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A determination of the partial width I',; of the Z° boson into charm quark pairs is presented, based on a total sample of 36 900
Z° hadronic decays measured with the DELPHI detector at the LEP collider. The production rate of c¢ events is derived from the
inclusive analysis of charged pions coming from the decay of charmed meson D**-»Dt* and D*~ D%t~ where the n* is
constrained by kinematics to have a low py with respect to the jet axis. The probability to procedure these ©* from D** decay in
cC events is taken to be 0.31+0.05 as measured at \/.—9= 10.55 GeV. The measured relative partial width I/, =0.162+
0.030(stat.) £0.050(syst.) is in good agreement with the standard model value of 0.171. Together with our previous measure-
ment of the total hadronic width I'}, this implies I, =282+ 53(stat.) + 88(syst.) MeV.
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1. Introduction

Measurements of the hadronic and leptonic partial
widths of the Z° boson have already been reported by
the DELPHI Collaboration [1-3]. A more detailed
study of the standard model will need a determina-
tion of the Z° boson decays into all known quark fla-
vours. This paper presents a determination of the
cross section ratio

o(ete~ —ct)

R =
“™ g(e*e~ —»hadrons)

at /s=91 GeV .

Charmed mesons are usually identified via the re-
construction of their decay products. However such
an identification has an efficiency of only a few per
cent due to the small branching ratios involved.
Therefore another technique is applied here which has
been already used at lower energies [4,5] and which
does not require the reconstruction of exclusive final
states. It is well suited to our present limited statistics.

The charm quark is known to fragment predomi-
nantly into a charmed vector meson D* which carries
a large fraction of the quark energy [5-8]. In the
D*+ D+ decay *!, whose branching ratio is about
50%, the residual energy is 6 MeV and thus the max-
imum transverse momentum of the n* with respect
to the D** is only 40 MeV/c. Due to the relative
transverse momentum of the D** with respect to the
charm quark and due to the smearing in the charm
quark jet reconstruction, the mean transverse mo-
mentum pr of the i+ with respect to its jet axis will
be around 65 MeV/c whereas it is about 300 MeV /¢
for ordinary hadrons in the fragmentation of the jet.

For this reason the p2 distribution of charged par-
ticles relative to the jet axis will exhibit an accumu-
lation of events at low transverse momentum which
is characteristic of the decay of charmed meson
D** D%+ in ct events. Taking the probability for
a charm quark to fragment into a D** from a mea-
surement at \/}= 10.55 GeV [6], and assuming this
is unchanged at 91 GeV we shall derive the ratio R.;.
This assumption is in accord with another measure-
ment at \/s=29 GeV [8] and with Lund model
predictions.

¥1 Throughout the paper charge-conjugate states are implicitly
included.
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2. The DELPHI detector

The components of the apparatus relevant for the
present analysis have already been described in refs.
[1,2]. Some of its main features are recalled here. The
charged particles are measured in a 1.2 T magnetic
field (0.7 T for 14% of the total data sample ) by a set
of three cylindrical tracking detectors: the Inner De-
tector (ID) covers radii from 12 to 28 cm, the Time
Projection Chamber (TPC) from 30 to 122 ¢cm, and
the Outer Detector (OD) from 198 to 206 cm. For
track reconstruction in the TPC, at least four space
points are available for polar angles between 21° and
159°, and up to sixteen space points between 39° and
141°,

In the Barrel part, covering polar angles between
40° and 140°, the trigger on hadronic events is made
of redundant subtriggers based on the ID and OD
chambers, and on the scintillation counters of the
HPC (High density Projection Chamber) and ToF
(Time of Flight). The trigger efficiency was found to
be larger than 99.9% for hadronic events with a
sphericity axis between 50° and 130°. In the forward
region, covering polar angles between 15° and 35°
and between 145° and 165°, the number of Z° events
was enhanced by also triggering on an energy depo-
sition of at least 3 GeV in each endcap of the FEMC
(Forward Electromagnetic Calorimeter).

3. Event selection

This analysis relies only on tracks from charged
particles, using all the data collected from September
1989 up to May 1990 during the three scanning pe-
riods around the Z° peak (the mean center-of-mass
energy was 91 GeV). Charged particles were selected
asinrefs. [1,2]:

- polar angle 6 between 20° and 160°;

— momentum p between 0.1 GeV/cand 50 GeV/c;
— track length above 30 cm;

— relative error on momentum measurement below
100%;

— projection of impact parameter below 4 cm in the
plane transverse to the beam direction;

— distance from the origin below 10 cm along the beam
direction.

Hadronic events were retained if they had at least

143
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five charged particles and if the invariant mass of all
charged particles was larger than 12 GeV/c? These
requirements keep 92% of hadronic decays of the Z°
and reduce any background to a negligible level. The
resulting data sample corresponds to 10 100 (26 800)
hadronic Z%s accumulated in 1989 (1990), the in-
tegrated luminosity being 540 (1200) nb~! respec-
tively.

A detailed and reliable simulation is essential in
order to establish the selection efficiency for charm
quark final states. The quark fragmentation is based
on the Lund parton shower model (version Jetset 6.3 )
[9]. The Monte Carlo simulation of the detector it-
self includes secondary interactions and collection of
electronic signals, allowing the generated events to be
treated in the same analysis chain as the real data. We
have shown that this simulation describes the distri-
bution of various topological variables of our had-
ronic data well [10].

Background to n* mesons from D** D%t de-
cays in cC events comes from all other processes giv-
ing low pr particles with respect to their jet axis.
Charmed D** mesons coming from the decay of bot-
tom hadrons have a lower momentum than those
originating from the primordial charm quark. Pho-
tons from =° decays can convert inside the detector
and the electrons from pairs have a low pr at low mo-
mentum. But above an energy of about 1 GeV, the
simulation shows that their average py is around 200
MeV/c which is close to the py of ordinary hadrons.

Charged particles are clustered into jets by using
the standard LUCLUS algorithm of the Lund pack-
age [9]. The jet axis is not defined as the sum of mo-
menta of all charged particles in this jet, out as the
thrust axis of the jet computed with momentum
squared weight [4]. Simulation showed that this def-
inition increases the low pr ™ signal to noise ratio
by about 20%.

In order to enhance the signal of &+ mesons from
D** decays, charged particles were retained if they
had:

— momentum p between 1.5 and 2.5 GeV/c;

- projection of impact parameter below 2 cm in the
plane transverse to the beam direction.

The jet they belonged to had then to satisfy the fol-
lowing requirements:

— at least three charged particles inside the jet;
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- at least one particle inside the jet with a momentum
larger than p;

- polar angle of jet axis fulfilling |cos 8| <0.8;

- ratio Zjet =Ejet/Ehemi > 09’

where E;., and E\,.,; are respectively the total energy
of the jet and the sum of the energies of all charged
particles in the same sphericity hemisphere.

The 1.5 GeV/c momentum cut reduces back-
ground from bb production, photon conversion and
particles from soft fragmentation. Few n* mesons
from D** decay are expected above 2.5 GeV/c. The
cut on the impact parameter reduces the remaining
e* contamination. The cuts on the multiplicity in-
side the jet and on the jet axis direction restrict con-
sideration to jets in which the charged particles are
well measured. The cut on Z;,, is intended to remove
Jjets from gluon radiation and to enhance the signal
from the primary charm quark.

4. Analysis of the p} distributions

The previous cuts were applied to a Monte Carlo
simulation of 34 500 qq events. The p3 distribution
of charged particles with respect to their jet axis is
presented in fig. la for cC events and in fig. 1b for
other qq events (where q stands for u, d, s or b quark
flavours). The c¢ sample shows a clear accumulation
of events with low p%, not apparent in the non-charm
sample. According to the simulation, the contribu-
tion of low p3 charged particles from bb production
happens to be compensated by a depletion in the p2
distribution associated to light quark pairs. This re-
mark applies in particular to the n* produced in the
decay of D** originating from beauty hadrons. It re-
flects a slightly worse angular reconstruction of the
jet axis, as defined in section 3, in the case of u, d, s
type quarks.

The amount of D** - D% * decays contributing to
fig. 1a was evaluated as follows:

— first the p2 distribution of the n* from D** -»D%*
decay in cC events (hatched area in fig. 1a) was fitted
for p2 <0.01 (GeV/c)? with a simple exponential:

S(p3)~ (N$/B?) exp(—p3%/B?),
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Fig. 1. p% distribution of charged particles with respect to their
jet axis for a Monte Carlo simulation of 34 500 qg events after
the cuts specified in the text. Curves are the result of a fit
S(p%)+F,(p%) performed for p2<0.25 (GeV/c)? (full line)
and the extrapolation of F,(p%) (dashed line). The simulation
is performed (a) for cc events only, where n* from D** -»Dn+
and n~ from D*~— D%~ decays are presented in the hatched
histogram; or (b) for all quark flavours except charm quark, where
uii+dd+s5 and bb contributions are presented in the upper and
in the hatched histograms respectively.

with the normalization N and the slope B left free,
we found B=6513 MeV/c and N$=366+22 n*
tracks;

- with the slope B fixed, the distribution in p% of the
Monte Carlo events were fitted over the range 0<
p3<0.25 (GeV/c)? as the sum S(p)+Fi(p%)
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where F; describes the long-range smooth p% distri-
bution. The sensitivity of the fits to the shape of the
full p% distribution was evaluated by trying the fol-
lowing two functions with three free parameters each:

Fi(p})~a+bexp(—p%/c?),

’

N a
Fy(p1)~ ¥ cpt”
The fit results are illustrated in fig. 1 and in table 1
for our Monte Carlo simulation. Both shapes cor-
rectly describe the non-charm qg sample without sig-
nificant signal; for the cC sample each fit S+ F; gives
an amount of signal Ng in agreement with the value
366 * 22 expected.

For the selected sample of real data (36 900 had-
ronic Z° events) fig. 2 shows the p% distributions of
charged particles for two momentum intervals:

1.5<p<2.5GeV/c(a),
3<p<d4GeV/c(b).

At high momentum (b) we see no significant ac-
cumulation at low p% in agreement with the Monte
Carlo expectation, while in the momentum range (a)
an excess is apparent. Following the same procedure
as for Monte Carlo events, the distribution displayed
in fig. 2a was fitted for p% <0.25 (GeV/c)? with the
shape S+ F; where the slope B=65 MeV/c is fixed
and where the three parameters in F; are left free. This
fit yields Ns=336+68 (x2/DF=125/96) with F,
and Ng=426+76 (x*/DF=128/96) with F,. The
average of these two results gives the measured
n* +7n~ signal: Ng=381172, and the observed dif-
ference between the two fits is converted into a sys-
tematic error of +64 due to the uncertainty on the

Table 1
Fits of p2 distributions of simulated events (34 500 generated qg
events).

Quark flavours Parametrization  Signal Ny x?/DF

cc-»D** =Dt S(p}) 366+22 0.34/2

ct alone S(p})+F (p?) 392+38 97/96
S(p})+F,(p3) 360145 94/96
all flavours S(p3)+F,(p?) 28160 109/96

except ¢t S(P3)+F(p%) 12+ 64 110/96
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1000 Table 2
. Experimental value of the signal N} fitted from the p% distribu-
] Delphl tion of 36 900 hadronic events, where N § is quoted for p3 <
" 800 -it:‘ a) 1.5<p<2.5 GeV/c 0.0975 (GeV/c)2 Due tg the expopential shape of the p% distri-
3 R s bution of the expected signal, the integrated signal Ns over the
2 full p} range is obtained by multiplying N4 by a factor 1.204.
5), 600 & The first line shows the values of N obtained with the shapes
g S(p%) + F,(p%). The next two lines show the difference between
g the total number of tracks below p% <0.0075 (GeV/c)? and the
Z 400 3 R, 8 0 number given by the extrapolation of the fitted shapes F,(p3)
E py 2 alone.
200 p% range Shape Shape
] used in the fit S(p})+F (p}) S(p3) +F2(p})
{ (GeV/c)?
o T T T T T T 4
0 002 004 0.06 008 0.1 0.12 0-0.25 279t56 354+63
P (GeVie)
Shape Shape
F,(p%) alone F,(p3) alone
0.0125-0.25 298+ 58 376170
b) 3<p<4 GeV/c 0.025-0.25 310+60 458+ 84

(GeVie):

23

-
=
32
&
g 80
=
40
0 ] T T T T ML T T
0 002 004 006 008 01 0.12
P} (GeVie)’

Fig. 2. p% distribution of charged particles with respect to their
jet axis for 36 900 hadronic events detected in DELPHI. Curves
are the result of a fit S(p})+F,(p%}) performed for p3 <0.25
(GeV/c)? (full line) and the extrapolation of F,(p2) (dashed
line) or Fo(p%) (dash-dotted line). The momentum of the
charged particles is in the range 1.5<p<2.5 GeV/c (a) or
3.0<p<4.0GeV/c (b).

shape of the background. The signal to noise ratio is
about 0.14 in the range p% <0.0075 (GeV/c?).

This method relies on an assumed slope for the ex-
pected signal S(p%). Another method is to fix the
background F; by fitting the p2 distribution for p2
above 0.0125 (GeV/c)2 Then the subtraction of the
extrapolated background F; from the observed num-
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ber of tracks below 0.0075 (GeV/c)? gives an esti-
mate N of the signal. The results of this method ap-
plied to the real data are summarized in table 2 for
different p% ranges. Extrapolating from p2 larger than
0.0125 (GeV/c)?, both parametrizations lead to a
compatible level of signal below 0.0075 (GeV/c)2.
This holds also for different p% intervals, especially
for the exponential curve F, whereas the extrapola-
tion from the inverse of polynomial F, presents a
larger error. We can conclude that, within statistical
errors, the signal shape obtained from Monte Carlo
simulation correctly describes real data.

5. Measurement of the Z°— c¢ relative partial width

The cross section Re=0(ete~—ct)/o(ete -
hadrons) is measured as

&h Ns

Rcc— Nh X scé ng

where N, stands for the number of selected hadronic
events (N,=36900), N is the number of fitted
charged particles in the signal at low p% (Ng=
381+ 72), &, and &, are the overall efficiencies for
hadronic and ¢t events, and & stands for the effi-
ciency to count i+ mesons in cC events. With our se-
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lection criteria, &, and & present no significant dif-
ference: &,/&. = 1.000+0.005 from the Monte Carlo
simulation. The efficiency & can be expressed as

&g =2 (ct-»D** +X with D** -D% ™)
X A (n* as measured) X ZA(n* as fitted) ,

where 2, is the probability to produce D°x* from D**
decays in ct events, % is the probability to recon-
struct and select a ©* meson, and 4, is the probabil-
ity to count these measured n* in the fitting
procedure.

#, can be obtained from a measurement by the
CLEO Collaboration [6] at /5=10.55 GeV of the
cross section

olete~->D** +X with D** D% *)

and averaging over two decay modes of the D® meson
(see table 3): D°-K—n* and K- n*x~xn* using the
branching fractions of the D° measured by MARK
IIT [11]. This probability does not depend on a mea-
surement of the branching fraction of the decay
D** D%, nor on the ratio of vector to pseudo-sca-
lar charmed meson production. Furthermore the
above cross section was measured for the continuum
with a kinematic constraint forbidding the detection
of charmed mesons in Y (4S)—BB events. The prob-
ability thus obtained is % =0.308+0.046 at ,/s=
10.55 GeV, in agreement with the value 0.31510.046
deduced from the HRS experiment at \/s=29 GeV

Table 3
Computation of the probability % (cc—»D**+X with
D*+ D%+ ) from CLEO results at \/§= 10.55 GeV [6].
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0.
P = R% x o0 =0.308 £0.046
where
R& =o(ete~—ct)/o(e*e~—hadrons) =0.3710.02 [6]
o) =a(e*e~—hadrons)=3.33£0.05£0.21 nb [6,12]
0% =0(e*e~ >D*+ X with D** > D%*, or D*~-D%~)
=0.379+0.046 nb

o~ is computed from measurements shown below.

Decay mode of D® B o. (pb) ¥ Branching fraction B®

DOSK—nt
D°SK-ntn—nt

17.0+1.5+x1.4 0.04210.004+0.004
33.0+3.0x1.8 0.091+0.008+0.008

) Ref. [6]. ® Ref. [11].
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{8] but where the error on the cross section of ¢C pro-
duction, including the b—c transition, is not quoted.
In the following, the value %, =0.31%0.05 is used,
with the assumption that the fragmentation rate of
charm into D** does not change from 10.55 up to 91
GeV center-of-mass energy.

The probability % to reconstruct and select £+ me-
sons with our criteria described in section 3, is de-
duced from the Monte Carlo simulation: #=0.27%
0.02. The main causes of loss are the momentum se-
lection of ©* between 1.5 and 2.5 GeV /¢ and the re-
quirement that the n* is inside a jet free from hard
gluon radiation. The error takes into account a shift
of +10% in the momentum of the =™ from the un-
certainty in the fragmentation function of the charm
quark.

The proportion % of these ©+ mesons which are
finally fitted from the overall p% distribution is also
taken from the simulation 2, =0.78 £ 0.05, where the
error reflects an uncertainty of 5% on the slope B of
the signal shape.

Finally the important assumption is that the only
contribution to the observed accumulation of tracks
at low p% comes from D** - D%+ decays occuring
in cC events. The background from the other quark
flavours, including bb, is evaluated with the Monte
Carlo simulation (table 1) and transforms into an
18% systematic error on the fitted value of Ng. The
electron background is negligible within the cuts be-
cause, according to the simulation, their p% slope is
large and a variation of *20% of their amount would
change Ng by only * 1%.

The resulting cross section ratio is thus

R=0.16210.030(stat.) +0.050(syst.) ,

where the statistical error results from the fitting pro-
cedure and where the various contributions to the
systematic error are listed in table 4.

The predicted value of the standard model for the
ratio of the partial width I, of the Z° into ¢& to the
total hadronic width I}, is [13]

T
Iy

=0.171 (S.M.) .
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Table 4
Contributions to the systematic error on I/l ,.

PHYSICS LETTERS B

Contributions Systematic error
ratio of global efficiencies &,/ ¢, +0.001
probability (cc—D** with D** D% ™) +0.026
reconstruction and selection of #* mesons 10.012
shape of the signal in fitting procedure +0.010
choice of the background shape +0.027
background from other quark flavours +0.029
electron background 10.002
total +0.050

6. Conclusion

An inclusive analysis of Z°—c€ events has been
performed at LEP using the low momentum and low
pr 7t mesons produced in the decays of charmed me-
sons D** D% * and D*~ D% ~. Assuming that in
cC events the probability of producing such a low mo-
mentum n* from D** decays is 0.3110.05 [6], the
partial width ratio is found to be

T
I

h

=0.162£0.030(stat.) £0.050(syst.) ,

in agreement with another measurement [14] and
with the standard model prediction of 0.171 [13].
From our previous measurement of the total had-
ronic width [2],

I,=17411£61 MeV ,

we deduce the Z° partial width into charm quark
pairs:

I.=282+53(stat.) + 88(syst.) MeV .
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