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Abstract. The production of prompt muons in et e~
annihilation has been studied at centre of mass en-
ergies near 34.5GeV. The measured semi-muonic
branching ratios of b and ¢ quarks are B(b— X uv)
=0.11740.028 +0.01 and B{c— X uv)=0.082

+0.02
+0.012
- —0.01

quarks are hard, {z,>=085
+0.05+0.03

. The fragmentation functions of heavy
+0.10+0.02

d
—012-007 24
. Limits have been set on flavour

changing neutral current decays: B(b->Xu* u™)
<0.02 and B{c—>Xu™ u7)<0.007 (95% confidence
level).

1. Introduction

The study of prompt electrons or muons produced
in e* ¢~ annihilation into hadronic final states pro-
vides important information on the properties of ¢
and b quarks. Measurements at energies just above
threshold for open charm or bottom production al-
low determination of the semi-leptonic branching
ratios of the lowest lying states and of the lepton
momentum spectra in their rest systems [1-3].
Measurement at energies well above threshold per-
mits determination of the semi-leptonic branching
ratios averaged over all states and also fragmen-
tation functions of ¢ and b quarks [4-7]. In ad-
dition, at energies above ~30GeV the detection of
electroweak interference effects through the obser-
vation of forward-backward asymmetries in lepton
production becomes possible. In this paper we pres-
ent the results of a study of prompt muon pro-
duction at centre of mass energies W between 33.0
and 35.6GeV (mean energy 34.5GeV), using the
TASSO detector at PETRA. The initial data sample
consisted of 21553 accepted hadronic events, corre-
sponding to an integrated luminosity of 75pb~1,
which yielded 1136 muon candidates with momen-
tum >1.5GeV/c.

The TASSO detector consists of a cylindrical
central detector of radius 1.35m within a magnetic
field of 5kG. The return yoke for the magnetic field
is an iron box with open sides, with a thickness of
80cm of iron above and below the solenoid and
50cm of iron capping the ends of the solenoid.
Lead-liquid argon calorimeters are installed between
the solenoid and the iron yoke. Muon detection
chambers are installed 30 cm above and below the
yoke iron in the horizontal plane, and in the vertical
plane both above and below the beam pipe 70 cm
from the end cap iron. The open sides of the yoke
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End cap

Arm

End cap

Fig. 1. Disposition of the muon detection chambers in TASSO.
The insert shows the configuration of the four layers of pro-
portional tubes

box give access to two transverse arms for hadron
identification. At the far ends, 5.5m from the in-
teraction point, are lead-scintillator shower counters
followed by iron 87 cm thick: 20 cm behind this iron
are muon detection chambers. The layout of the
muon detection chambers in the horizontal plane
(Yoke) and vertical planes (Arms, End Caps) is
shown schematically in Fig.1. In this study of
prompt muon production, information from only the
central detector and the muon detection chambers
has been used once an event has been accepted.

A general description of the TASSO apparatus
has been given in [8, 9] and the procedure for
extracting hadronic events has been given in [10]. A
detailed description of the cylindrical drift chamber
may be found in [11]. The precision of the central
detector is important in this experiment; the cylin-
drical drift chamber has a momentum resolution

,/p=0.016}/14p* where p is the momentum trans-
verse to the magnetic field in units of GeV/c.

The muon detection chambers were assembled
from 4cmx4cm rectangular aluminium propor-
tional tubes. Each chamber consisted of four layers
of tubes with two layers offset by 2cm in each of
two orthogonal directions, forming a double gridi-
ron pattern. The structure is shown as an insert in
Fig. 1. A general description of the muon chambers
is given in [9] and a detailed description may be
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found in [12]. The Yoke chambers covered a solid
angle of 0.17 x4n, the Arm chambers 0.13 x4z and
the End Cap chambers 0.13 x 47 steradians.

2. Selection of Muon Candidates

The first criterion for a muon candidate was that
either four wires in a muon chamber fired, two ad-
jacent in each direction, or three out of a possible
four. The efficiency of wires in a single layer was
determined from the ratio of hits with three wires to
hits with four, and exceeded 909, in all chambers.
The detection efficiency when trequiring either three
or four wires firing exceeded 959, The minimum
muon momentum required to penetrate the Yoke or
Arm iron absorber is 1.2 GeV/c: in every hadronic
event with one or more accepted hits in the muon
chambers, each charged track with a momentum
>1.2GeV/c was extrapolated to the planes of the
muon chambers. An error ellipse was calculated for
each extrapolated track, including the contributions
of tracking errors in the central detector and mul-
tiple scattering in the magnet coil, the shower coun-
ters and the iron absorber. For each track, an area
corresponding to ten standard deviations about the
extrapolation point was searched for an accepted hit
in the muon chambers. In the event of a hit being
within 10 ¢ of more than one extrapolated track, the
hit was assigned to the more probable track {assum-
ing, in every case, the track to be a muon). This
procedure leads to some misassociation of tracks
with hits, but allowance was made for this in the
subsequent analysis.

Those associations with a muon confidence level
>19%, (the hit lying within the contour expected to
contain 99 % of true muons) were accepted as good
muon candidates. Those with confidence level <19
are almost entirely background and will be referred
to as bad candidates: they were used to constrain
the background. Our sample of 21553 accepted ha-
dronic events yiclded 1136 good muon candidates
and 889 bad candidates with momenta greater than
1.5GeV/c. Monte Carlo studies showed that only
3% of good muon candidates and less than 19, of
prompt muons are misassociated.

3. Sources of Background

The prompt muon signal due to semi-leptonic decay
of particles carrying ¢ and b quarks is diluted by
muons from n and K mesons decaying within the
central detector (which will be referred to as internal
decays), by muons from decays occuring outside the
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central detector (external decays) and by charged
hadrons penetrating without interaction to the muon
chambers or generating secondary hadrons which
penetrate to the muon chambers (punch through).
Each of these three sources of background con-
tributes 2209 of the good muon candidates while
prompt muons from ¢ decay contribute ~25% and
from b decay ~10%,. The Yoke, Arm and End Cap
detectors have very different susceptibility to these
different sources of background and their relative
contribution is also highly momentum dependent
(see Table 1).

The branching ratios and fragmentation func-
tions of b and ¢ quarks were extracted from the data
by comparison with Monte Carlo events. The
LUND generator [13] was used, with radiative cor-
rections applied, to produce pairs of u, 4, s, ¢, b
quarks and gluons at the parton level, with subsequent
hadronisation. The parameters of the generator had
been chosen so as to reproduce well the principal
features of the hadronic data. All generated particles
were followed through the central detector and al-
lowed to interact or scatter in the detector material
and to decay within the central detector. The gener-
ated hadronic events were subjected to the same
analysis programs as the data.

External decays and punch through were han-
dled differently. We used the Monte Carlo program
GHEISHA [14] to calculate for both pions and
kaons the probability of penetration of the coil,
counters and iron absorber by decay muons or sec-
ondary hadrons at the mean angle of incidence for
each of the Yoke, Arm and End Cap detectors. The
distance in the plane of the muon chambers from
the extrapolated hadron was also determined. Both
the probability and the radial distribution of tracks
in the plane of the muon chambers were paramet-
rised as a function of hadron type and momentum,
for Yoke, Arms and End Caps [15].

Any generated hadron pointing at the iron ab-
sorber was accordingly allocated a penetration prob-
ability through either external decay or punch
through, and the penetrating particle was assigned
coordinates in the plane of the muon chamber. The
punch through probability was corrected for the ef-
fects of extra material traversed at angles of in-
cidence other than the mean with an exponential in
the difference of the number of absorption lengths
presented. (Separate studies of the penetration of
hadrons incident at several angles showed that this
procedure was adequate).

In the final stage of Monte Carlo generation
[16], all tracks emerging from the iron absorber,
regardless of origin, fired individual proportional tu-
bes i accord with the efficiencies aiready deter-
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Table 1. The table shows the number of
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good muon candidates and bad candidates,
for Yoke, Arm and End Cap detectors, in
each of the nine regions of the p, —py

(GeV/c) grid fitted. Also shown are the P,<0.6
predictions for punchthrough (PTHRU), P
decays external to the central detector L
. A ¥
(EXT), decays internal to the central
detector (INT), ¢ > X puv (CMU), PTHRU  4.87  11.05
boc—>Xuv (BCMU), b>Xpuy BMU). The mxr  26.52  7.06
baclfground m.lm‘bers are the original T 1150 24.07
(unfitted) predictions, the prompt muon
contributions are for the heavy quark amu 9.08  15.14
branching ratios and mean z values given BOMU 115 2.03
as the final results (Sect. 6) By 0.81  0.92
TOTAL 53.93 60.26
DATA  48.00 43.00
CHISQ  0.63  4.80
P<0.6
22 4
a b4
PTHRU  12.79  16.00
EXT 29.15  9.97
wr o 1172 22.24
o 20,70 34.56
BoMU 1.1 2.19
BUY 2222 271
TOTAL  78.00  87.67
DATA  93.00  82.00
CHISQ  2.59  0.35
PT<0.6
P >4
a ¥
PIHRU  11.56  10.38
E¥T 8.81 5.23
INT 2.96  4.26
oMU 1431 19.94
BOMU  0.11  D.47
Bl 3.45  5.10
TOTAL  41.20  45.38
DATA  45.00 46.00
CHISD  0.34  0.01

Good muon candidates

0.6<PT<1.2 l.2<PT
PL<2 PL<2
c Total A Y C Total A Y c Total
24.34 40.26 2.01 3.66  10.60 16.27 0.91 1.75 7.24 9.9
8.84 42.42  17.75 4.98 6,31 23.04 7.74 2.69 3.46 13.89
21.32 56.89 5.24 12,30 11.38 28.92 2.47 5.93 6.59 14.99
8,73 32.95 4.47 8.29 5.24 18.0 1.32 2.37 2.46 6.15
1.05 4.23 Q.92 1.23 0.73 2.88 0.34 0.31 0.28 0.93
0.50 2,23 3.30 5.29 2.77 11.36 3.44 €.30 4,44 14.18
64,78 178.97 33,68 35.75 37.03 106.46 16.21 19.35 24.46 60.02
66,00 157 37.00 22,00 30.00 89 11.00 9.00 23,00 43
0.02 0.32 5.13 1.29 1.62 5.32 0.08
0.6<PT<1.2 1.2<PT
Z(PL<4 Z(PL<4
[ Total 3 Y [ Total A Y C Total
30.53 59.32 7.83 7.24 17.48 32,55 2.85 2.67 7.58 13,1
10.77 49.89 21,07 7.16 6.62 34.85 5.40 2.56 3.06 11.04
20,69 54.65 5.93  11.90 10.10 27.93 1.90 3.37 3.40 8.67
21.39 76.65 10.44 15.11 9.74 35.29 2,25 3.42 2.65 8.32
1.16 4.76 0.93 1.44 0.96 3.33 0.27 0.77 0.36 1.4
1.49 6.42 6.12  10.37 4.46 20.95 6.21 9.93 5.44 21.58
86.04 251.71 52.33 53.22 49.37 154.92 18.88 22,71 22,48 64,07
96.00 271 51.00 53.00 60.00 164 23.00 27.00 23,00 73
1.11 0.03 0.00 2.22 0.87 0.79 0.01
O.6<PT<1.2 1.2<PT
PL>4 PL>4
c Total A C Total A Y C Total
16.33 38.27 11.26 9.47 17.58 38.31 5.84 4.98 10.77 21.59
4.27 18.31 6.82 4.58 5.17 16.57 3.42 2.12 2.39 7.93
4.18 11.4 2.48 4.29 3.73 10.5 1.49 3.19 2,77 7.45
14.64 48.89 10.78 13.02 9.43 33.23 2.79 4.76 3.64 11.19
0.20 0.78 0.34 0.31 0.20 0.85 0.20 0.39 0.17 0.76
3.57 12.12 7.68 10.71 7.15 25.54 8.78 12.20 8.26 29,24
43.18  129.76 39.35 42,37 43.26 124.98 22,51 27.64 28.00 78.15
41.00 132 39.00 44,00 44.00 127 21,00 24.00 34,00 79
0.11 0.00 0.06 0.01 0.10 0.46 1.24

mined from the data. Muon chamber hits were then
associated with tracks in the central detector, using
the same programs as were used with the data.

4. Analysis and Results

Because the minimum momentum needed to pene-
trate the Yoke and Arm absorber is 1.2 GeV/c and

Good muon candidates x2 = 29.7/23 Gegrees of freedom

the size of the error ellipse decreases rapidly with
increasing momentum, the analysis was restricted to
hits having associated tracks with momentum
>1.5GeV/c.

Preliminary studies indicated a branching ratio
for b>X puv~0.12 and for ¢—X pv~0.09, with
hard fragmentation functions {z,»20.85, {z,> 20.60,
where z,, z_ for a hadron carrying a b or ¢ quark is
given by the sum of the hadron energy (E} and the
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Table 1 (continued)

Bad candidate hits

Pr<0.6 0.6<PT<1.2
PL<2 PL<2
A Y C Total A Y C Total A
PTHRU 12,92 27.96 72.03 112.92 2.81 7.63  23.64 34.08 0.
EXT 5.26 2.72 4.18 11.23 3.69 2.21 2.99 8.8% 2.
INT 2.18 2.45 4.29 8.92 1.03 1.63 3.25 5.91 a.
PROMPT  0.39 0.84 1.05 2.28 0.21 0.66 0.81 1.68 0
TOTAL 20,75 33.97 81.55 135.34 7.74  12.13  30.69 50.56 4.
DATA 33.00 35.00 104.00 172 14.00 16.00 27.00 57 7.
CHISQ 7.23 0.03 5.99 4.91 1.20 0.43 1.
PT<0.6 0.6<PT<1.2
2<PL<4 ZCPL<4
A Y C Total A Y (o} Total
PTHRU  18.00 32.75 97.80 148,55 9.21 15,24 50,50 74.95 3.
EXT 20.31 7.64  10.10 37.45  15.24 5.67 6.01 26.92 4.
INT 2.91 4.78 5.22 12.91 1.68 3.11 4.00 8.79 1
PROMPT  1.20 1.02 1.83 4.05 0.66 0.63 1.53 2.82 0.
TOTAL  42.42 45.59 114.95 202,96 26,79 24.65 62.04 113.48 ER
DATA 57.00 34.00 129.00 220 31.00 23,00 48.00 102 7.
CHISQ 4,86 2.86 1.66 0.64 0.11 3.08 0.
Pr<0.6 0.6<P<1.2
PL>4 PL>4
A Y c Total a Y Cc Total
PTHRU 21,27 20.18 50.17 91.62 18.68 18.70 50.80 88,18 10
EXT 10.90 3.20 4,17 18.27 9.94 3.14 4.71 17.79 4,
INT 0.90 1.21 1.89 4.0 1.63 2.48 2.33 6.44 2.
PROMPT  0.42 0.18 0.75 1.35 0.12 0.21 6.9%0 1.23 0
TOTAL  33.49 24.77 56.98 115.24 30.37 24,53 58.74 113.64 18.
DATA 36,00 19.00 45.00 100 38.00 20,00 47,00 105 26.
CHISQ 0.18 1.30 2.44 1.86 0.81 2.28 3.

Bad candidates x? = 57.6/27 degrees of freedom

component of momentum in the original direction of
the heavy quark (p;), divided by the sum of the
initial energy and momentum of the heavy quark
(EQ:pQ):

e E+p,

Eg+pe
The prompt muon spectra in the laboratory are not
sensitive to the detailed shape of the heavy quark
fragmentation functions f(z), and so we adopted the
convenient one parameter form of [17]:

1

T O i — el — 27
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l.2<PT
PL<2
Y C Total
88 2.38 l4.62 17.88
60 1.32 2.09 6.01
50 1.18 2.55 4.23
.18 0.33 0.57 1.08
16 5.21 19.83 29.2
00 4.00 22,00 33
88 0.27 0.23
1.2<PT
2<PL<4
Y c Total .
40 4.65 21,22 29.27
45 2.17 2.89 9.51
.08 1.97 2.39 5.44
42 0.21 0.66 1.29
35 9.00 27.16 45,51
00 11,00 16.00 34
57 0.43  4.45
l.2<PT
PL>4
Y c Total
.84 9.29 31.35 51.48
65 2,05 2,71 9.41
43 3.51 4.94 10.88
.27 0.12 0.78 1.17
19 14,97 39,78 72.94
00 14.00 26.080 66
25 0.06 4.63
(unfitted)
We generated seven Monte Carlo samples of

~ 100,000 accepted hadronic events such that

{z,y=0.8; <(z,)=045,0.55, 0.65, 0.75
(z,5=06,07,09; (z,>=0.55

and the generated prompt muon momentum spectra
in the centre of mass of B and D mesons were in
agreement with the results from CLEO [2] and
DELCO [18] respectively*.

* The cms momentum spectra of muons from decay of ¢ and b
baryons have not been measured. For plausible rates of baryon
production, our results would not be affected significantly by
reasonable variations in the shapes of these spectra
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Both the data and the generated muon can-
didates were divided into 9 momentum regions de-
fined by the limits

pr<06GeV/c, 0.6<p,<12GeV/c, 1.2GeV/c<py
p.<2.0GeV/c, 20<p, <40GeV/c, 4.0GeV/c<p,

where p, is the transverse momentum of the track
associated with a muon hit and p; the longitudinal
momentum, relative to the thrust axis of the event.
The three categories of background exhibited no
significant variation with either (z,> or {z,>; the
contribution of muons from ¢ decay following b
decay is everywhere small and showed no significant
variation with {z,»>. The variation of the contri-
bution of muons from b decay with {z,> and from
decay of primary ¢ quarks with (z,) was precisely
determined with a quick Monte Carlo without simu-

al P <2 GeVic ‘
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50 | o
0 | -
b 2 <P <4 GeVic
= |
3 o
S § Duta | 3
o~ 100F — Monte Carlo 2
PR | 2
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>
- |
0 L i ) I | i
c) L GeVic< PL o
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{ 3
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50 ]
|
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0 05 1.0 1.5 2.0
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Fig.2a-c. p; distribution of good muon candidates. a

pL<2GeV/c, b 2<p, <4 GeV/c, ¢ 4GeV/c<p,. The points with
error bars are the data; the histograms Monte Carlo results using
the original (unfitted) estimates of background and the final re-
sults (Sect.6) for b and ¢ branching ratios and fragmentation
functions. The last bin in each case contains hits with
pr>1.8GeV/c
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lation of the detector, generating 10° muonic decays
for eight values of both (z,) and (z.>. These va-
riations were parametrised as either a flat, linear or
quadratic function of {z), and normalised to the
results obtained from the Monte Carlo samples
which included simulation of the detector.

A fit was then performed to the good muon
candidates in the four variables: branching ratio for
b—Xuv, {z,>, branching ratio for ¢— X uv and
{z,». The Monte Carlo results for both good muon
candidates and bad candidates are compared with
the data in Tablel for the best fit, which yielded
results

B(b— X pv)=0.117+0.028

085 +0.10
& =085 1o
B(c— X pv)=0.082+0.012
+0.05
{z,>=0.717 007
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—Monte-Carlo
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Fig. 3a-c. p, distribution of good muon candidates after subtrac-
tion of the estimated background. The histogram shows the fitted
prompt muon spectrum and the contribution of b—X puv is

shown separately. The last bin in each case contains results for
pr>18GeV/c
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Fig.4a-c. p, distribution of good muon candidates. a

Pr<0.6GeV/c, b 0.6 <p;<1.2GeV/c, ¢ 1.2 GeV/c < p;. The points
with error bars are the data; the histograms Monte Carlo results
using the original (unfitted) estimates of background and the final
results (Sect. 6) for b and ¢ branching ratios and fragmentation
functions. The last bin in each case contains hits with
p.>9GeV/e

where the errors are purely statistical and include
both the effects of correlations and the (small) con-
tribution of Monte Carlo statistical errors. We note
that the properties of hadrons carrying b quarks are
determined primarily through the data with
pr>12 GeV/c and those of hadrons carrying c
quarks through the data with p; <0.6 GeV/c. The fit to
the good muon candidates yielded 3?=29.5/23 de-
grees of freedom (x> confidence level 0.18). The bad
candidates are contributed primarily by the tails of
the radial distributions from internal decay, external
decay and punch through, and are more susceptible
to error resulting from misassociation. Testing the
predicted bad candidates against the data yielded x*
=57.6/27 degrees of freedom. There is no indication
of any systematic error in the comparison of the bad
candidate data with the calculated background.

225

ol P<06GeVic

—
3 Data- l

Background|
—— Monte-Carlo

N b~Xnv

|
|
| R>9Gevic
|
|
|
|

10

{

b) 0.6<P, <1.2GeVic

40

30}-

20F

Events/GeVic

P>9Gev/c

101

oLt S
¢ 1.2GeVic<P;

|
|
|
| R>9Gevic
|
|

0] 5 10
P GeVic

Fig.5a-¢. p, distribution of good muon candidates after sub-
traction of the estimated background. The histogram shows the
fitted prompt muon spectrum and the contribution of b—> X uv is
shown separately. The last bin in each case contains results for
pr>9GeV/e

The data and Monte Carlo calculations are com-
pared as functions of p,, p; in Figs. 2-5.

5. Systematic Errors

We checked that the generated charged particle mul-
tiplicity and momentum spectrum are in excellent
agreement with the data, and that the prompt muon
momentum spectra in the B and D meson rest fra-
mes are in agreement with CLEO and DELCO re-
sults respectively [2, 18]. The external decay back-
ground generated by GHEISHA was checked
against an independent Monte Carlo program.

Both the absolute punch through rates and the
radial distribution of punch through hadrons as pre-
dicted by GHEISHA are in fair agreement with such
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meagre data as exist at relatively low momentum
[15]. We have nonetheless carried out an extensive
study of the effects of selecting subsamples of the
data and of varying the backgrounds, using the bad
candidate data as a constraint.

Since the background is expected to be most
uncertain at low momentum, we made four parame-
ter fits to the good muon candidates omitting data
with p; <2GeV/c and p;<0.6GeV/e, <1.2GeV/c,
and all p;. We also fitted the good muon candidates
in the Yoke, Arm and End Cap detectors separately,
and in each pair of detectors.

We included the bad candidates in the fit and
allowed the various components of the background
to float in absolute magnitude. We also kept the
total punch through, external decay and internal
decay constant (good muon candidates + bad can-
didates), while changing the relative proportions of
good muon candidate and bad candidate hits. Most
of these studies in which the background was fitted
were made with nine extra parameters, (Yoke, Arms,
Caps; internal decays, external decays, punch
through) where the permitted variations in the three
longitudinal momentum regions were related. A
number of different relations were tested: the best of
these fits was obtained when the background contri-
butions were allowed to change in magnitude, the
predicted number of good and bad muon candidates
in the i category of background and the j® detector
being allowed to vary by factors (1+3x;), (1+2x;),
(I+x; for 0<p,=2GeV/e, 2<p, =4GeV/c,
4 GeV/c<p, respectively, where the nine quantities
x;; are the additional parameters in the fit. The fit
yielded x*=49.8/41 degrees of freedom (x* confid-
ence level=0.16, good muon candidates y*=12.3,
bad candidates y2=37.5) and the results

B(b— X puv)=0.123+0.028
(z,>=082 +0.11

B(c— X 1v)=0.106+0.018
(z,>=0.70 +0.07.

A fit with similar confidence level was also obtained
by making a thirty one parameter fit, in which the
variation of the three components of background for
Yoke, Arm, Caps and for the three regions of p;
were unrelated. This fit yielded y2=230.1/23 degrees
of freedom (x* confidence level =0.16, good muon
candidates y*=9.9, bad candidates y?=20.3) and the
results

+0.035
—0.028

(z,>=085 +0.15

B(b— X pv)=0.106
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+0.032

- =00
Blc=>Xpv)=0 78__0.02
+0.08
{z,>=0.79 014

The four parameters of interest remained extremely
stable regardless of the recipe employed. In particu-
lar, we checked explicitly that our hard fragmen-
tation functions are not spurious by allowing the
background variation to increase with p,. The origin
of this stability can be appreciated from inspection
of Table1: the contribution of different sources of
hits to different regions of the p,—p, grid and to
Yoke, Arms and Caps varies to such an extent that
the background and prompt muon components atre
tightly constrained by the 54 separate data bins fit-
ted, despite permitting individual background com-
ponents to fall as low as zero or grow to twice the
originally calculated value.

6. Final Results for Heavy Quark Branching Ratios
and Fragmentation Functions

Since we have no evidence that our original back-
ground estimates are significantly in error, we give
as our final results the answers obtained fitting to
the good muon candidates alone, with the original
estimate of background contributions

B(b— X puv)
=0.117 £0.028 (statistical) +0.01 (systematic)

0.1 0.02
iO.l(z) (statistical) t 0.07 (systematic)

{z,>=0.85
B(c—X uv)

02
—0.082+0.012 (statistical) +g 8

| (systematic)

+0.05

... ..+0.03 )
007 (statistical) (systematic)

0.0
{z,>=0.77 _od1
The systematic errors reflect the spread of results
obtained as described in Sect.5: our systematic er-
rors are relatively small due primarily to the use of
the bad candidates to constrain the background.
The mean values of z,, z_ and their errors cor-
respond to the following values of the parameter ¢

[17]:
—0.0025 —0.0013

&=00025 1009 40011
—0.005 —0.003
=006, h017 10052
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and to
+0.04 +0.02
=0.81
G =081 109 005
+0.05  +0.04
= .1
Go=0T1 007 —oit
where x= Ehadron/Ebeam'

The results are compared in Table2 with other
measurements of these parameters, for heavy quark
decay into muons and into electrons. Our results are
in very good agreement with these other measure-
ments, except that they are hardly compatible with
the result {z,»=0.46 +0.02 +0.05 from [6].

Our results are certainly compatible with
measurements of the D* and D° fragmentation func-
tions [19, 20, 26, 27], where the results are given in
terms of the variable x (the energy of the charmed
hadron divided by the beam energy). Values of the
quantity {x,> obtained from fitting these dafa in x
with the form of [17] are given in Table2. We find
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that our result for <(z,)

+0.05 +0.04
=071
0 —0.07 —0.1¢

with the direct measurements. Measurement of the
D* fragmentation properties with the TASSO de-
tector [20] yielded (x,.>=0.58 +0.04, corresponding

+0.06
to <ZD*>—O'65—O.05'
good muon candidate hits with {z,> fixed at 0.65
yielded y?=33/24 degrees of freedom (3 confidence
level=0.11) and

corresponds to (x>

which is entirely compatible

A three parameter fit to the

B(b— X uv)=0.141+0.026 (statistical)
{z,>=090 +0.09 (statistical)
B(c— X uv)=0.078 £0.012 (statistical).

Hard fragmentation functions for heavy quarks have
been predicted on a variety of theoretical grounds

k
[17, 21-24] and the relation (z,)> ~1—-— is expect-
m

Q
Table 2. Resulis on semileptonic branching ratios and fragmentation functions of heavy quarks
Exp. Ref. W GeV Muons
B(b—X ) <z Blc— X tv) (z
CLEO 21 10.55 0.1224+0.017+0.031 - - -
+0.054
MAC [51 29 0.155_0029 08 +01 - 0.17-0.67
MARK-J [6] 33-38 0.10540.015+0.013  0.75+£0.03+0.06 0.115+0.01 +0.017 046+0.02+0.05
CELLO [71 14,22,34 0.088 +0.034 4-0.03 - 0.12340.029+0.039 -
This +0.104-0.02 +0.02 +0.05+4-0.03
TASSO work 345 0.117+0.028 +0.01 0.85_0.12_0'07 0.082 i0.012__0.01 0477_0‘07_0.11
Electrons
Bb—-Xev) {z,» B(c—»Xev) Lz
review [1] 3.77-74 - - 0.078 £0.014 -
0.08 +£0.02
0.072+0.02 -
0.082+0.019
CLEO [2] 10.55 0.12740.0174£0.013 - - -
CUSB [3] 10.55 0.132+0.008+0.014 - - -
MARK II [4] 29 0.116+0.021+£0.017  0.75+0.05+0.04 0.0634+0.012+0.021 -
CELLO [N 14,22,34 0.1414+0.058 +0.03 - - -
D*
(x>
MARK II [19] 29 0.58 +0.06
TASSO [20] 345 0.58£0.04
HRS [26] 29 0.51+0.04
CLEO [27] 10.5 0.63+0.02

The values of (x> have been obtained from the results of fits to the function of [17] in terms of the variable x,
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ed to obtain. Taking m =18 GeV, m,=5GeV and
fitting the parameter k we obtained a good fit (y*
=30/24 degrees of freedom, y* confidence level
=0.17) with

0.
k=044 £0.12 (statistical) 5 (1)2 (systematic)

corresponding to

~0.025 —003
Z=091" 1025 +001
—007 —008

~0.755 .
(2 4007 +003

The branching ratios extracted for the heavy quarks
agree very well with other measurements and the
hard fragmentation functions inferred are in good
agreement with other measurements and with
theoretical expectations. Thus our measurements of
prompt muon production at 34.5 GeV are in agree-
ment with the assumption that the only sources are
particles carrying ¢ and b quarks. The results sum-
marised in Table 2 are in good agreement with e—pu
universality in the weak interactions of both b and ¢
quarks.

7. Multiple Muon Production

Our sample contains one event with three good
muon candidates and forty three events with two
good muon candidates with p>1.5GeV/c. The re-
sults shown in Table3 are in accord with the as-
sumption that the only sources of prompt muons are
b-Xuv, c>Xpv, but only 12 events containing
two good candidates both due to prompt muons are
expected, the remainder consisting of events with
one prompt muon and one background hit and
events with two background hits,

The data with two hits in the same jet, associated
with oppositely charged particles, may be used to set
limits on the flavour changing neutral current pro-
cesses b—>X u* u~, c—>X ut u~. There are 13 events
in this category, whereas 11 are expected assuming

Table 3. Disposition of events containing two good muon can-
didates with momentum >1.5GeV/c. Monte Carlo results are
shown in parentheses

Same jet Opposite jets
opposite same opposite same
charges charges charges charges
13 (11) 9 (5 16 (17) 5 (10)
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no production of u* u~ pairs. The number of events
which could represent heavy quark decay into muon
pairs is thus 2+3.3, less than 8.6 at the 959/ confid-
ence limit. The Monte Carlo reproduces the single
hit results with such accuracy that these errors are
dominated by statistics.

The limit of 8.6 events coresponds to
Bb—Xpu* p7)<0.02 and B(c>X u™ u~)<0.007, as-
suming muon spectra in the heavy quark centres of
mass similar to the single muon spectra in the
charged current processes. More stringent limits on
B(b— X u* u~) have already been reported [28].

8. Electroweak Effects

The forward backward asymmetry of events contain-
ing a good muon candidate with p>1.5GeV/c,
pr>1.2 GeV/c has been measured. We find 89 cases
where the jet containing a u* goes forward (in the
direction of the positron beam) or the jet containing
a p~ goes backwards, and 106 cases where the jet
containing a ut goes backwards or a u~ jet goes
forwards. The measured forward-backward asym-
metry is thus

A —87+7.1%.

measured ~

This number must be corrected for geometrical ac-
ceptance, background due to punchthrough and de-
cay, and the contribution of ¢— X uv, assumed to
have a true asymmetry of +149,. The measured
asymmetry then corresponds to a true asymmetry
for particles catrying a b quark, over the full solid
angle, of

A=-3154+275Y%,
to be compared with
ASWS= _27%

expected for b quarks in the standard model. Other
measurements of the b quark asymmetry have been
reported in [7, 29].

9. Conclusions

The production of prompt muons has been studied
in e* e~ annihilation at a mean energy of 34.5 GeV.
The results are in agreement with the assumption
that the only sources of prompt muons are the semi-
leptonic decays of b and ¢ quarks, and we obtain
branching ratios
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Bb— X pv)=0.117+0.028 £0.01

+0.02

=0. .01 )
B(c— X uv)=0.082+0.0 2_0.01

The fragmentation functions of heavy quarks are
hard,

+0.10 +0.02
—-0.12 -007

+0.05 +0.03
-0.07 —011

{z,»=0385
{z,y=0.77

The latter result is consistent with direct measure-
ments of the fragmentation functions of D* and D°
IMesons.

Hadrons containing a b quark are produced with
a forward-backward asymmetry of

A=-3754+275Y%,
to be compared with the value
AGWS = _279%

expected within the standard model.
We have set limits on possible flavour changing
neutral current decays of b and ¢ quarks:

Bb—X u* u~)<0.02
Blc—X u* p~)<0.007

at the 959, confidence limit.
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