corresponding measured total pulse height, we
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Fig. 3. Energy response of the endcap calorim-
eter to 14.5-GeV electrons for (a) all azimu-
thal angles, and (b) events within fiducial
area.
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Fig. 4. Noncollinearity angle distribution for
ee > Yv.

must bring into register the three separate calorime~
ters (SC, HC and EC), for samples containing a fluctu-
ating mixture of hadrons and gammas from neutral pion
decay incident over a wide range of entrarce angles.
The response to gammas per GeV will presumably be the
same as that measured for electrons; for incident
hadrons ue expect an average of about 30-40% of the
energy is lost to nuclear binding and heavily ionizing
fragments. With these expectations in mind, we may
urite

a P(SC); + b P(HCY; + ¢ P(EC); = Ecm

where a, b, and ¢ are the factors for converting each
calorimeter’s pulse height, P, into energy units, and i
is the event index. (In general one may treat sepa-
rately the several layers within SC, etc., as well.)
The coefficients are determined by a fit to all the
events in the multihadron sample.

The measured response to multihadron events with
narrow jet structure and thrust axis pointed toward the
central calorimeter is given in Fig. 5a. For compari-
son, Fig. Sb shous results of a calculation using the
Monte Carlo programs EGS' and HETCZ with our geometry.
Both curves give 8E/E = .16. We may compare this with
our earlier beam tests of a model of the HC alone with
pions of several energies at normal incidence. These
can be summarized as AE/E = .75/JE. which gives .14 at
29 GeV. The corresponding results for
37° £ Bthrust § 143° uhich covers all three calorime-
ters but avoids losses near the poles, are shouwn in
Fig. 6. In this case, we get AE/E = .18, and again our
results agree quite well with the calculation.

The directional resolution for hadrons is set by the
spread of the hadronic cascade in the calorimeters.
One measure of this is the mass of a hadron jet. The
hadronic decays of tau leptons provide a sample of
knoun, limited mass: mp £ Mjet & Miay = 1.8 GeV. The
mass determined for such events by calorimetry is shoun
in the distribution of Fig. 7a. This resolution func-
tion is narrouw compared with the distribution for mul-
tihadron events seen in Fig. 7b.
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Multihadron Event Section

The large acceptance calorimeter system is well
suited to the efficient extraction of multihadron
events from single photon annihilation of electrons and
positrons, even in the presence of copious multihadron
production by two-photon annihilation. The solid his-
togram of Fig. 8 shous the rau distribution in total
visible energy of all events triggering the experiment
and having at least five charged prongs forming a ver-
tex within the interaction volume of the colliding
beams. For one-photon events the total visible energy
4-vector is, except for measurement error, very nearly
that of the initial state, i.e., energy = 2 Epeamr and
net momentum = 0. The two-photon events have tuo
final-state electrons carrying a substantial fraction
of energy generally outside the acceptance of the
detector (typically inside the vacuum pipe).

perpendicular to the beam. We measure the net motion
of the visible energy by the imbalance vector,

B =Y €Einiz X Es
and the perpendicular energy by

E; = 2 Eisindj,
where E; is the energy, 8; the polar angle, and A; the
unit direction vector for energy parcel i. Fig. 9a and

b show the distributions in B = I8} and E;» respec-
tively, for the event sample plotted in Fig. 8. The
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Fig. 8. Total evergy for all 25-prong events.

The dashed histogram represents events passing
the selection criteria for multihadron events;
events in the dotted histogram are the remain-
der.

The visi-
ble 4-vector therefore has energy less than 2 Epeam nNet
momentum along the beam direction, and limited momentum

indicated cut in B (Fig. 9a) is chosen to remove a sub-
stantial fraction of background without reducing the
signal significantly. The cut in E; (Fig. 9b) does
take out that fraction of the signal which is essen- .
tially indistinguishable from background; it amounts to
an acceptance loss, estimated to be about 5% of all
one-photon events. After application of several selec-
tion criteria of which the foregoing are the most
important, the distribution in total visible energy is
decomposed into the signal and background parts indi-
cated by the dashed and dotted histograms in Fig. 8.

An alternative analysis (method 2) has been per-
formed which accomplishes this decomposition of the
multihadron sample by fitting signal and background
shapes to the total distribution with adjustable scale
factors. The parent shapes uwere extracted by requiring
more than 8 prongs and small B; to get the signal func-
tion and by taking events with large B to model the
background (see Fig. 10). The full distribution uas
cut near the minimum between the tuo peaks and the fit-
ted components used to estimate the loss of signal and
the residual background.

The event yields wuhich result from these analyses
for a particular data collection period (representing a
subset of the data of Fig. 8) are:

N

. 1839 * 45 (Method 1)

1801 £ 49 (Method 2).

We expect that with improved statistical precision,
yield measurements accurate within 2-3 percent should
be possible. The model-dependent acceptance correction
is very small; a precise measurement o0f R = Ghadron/Oun
should be possible, assuming such factors as the lumi-
nosity, radiative corrections, etc. are also well
understood.
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Fig. 9. (a) Imbalance and (b) E, distributions
for all 25-prong events.
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Hadronic Eneray Flouw

A further objective of the study of multihadron
final states is to map the distribution of energy as a
function of production angle. For example, in Fig. 11
ue show the distribution in polar angle of the thrust
axis. The thrust T is defined by

T = max { 2 % Eilcost;l/Ecm }.

where § runs over all energy parcels, §; is the angle
betueen the thrust axis and parcel i, and the maximiza-
tion is uith respect to the direction of the thrust
axis. The curve in Fig. 11 represents 1 + cos?8, the
distribution expected from the quark-parton model.

From Fig. 11 it is clear that the region of diminished
acceptance of the calorimeter system is restricted to
lcosB8l > .9, and that, barring anomolous rapid change
of the true cross section very near the poles, all but
six or seven percent of the integral is included in the
observed distribution.

A measure of the "jettiness™ of the events is the
distribution in thrust, T, shoun in Fig. 12 as inferred
both from the calorimeter and fr9m the charged tracks
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Fig. 11. Angular distribution of the thrust
axis for multihadron events, determined from
calorimeter energy.

seen in the central drift chamber. The calorimetric
measurement appears to give a somewhat narrower peak,
presumably because of the more complete sampling of the
energy, but one that is displaced toward smaller aver-
age values. This may be caused by the lateral spread
of the hadronic cascades which tends to produce a mini-

mum observed jet width.

One approach to the study of energy flow in multiha-
dron events which addresses the question of tuo-jet
versus three-jet structure has been employed by the
authors of ref. 3. A coordinate system is defined for
each event such that uhen the angular distribution of
all the energy parcels is plotted for a sample of
events, the axes of tuwo-jet events, and the production
planes of three-jet events, etc., are aligned. The
result is a set of three orthogonal projected energy-
flow patterns as shoun in Fig. 13a for our data (see
ref. 3 for definitions of the major and minor axes; the
thrust axis is as defined above). One can see clearly
the dominant collinear two jet structure. In Fig. 13b
we show the ¥production piane®™ vieu for events seiected
for maximal deviation from the tuwo-jet character. The
events appear to consist, on average, of three jets.
More quantitative study is required to evaluate the
significance of these features in the context of mod-
els.
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Fig. 12. Thrust distribution for multihadron
events, determined from (a) calorimeter energy
and (b) charged track momenta.
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Fig. 13, (a) Energy-flow plots for the multi-
hadron events aligned according to the directed
thrust and major axes. (b) The vieuw normal to
the event plane for events having thrust €0.8
and oblateness 20.1 (see ref. 2).
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Muon Identification

The calorimeter system serves also as an active fil-
ter which in combination with the muon tracking pro-
vides excellent muon identification. Preliminary data
have been presented® on collinear QED pp, ppy, and
77one events. Another example is eepupn final states in
which only the muons are detected; we show in Fig. 14
the invariant mass distribution for the pairs within
certain fiducial cuts.

The inclusive muon distribution from multihadron
events as a function of the momentum perpendicular to
the thrust axis is plotted in Fig. 15. The curves show
contributions from decays of knoun particles, and that
expected from a hypothetical t-quark of mass 10 GeVv
having a 10% muonic branching ratio. The contribution
from hadronic punch-through, which before cuts is com-
parable to that from w/K decay, was reduced by a factor
of 5 to 10 by excluding candidates accompanied by more
than 4 hits in the outer layers of the hadron calorime-
ter.
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Fig. 15. Momentum perpendicular to the thrust

axis for muons in multihadron events. Solid
curve: calculated contribution from n, K, ¢,
and b decay. Dashed curve: contribution of a
10-6evV t-quark with 10% muonic branching ratio.

Conclusion

The MAC detector is operating near design perform-
ance as measured in a variety of electron-positron
annihilation processes at PEP. 1In particular, the
hadron calorimeter resolution in energy and direction-
ality agree uell with calculations. The effectiveness
of the large-acceptance calorimeter in detecting multi-
hadron events has been demonstrated and precision total
and differential cross section measurements can be
anticipated.
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