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Abstract

The inclusive production of D** mesons in photon-photon collisions has been measured
by the Aleph experiment at LEP with a beam energy of 45 GeV. The D*T are detected
in their decay to D7 T with the DY observed in three separate decay modes: (1) K=7 ™,
(2) K= *t7% and (3) K-#tx~7*, and analagously for D*~ modes. A total of 33 events
was observed from an integrated luminosity of 73 pb™! which corresponds to a cross
section for o(ete™ — ete™D**X) of 155 & 33 4 21 pb. This result is compatible
with both the direct production vy — ¢¢ in the Born approximation and with a more
complete calculation which includes both radiative QCD corrections and contributions
in which one of the photons is first resolved into its quark and gluon constituents. The
shapes of distributions for events containing a D** are found to be better described
by the latter.
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1 Introduction

The reaction vy — QQ where Q is a heavy quark (charm or beauty) has a number
of favourable aspects as a test of QCD when compared to other vy processes[1, 2|. Firstly
the theoretical uncertainties are reduced somewhat as the quark mass sets the scale for
the strong interaction. Secondly there is concluded to be negligible background from the
soft process of Vector Meson Dominance (VMD) based on observations of collisions of real
and virtual photons on a proton target [3]. As a check of this conclusion the PYTHIA
Monte Carlo [4] was used to calculate the rate of production of charmed mesons via VMD
in v collisions in which one of the photons has fluctuated into a J/W. The predicted
cross section is negligible compared to the rates from hard processes, generally referred
to in the following as QCD. Figure 1 shows some of the diagrams contributing to heavy
quark production in two-photon physics. Diagrams (a)-(c) are examples of the so-called
direct process in which the photon couples directly to a quark. Diagram (a) is the Born
term direct process which is equivalent to the Quark Parton Model (QPM), (b) and (c)
are virtual and real QCD corrections to the Born term. At low beam energy this direct
process is completely dominant, however at high beam energies there is predicted to be
a large contribution from the ‘single resolved photon’ processes depicted in diagrams (d)-
(f) [1, 2]. The largest part of the resolved process is given by the photon-gluon fusion
process; this property offers the possibility of measuring the gluon content of the photon
which is currently poorly known. Doubly resolved processes have been calculated to give
a negligible contribution for presently available beam energies [1].
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Figure 1: Examples of diagrams contributing to heavy quark production in v collisions.
(a) Direct contribution: Born term (QPM); (b) virtual correction to direct term; (c¢) real
correction to direct process; (d),(e),(f) ‘resolved’ contributions.

Experimental measurements of charm production in v+ physics have generally been
made by observing the production of D** particles V) . Early measurements were reported
by JADE [5], TPC/Two-Gammal6], and TASSO[7]. Recently results have also been pro-
duced by TOPAZ[R, 9]. These results are summarised in Table 1, the last column of which
shows the total cross sections for o(ete™ — ete™ D*TX) calculated by applying various
adjustments to the published results. For TPC/Two-Gammal[6], JADE[5], TASSO[7] and
the earlier TOPAZ result[8], this adjustment accounts for the latest values for the D** and

1) Throughout this paper charge conjugate decays are implicitly included.



Experiment Beam olete™ = ete” D*X) pb
energy (GeV) | published adjusted
TPC/Two-Gammal6] 14.5 74+ 32 56 + 24
JADE[3]. 17 ] 173 + 70
TASSO[7] 17 97 + 29 63 + 20
TOPAZWI8] 29 75 £ 25 163 + 54
TOPAZ®)[9] 29 23.5 £ 4.6 196 & 35

Table 1: Measurements of D** production in two photon physics. Where a cross section
has been published it is given in the third column. In the fourth column is shown the
results of a calculation of the total cross section after applying various adjustments as
described in the text.

DY branching ratios [10]. The two TOPAZ cross sections are with the additional conditions
(1) pP™" > 1.6 GeV/c and (2) pP™ > 1.6 GeV/c, |cos(8)] < 0.77. A total cross section
was obtained from the published figures by multiplying the total QPM cross section by
the ratio of the observed cross section to the QPM cross section for the same acceptance.

In this paper the process 7y — c¢¢ is measured at a beam energy of 45 GeV via
the inclusive production of D** mesons, which are detected in their decay to DT with
the D° being observed in the decay modes (1) K=nt, (2) K~nt7% and (3) K-7tr~n™.
In most previous studies only a QPM model was available, so results are included in this
study using both QPM and QCD Monte Carlo programs to allow comparisons between
the two.

2 Experimental Procedure

The first stage of the analysis consisted of the selection of a low background sample
of events of the type vy — hadrons from the 73 pb~! of data collected by ALEPH in
the period 1990-93. The ALEPH detector has been described in detail in Ref. [11]. The
critical part of the detector for this analysis is the large Time Projection Chamber (TPC),
a cylindrical, three-dimensional imaging drift chamber covering radii from 30 to 180 ecm
from the beam. For charged tracks with |cos(#)| < 0.97 it can provide up to 21 space
point measurements, and up to 338 measurements of the ionization loss (dE/dx) which
enables particle identification to be performed. The Inner Tracking Chamber (ITC) is a
cylindrical multiwire drift chamber which covers the region from 16 to 26 cm from the
beam and can give up to 8 additional points for tracks with |cos(8)| < 0.97. In 1991 a
silicon vertex detector was installed and can measure two additional points for tracks with
| cos(#)| < 0.65. The transverse momentum resolution of charged tracks Ap; is given by
the formula

(Ape/pe)? = (a x 107°py(GeV/c))* + (0.005)?

where the value of « is 1.2 when tracks are measured using the TPC alone, 0.8 when the
ITC is added, and 0.6 when points from all three tracking detectors are available.
Surrounding the TPC is the e/y calorimeter (ECAL) consisting of a highly seg-
mented sandwich of wire chambers and lead plates covering the polar angle region | cos(9)|
< 0.98. Position and energy of electromagnetic showers are measured using 3 x 3 cm? cath-
ode pads read out in three sections in depth, a feature which enables electromagnetic and
hadronic showers to be distinguished by their differing shower profiles. The energy resolu-
tion for electromagnetic showers is given by AE/E = 0.18/vE + 0.009 (£ in GeV). The

2



event selection was based on “Energy Flow Objects” [12] which consist of charged tracks
and neutral clusters.

In order to reject events due to decays of the Z the following cuts were applied:

—  Total charged energy < 20 GeV;

—  Number of charged tracks > 3;

—  Number of charged tracks < (40 - visible energy in GeV);

—  pi°t < 8.0GeV /e, where pi° is the transverse component with respect to the beam
direction of the vector sum of the momenta of all Energy Flow Objects;

—  Visible Invariant Mass (W) between 4.0 and 45 GeV/c?%;

— A vertex position within 14 ¢m in z and 10 ¢cm in r from the interaction point.

This selection produced a sample of 134960 events.

3 Measurement of D** Meson Production

The technique to extract a signal for charm exploits the fact that the available
kinetic energy in the decay D** — D%z is only 6 MeV. The signal is typically displayed
by plotting AM = Mp«+ —Mpo for all reconstructed decay product candidates. A D? decay
mode can be used in this analysis if it has a reasonable branching ratio (at least of order
1%) together with the possibility of accurately reconstructing all the decay products;
for example, semi-leptonic decays cannot be used due to the undetected neutrino. For
the current study a D? is reconstructed in its decays to (1)K~7%t, (2) K=7t7% and (3)
K=ntaT7~. Having formed a candidate D meson, which is within the accepted mass
range, tracks identified as pions are added in turn to form candidate D** mesons, AM
being determined in each case. For background tracks the spectrum rises from a kinematic
lower limit of 139.6 MeV/c* (M +), whilst the signal produces a peak at 145.5 MeV/c?,
i.e. Mp«+ — Mpo, which is a region where the background is small.

Each charged track of each surviving event is considered in turn as a kaon and/or
pion candidate. The kaon/pion identification is provided by the dE/dx information. The
track is flagged as a kaon if the dE/dx probability is greater than 10% for a kaon mass
hypothesis. Independently, if the probability is greater than 0.5% for a pion mass hypoth-
esis then the track is flagged as a pion (the same track may be flagged as a kaon, pion,
both or neither). Candidate D° are formed by taking relevant combinations of identified
kaons and pions which have an invariant mass within the accepted range around Mpo.
Remaining pions, which have opposite charge to that of the kaon, are added in turn to the
DP to form D** candidates. To reduce the combinatorial backgrounds from soft processes,
two further cuts are applied to the D**, namely it must have | cos(0)| < 0.875, and |p¢| >
2.0 GeV/c (0 is the polar angle relative to the et beam direction).

Details specific to each decay mode are described below. The resulting mass dif-
ference distributions are shown in Fig. 2. The mass difference, AM, is also shown for a
‘wrong sign’ combination of tracks, constructed by requiring the pion used to form the D**
from the D° to have the same charge as the kaon. This produces a background spectrum
from which the significance of the signal obtained from the right sign combination may
be extracted. The mass range around the D® mass is trebled when forming the wrong sign
signal in order to increase the statistical significance of the background measurement. It
is possible for there to be several entries per event in the mass difference plot. However,
it is found in practice that no event gives multiple entries in the signal region.
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Figure 2: AM (= Mp«+ — Mpo) in GeV/c?. Data are shown for the decay chain:
D*t — D%, followed by (a) D® — K=7t, (b) D® = K~ 7t7% (¢) D* - K-atntr~. The
wrong-sign background are seen in the same channels in plots (d)-(f). The plots (g)-(i)
show the normalized distributions from the QCD Monte Carlo.

3.1 Mode (1) D K7t

Candidate D° mesons are reconstructed by considering all combinations of oppo-
sitely charged kaon and pion pairs. Such a combination is retained if it has an invariant
mass within the range 1.85GeV/c* < Mk-,+ < 1.88GeV /c? which was determined from
the resolution observed in the Monte Carlo detector simulation.

3.2 Mode (2) D? K 7tr°
7% candidates are formed from pairs of photons with energy greater than 250 MeV
identified in the ECAL and the invariant mass of the pair, M., is calculated. The energy

0

resolution of genuine 7° is improved by a constrained fit of the photon energies to the 7°

mass. This improves the energy resolution on average by a factor of two. The candidate
7% is retained if the probability that the two photons came from a 7° is greater than 5%
and the 7° has |cos(#)| < 0.93.

From the identified kaons and pions all combinations of the form K=7+#° are consid-
ered and accepted as DY candidates provided the mass is within the range 1.83 GeV /c? <
Mg—rt+70 < 1.90 GeV/c?. This mass window is again determined from the Monte Carlo

resolution.



3.3 Mode (3) D K nftrtr™

By fitting the four tracks in a candidate D° to a common vertex with loose con-
straints the background in this mode is reduced by 10%. The range 1.84 GeV/c? <
Mg—rt - < 1.88 GeV /c? was used to select D° candidates.

3.4 Selection Efficiency

Selection efficiencies were measured by passing samples of Monte Carlo events
through the detector simulation and reconstruction programs. Two separate programs
have been used. The first one simulates the QPM production of charm quarks using the
program of J.A.M. Vermaseren[13]. The second program has been developed in collabora-
tion with the authors of Ref. [1] and produces events according to their QCD calculation.
In both cases the charm quarks are fragmented by the JETSET programl[4]. Separate
samples were produced for each of the three decay chains where one quark is required to
have produced a D**, with the subsequent decay D** — D%+, D — modes 1,2 and 3.
The ‘other’ quark is then free to fragment according to known charm branching ratios.
The events have been corrected for trigger efficiency as described in Ref. [14]; for all events
in the signal region the trigger efficiency is close to 100%.
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Figure 3: The charm signal in 4+ events obtained by plotting AM = Mps«+ — Mpo for the
sum of the three channels studied. The points are the data with statistical errors only.
The histogram shows the result of a fit to the sum of the predicted QCD signal and the
background shape (shown as the shaded area) obtained from wrong-sign events.

4 Results

In order to measure the size of the signal, all of the three channels studied were
combined. The signal region was taken as 0.144 < AM < 0.148 GeV /c?. To find the size
of the background under the peak in this region it was necessary to allow for the fact
that the mass window around the D® was enlarged in the ‘wrong sign’ sample. To account
for this a maximum likelihood fit was performed on the data in the range 0.13 < AM <



0.18 GeV /c?, wherein the Monte Carlo was used to give the expected shape for the peak
and the wrong sign data was used to give the shape for the background. Figure 3 shows
the combined data signal with the fitted signal and background distributions.

The only source of background that can contribute to the signal is contamination
from ete™ annihilation events. A Monte Carlo study using PYTHIA [4] showed this to
be negligible.

The size of systematic errors resulting from the use of the detector simulation to
calculate selection efficiencies was calculated by varying the resolution of a number of
parameters critical to the analysis. This variation was within a range that was consistent
with the observed agreement between data and Monte Carlo in our large sample of ete™
annihilation events. The parameters used were dE/dx, D° mass, and visible energy . The
result of this study is summarized in Table 2. Combining these errors in quadrature results
in a total systematic error on the selection efficiency of 13%. Thus the number of D**

found in the data is 33 4+ 7 (stat) 4+ 4 (sys).

systematic effect uncertainty
dE/dx resolution | 9 %

D mass resolution | 6%

visible energy 7%
Total 13 %

Table 2: Contributions to the systematic error on selection efficiency.

The calculation of the theoretical expectation is discussed in two parts, first the
process eTe™ — ete™ D*tX(D*t — D7) is considered, and then the number of events
expected to be observed in any given DY channel is calculated. Np«t_po, , the number of
D** produced in the data which subsequently decay to D°7* is given by the formula:

Npstpoy = 2 X o(efe” = efe cc) x L x Pops+ x B,

where:

—  o(ete” — etece) is the cross section for ete™ — eTe~cé for which the final state
has a mass greater than 3.8 GeV/c? and was calculated using a program supplied by
the authors of Ref. [1]. To determine the theoretical error the charm quark mass was
varied between 1.3 and 1.7 GeV/c* and the QCD energy scale was allowed to vary
between mg and 2mg, where mq is the heavy quark mass. The dominant source of
uncertainty is the former.

— L is the integrated luminosity of the data (73.4 pb™1).

—  P.Lpsx is the fraction of charm quarks hadronizing into a charged D*, and B, is
the branching fraction B(D** — D%r). Equation (4) of Ref. [15] gives the combined
probability

P.p=+ % B. x By = (6.5 4 0.5 (stat.) & 0.2 (syst.)) x 1077,

where By is the branching fraction for D® — K~ #*. Dividing by 4.01 & 0.14%, which
is the value for By given in Ref. [10], gives P._,p+«x x B, = 0.162 4+ 0.0144.

The result of this calculation is summarised in Table 3.



Process Number of decays | Graphs of Figure 1
QPM 5166 + 1001 1(a)
QCD (‘direct’) 6476 £ 1081 1(a),1(b),1(c)
QCD (‘resolved’) 4944 =+ 2244 1(d),1(e),1(f)

Table 3: Predicted total number of D — DY decays in events of the type
ete™ — ete™D*T X; the error is dominated by the charm mass uncertainty.

The expectation for any given decay channel in the data is then obtained from
the above figures by multiplying by the selection efficiency measured in the Monte Carlo
and the branching fractions given by the Particle Data Group [10]. These values are
summarised in Table 4. The total number of events expected is 2846 for QPM or 46411 for
QCD which includes direct and resolved contributions, to be compared with the observed
number of 33 4+ 7 (stat) 4+ 4 (sys), the systematic error being due to selection efficiencies
(Table 2).

Using the branching fraction for D*t to D% (68.1+1.3% [10]) enables the result
to be expressed as a cross section. When the QCD model is used to calculate selection
efficiencies the result is

olete” — ete” D*'X) = 155 £ 33 (stat) & 21 (sys)pb
whereas using the QPM model gives a lower cross section
e~ — ete” D*X) = 121 £ 26 (stat) % 16 (sys) pb.

o(e

This difference is largely due to the lower selection efficiency for the single resolved pro-
cesses (Figure 1 (d)-(f)). The systematic error includes the contributions from the selection
efficiency and branching fractions added in quadrature. These values are compatible with

both the QPM (100 + 20 pb) and QCD (220 + 60 pb) predictions.

Process D decay Branching Selection Predicted
mode Fraction Efficiency | Number of D**

QPM Ktr~ 0.0401 4+ 0.0014 0.046 95+ 1.9

Ktr= 70 0.138 £+ 0.010 0.009 6.4+ 1.3

Kta=mtxt | 0.081 £ 0.005 0.029 12.1 £ 2.5

QCD direct Ktr~ 0.0401 4+ 0.0014 0.041 10.6 + 1.8

Ktr= 70 0.138 £+ 0.010 0.011 9.8 £ 1.8

Kta=mtxt | 0.081 £ 0.005 0.027 14.2 £ 2.5

QCD resolved Ktr~ 0.0401 4+ 0.0014 0.022 4.4 4+ 2.0

Ktr= 70 0.138 £+ 0.010 0.004 26 £1.2

Kta=mtxt | 0.081 £ 0.005 0.012 4.8 + 2.2

Table 4: Calculation of expected number of observed D° decays.

More information can be gained by studying distributions of events after background
subtraction in the D** signal region and comparing to the predictions of QCD and QPM.
Around 50% of the QCD events contain additional partons, which should be reflected in
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the final state. Shown in Fig. 4 are the following distributions that would be expected to
show differences due to the presence of additional partons in the final state: the visible
invariant mass of the event (W), p? of the D** | the thrust of the event and the energy of
the D** divided by the total energy in the event. The models have each been renormalised
to the same number of events as the data, which is equivalent to using a charm mass of
1.9GeV/c? in the case of QCD, and 1.4 GeV/c* for QPM. A quantitative comparison has
been made using the Kolmogorov test which gives the probability that two histograms
come from the same parent distribution. All distributions favour the QCD prediction.
The most significant comparison is given by Figure 4(d) for which a probability of 0.87
is found when comparing QCD to the data but 10™* for QPM.

5 Conclusions

The first measurement of the cross section for D** production in v collisions at
LEP I beam energies has been made. The value is consistent with both the QCD and
QPM predictions. Comparison of various distributions in the data to QCD and QPM
Monte Carlo models favours the former. The QCD model is therefore used to calculate



the selection efficiency and extract the final result
o(ete” — eTe” D™X) = 155 + 33 (stat) =+ 21 (sys) pb.

Figure 5 shows the result compared to other measurements and to the predictions of
Ref. [1]. This results falls at the low end of the range of QCD predictions, in contrast with
earlier measurements which have tended to lie towards higher values.
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