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Abstract. The inclusive production of D*+, D°, D+ and Ac is measured by DELPHI
in photon-photon collisions at LEP-II energies. The measured cross sections are com-
patible with the QCD calculations having the contributions from the resolved processes
sensitive to the gluon density in photon. The total cross section of the charm quark
production in two-photon collisions at LEP-II energies is estimated.

INTRODUCTION

Hadron production in two-photon collisions is described by the Vector meson
Dominance Model (VDM) [1], the Quark Parton Model (direct process) (QPM) [2],
and the hard scattering of hadronic constituents of quasi-real photons (resolved
photon process) [3-7]. Charm quark production in 77 collisions has several advan-
tages over light quark production as a test of QCD. First, the theoretical QCD
calculations are less ambiguous since charm quark has a large mass compared with
the typical mass scale for strong interactions. Secondly, in charm quark produc-
tion the VDM contributions are small, and only the direct quark-parton model and
resolved photon processes have to be considered. Studies of charm meson produc-
tion might provide usefull information about the gluon density in the photon, the
current charm quark mass, and the intrinsic PT distribution of partons in resolved
photons.

Fig. 1 shows some of the diagrams contributing to heavy quark production in
two-photon physics. The diagram in Fig. la shows the direct (QPM) process in
which the photon couples directly to a quark. The diagram in Fig. Id shows the
single resolved photon process.
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FIGURE 1. Examples of diagrams contributing to heavy quark production in 77 collisions, (a)
Direct process (QPM); (d) single "resolved" process.

The direct process is dominant at low energies. However a large contribution from
the resolved photon processes is predicted at high energies (^/s^> > 200 GeV) [8,9].

The charm production in 77 collisions was studied by measuring the D*+, in-
clusive electron (muon) and K°s production by JADE [10], TPC/Two-Gamma [11],
TASSO [12], TOPAZ [13,14], VENUS [15] and AMY [16]. Results from LEP were
recently reported by ALEPH [17], L3 [18] and OPAL [19].

In this paper we report on measurement of charm production in 77 collisions
at LEP-II energies via the inclusive production of D*+, D°, D+ mesons and Ac1.
D*+ mesons were detected by their decay to D°7r+, with the D° observed in the
decay modes (1) K~TT+, (2) K-7r+7r~7r+ and (3) K^+TT'. Inclusive D° and D+
mesons were detected by their decays to K"~TT+ and K~7r+7r+, respectively. Ac's were
detected by the decays to pK"?r+, A7r+7r~7r+, pK°, pKg7r+7r~, pK~7r+7r°, A7r+7r°.

EXPERIMENTAL PROCEDURE

The data obtained by DELPHI detector [20,21] in 1996-1999 were used. The
energies of e+e~ collisions, and the corresponding integrated luminosities / Ldt are
presented in Table 1.

TABLE 1. Integrated luminosities.

Year
V̂ 5 GeV
f Ldt, pb"1

96
161
10.2

172
10.2

97
183
54.1

98
189
157.6

99
192
25.9

196
76.4

200
83.4

202
40.6

204
0.04

E

458.4

Our analysis is based on the selection of a low background sample of hadronic
two-photon events. Several selection criteria for charged tracks and neutral particles

Throughout this paper charge conjugate decays are implicitly included.
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in an event were applied. Charged particle tracks in the detector were accepted if
the following criteria were met:

• transverse particle momentum PT > 100 MeV/c;

• impact parameter of a track transverse to the beam axis Axy < 3 cm;

• impact parameter of a track along the beam axis Az < 10 cm;

• polar angle of a track 21° < 0 < 159°;

• track length I > 30 cm;

• relative error of the track momentum Ap/p < 100%.

To select neutral particles the calorimetric information was used. Those calorime-
ter clusters which are not associated to the charged particle tracks are used to
form the signals from neutral particles (7, 7r°5 K^5 n). The following thresholds
were chosen for measured energy: 0.3 GeV for the showers in the electromagnetic
calorimeters and 1 GeV in the hadron calorimeters.

To extract the hadronic two-photon events, the following cuts were applied to
the full sample:

• visible invariant mass calculated from the four-momentum vectors of the mea-
sured charged and neutral particles is Wvis < 52 GeV/c2;

• number of charged particles 4 < Nch < 16;

• the sum of the transverse energy components with respect to the beam direc-
tion of all charged and neutral particles is 53 ET s > 3 GeV/c;

• TPC and RICH detectors were fully operational.

The last requirement reduces the integrated luminosity for the analysis to 434.1
pb-1.

A comparison of the W^s distributions for the data and simulated events in Fig.
2 shows that the cut Wvis < 52 GeV/c rejects the main part of non two-photon
events.
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FIGURE 2. Wvis distributions for the data at < •V/I^ >= 192 GeV and for the simulated
77—» hadrons, e+e" —> Z°7 and e+e~ -» W+W~ events at w^ = 200 GeV

The condition 4 < NCh < 16 decreases the combinatorial background for
inclusive D mesons and Ac detection.

To obtain a sample of hadronic two photon events enriched in charm quark events
with trigger efficiency > 98% [22], the additional cut was applied:

• at least one charged track from the barrel part of an event, i.e. with 45° <
6 < 135°3haspT > 1.2GeV/c.

116323 events were selected after applying the above cuts.
The main background is from the e+e~ —> Z°7 process and amounts to ~3.1%

of the selected 77 events. The backgrounds from the e+e~~ —» W+W~ and other
processes are negligible.

In order to compare the data with the theoretical predictions, samples of 77—»> qq
events simulated by TWOGAM [23] and PYTHIA 5.7 [24] programs were used. The
simulated events were processed through the full chain of the DELPHI detector
simulation and reconstruction programs.

As we will see below the observed distributions of charm states are well described
by both generators. To compare with the other experiments we used PYTHIA.
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D*+ PRODUCTION

D*+ mesons are detected by their decay into D°TT+. The method of their re-
construction exploits the small mass difference between D*+ and D° mesons. The
available kinetic energy of the TT meson in the rest frame of the decay D*+— »D°7r+

is only 6 MeV and as a result the distribution of the variable AM = MD*+ — MDo
has a narrow peak. The signal is displayed by plotting AM for all reconstructed
decay product candidates. D° mesons are identified via their decays to K~TT+,

To select D° candidates in the K~TT+, K~7r+7r~7r+ decay modes, the following
additional criteria were applied for the charged tracks:

• the impact parameters of the track are A^ < 0.5 cm and A^ < 2 cm;

• the particle should not be identified as a muon;

• the particle should not be identified as a electron.

A good identification of the kaons is important for D° meson selection. With the
Rich Imaging Cherenkov Chamber (RICH) DELPHI possesses a unique and very
important hadron identification tool. The information from the liquid and gas radi-
ators of RICH can be combined with the dE/dx information of the Time Projection
Chamber (TPC) [20] to achieve separation of hadrons at different momenta.

The particle identification algorithms for the RICH and TPC detector are realised
in the RIBMEAN and HADSIGN packages [25]. A package MACRIB [26] combines
the benefits of RICH algorithms and dE/dx information for the high momentum
region. The combination is done using a neural network, which has a much better
performance than any of its input variables alone.

For separation of the signal (kaon tracks) from the background, the target of
the net output XK is set to 1 and -1 respectively. The output of the net for the
data and Monte Carlo can be seen in Fig. 3. A clear separation of the kaons
from background is observed. The MACRIB has a better performance than the
RIBMEAN and HADSIGN packages. In addition, it is a more flexible tool as cuts
can be performed as a continuous variable instead of taking discrete tags.

The charged particles satisfing the "loose55 kaon criterion for XK > —0.5 were
used as kaon candidates for D*+ meson selection. All charged particles not identified
as electron, muon or kaon were considered as pions.

For the D° selection, all combinations of two (for K~TT+ decay mode) or four (for
K~7r+7r~7r+ decay mode) charged particles with the zero total charge and with one
track identified as a kaon, were considered.
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FIGURE 3. The output of the MACRIB kaon net for the charged tracks from the selected two
photon events. The signal (output from kaon tracks) is accumulated at +1 (shaded area) and the
background at -1.

The combination of an oppositely charged kaon and pion was considered as a
candidate for the D°— >-K~7r+ decay if their invariant mass was within the range

1.83 GeV/c2 < MK-.T+ < 1.90 GeV/c2.

For the D°— >K~7r+7r~7r+, the invariant mass was required to be in the range

1.85 GeV/c2 < MK-^-^ < 1.88 GeV/c2.

These ranges were determined from the resolution for MK-TT+, MK-7r+7r-7r+ observed
in the full Monte Carlo simulation.

For the K° in the D°^ K^TT" channel, the standard DELPHI procedure of
K° reconstruction [21] was applied. To form D°— » K^TT+TT" candidates, all the
combinations of the reconstructed K° with two charged tracks with zero total charge
identified as pions were used. The corresponding invariant mass was taken in the
range

1.83 GeV/c2 < MKJ^- < 1.90 GeV/c2.

A particle identified as a TT+ 'is added to the K~TT+, K~7r+7r~7r+ or K°7r+7r
combinations from the above-mentioned mass ranges to form the D*+ candidate.
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The resulting distributions of mass difference AM = (MD*+ — MDo) for different
D° decay channels are shown in Fig. 4. A clear peak is observed around the D*+

and D° mass difference. Each histogram is fitted by the sum of a Breit-Wigner
function and a background function /(AM) = a - (AM - m^. The distribution
for the "wrong sign" combination of tracks is also shown with the pion used to form
the D*+ from the D° required 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 significance of the signal for the
D°—» K°s7r+7T~ decay was obtained from the fitting procedure. The numbers of the
signal events A^D*+ for each D° decay mode are presented in the Table 2.

a)

0.15
AM (GeV/c2}

20

10

b) C)

0.15
AM (GeV/c2)

0.15
AM (GeV/c2)

FIGURE 4. The distributions of the mass difference between the D*+ and D° for the
D°^K-7T+(a)3 K~7r+7r-7r+(b), K°7r+7r~(c). The histograms are fitted by the sum of a
Breit-Wigner function and the background function /(AM) = a - (AM — ra^)^. The distri-
butions for "wrong sign" combinations of tracks are shown by hatched histograms.

The D*+ production cross section is calculated as

T\* -L * arvtn

SD* - L • Br

where N^*p is the observed number of D*+ mesons, £D* is the reconstruction effi-
ciency of D*+ in the corresponding mode, L is the integrated luminosity and Br is
the branching ratio of D*+ decay to the corresponding decay chain.

The D*+ reconstruction efficiencies eD*+ for each D° decay mode calculated using
PYTHIA are presented in the Table 2. Also we presented in the Table 2 the
statistical uncertainties of £D*+ due to the limited number of MC events.

The main sources of systematic uncertainties are

* the branching fractions errors ( ~5%);

• uncertainties of reconstruction efficiency, determined by the changing of the
PYTHIA model parameters: the pT cut of the hard-scattering partons, the
gluon density in the photon (
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The systematic uncertainties are added in quadrature.
The calculated D*+ cross sections for different D° decay modes together with

their weighted average are summarized in the Table 2.

TABLE 2. Calculation of the cross section of the process e+e~ —> e+e~D*+X.

D° decay
mode

Branching
fraction (%)

ND*+

£D*+

K-TT+

3.85 ± 0.09

79 ±11

.0151 ± .0012(stat)

K-7r+7r-7r+

7.6 ±0.4

54 ±12

.0054 ± .0007(s£at)

K27T+7T-

1.84 ±0.14

22 ±7

.0086 ± .0019(stat)

*+, pb 457 ± 64(stat) ± 38(MC) 440 ± 98(stat) ± 55(MC) 464 ± 148(stat) ± 96(MC)

*+ >, Pb 453 ± 58(stat) ± 8Q(syst)

To choose the Monte Carlo generator describes the data better we compare the
PT> Wvis and XE = ED*+/Evis distributions (Fig. 5) for D*+ candidates with the
PYTHIA and TWOGAM prediction.

The Monte Carlo distributions are normalized to the integrated luminosity.
There is no significant disagreement between data and distributions for both MC
generator programs. Although PYTHIA describes the data slightly better, we can-
not fix the MC generator studying the kinematical distributions of D*+ candidates.
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FIGURE 5. PT momentum, Wvis and XE = ED*+/Evis distributions for D*+ candidates are
compared with the PYTHIA and TWOGAM predictions. The Monte Carlo distributions are
normalized to the integrated luminosity.

The study of D*+ meson production in the 77 events with the requirement that
at least one charged track have pT > 1.2 GeV/c in the whole range of polar angle
and comparison of <JD*+ for different cuts indicate that PYTHIA also describes
better the relation of both cross sections.
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D°, D+, AND Ac PRODUCTION

D°

The D° were detected by their decay into Kr?r+. The large combinato-
rial background prohibits observation of a signal of the D° in the decay mode
D°—*K~7r+7r~7T+. For the D° candidates, all combinations of pairs of oppositely
charged kaon and pion were used.

All charged particles satisfing the
kaon criterion with XK > 0 were taken as the kaon. All charged tracks not

identified as electron, muon or kaon were assumed to be pions.
The invariant K~TT+ mass distribution is shown in Fig. 6. A clear D° peak is

observed.
The histogram was fitted by the sum of a Gaussian function and a polynomial

background. The observed number of events in the signal (iV0&s)5 reconstruction
efficiency (£sei) and calculated cross section (cr&o) are presented in Table 3.

The systematic uncertainties (Table 3) include the contributions from the recon-
struction efficiency and branching fractions added in quadrature.

1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2,1

FIGURE 6. The invariant K~TT+ mass distribution. The histogram is fitted by the sum of a
Gaussian function and a polynomial background. The mass distribution scaled by a factor of 2
after background subtraction is also shown.
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D+

The D+ were detected by their decay into K~7r+7r+. All combinations of a charged
kaon and two pions with charges opposite to the kaon charge were considered.

The kaon candidates were required to satisfy the "tight" kaon selection XK >
0.75.

The invariant K~7r+7r+ mass distribution is shown in Fig. 7. A clear D+ peak is
seen.

The histogram was fitted by the sum of a Gaussian function and a polynomial
background. The observed number of events in the signal, the reconstruction effi-
ciency and calculated cross section of the inclusive D+ production are presented in
Table 3.

1.9 1.95 2 2.05

M(K'rcV) (GeV/c2)

FIGURE 7. The invariant K~7r+7T+ mass distribution. The histogram is fitted by the sum of
a Gaussian function and a polynomial background. The mass distribution scaled by a factor of 3
after background subtraction is also shown.

The Ac is detected in the decay channels pK TT+
?

A7r+7r~7r+, pK°5 pKg7r+7r~5 pK~7r+7r° and A7r+7r°.
For proton identification the "proton net" from the MACRIB package was used.

As proton candidates, the charged particles satisfing the "tight" proton criterion
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Xp > 0.75 were used. For charged kaons one also required XK > 0.75. The K°s
and A were reconstructed with the standard fitting procedure of the the secondary
vertex [21]. For the proton from the A decay the "loose" proton criterion xp > -0.5
was required. Two photons were considered as the 7r°5 if

• both photons were converted before TPC with an invariant mass of

0.115 GeV/c2 < M77 < 0.155 GeV/c2;

• one or both photons were measured in the HPC with the invariant mass of

0.100 GeV/c2 < M77 < 0.170 GeV/c2.

The Ac invariant mass distribution for the sum of all considered decay channels
was shown in Fig. 8. The Ac signal is clearly observed.

M(AC) (GeV/c2)

FIGURE 8. The sum of the invariant mass distributions of
the pK~7r+, A7r+7r~7r+, pK°, pK°7r+7r~, pK~7r+7T° and A7T+7T0 systems. The histogram was
fitted by the sum of a Gaussian function and a polynomial background.

The histogram was fitted by the sum of a Gaussian function and a polynomial
background. The observed number of events in signal, reconstruction efficiency and
cross section of the inclusive Ac production are presented in Table 3.
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TABLE 3. Calculation of the cross sections of the processes e+e —» e+e D°(D+, AC)X.

Nobs

D°
498 ± 74

.0325±.0022(stat)
) 918 ± 136(stat) ± 62(MC)

D+
277 ± 66

.0196 ± .0024(stat)
362 ± 86(stat) ± 45(MC)

±62(syst)

Ac
62 ±26

.012 ± .003(stot)
85 ± 42(stat)

To compare the production of different charm mesons we estimated the inclusive
cross sections of D° and D+ direct production. The inclusive cross section of D°
production can be written as

tjDo = 0forect + CJD*O + Br(D*+ -> D° + X) • crD*+,

where a$Sect is the inclusive cross section of the direct D° production, <7D*o(+) is the
inclusive cross section of the D*°W production, Br(D*+ —> D°+X) is the branching
fraction of the decay D*+ -> D° + X. With Br(D*+ -> D° + X) = .683 [27]
and under the assumption that <JD*O ~ crD*+ we have the following estimation:
afreet __ ^g j_ -j_Y8 pb. We took into account only statistical errors since we expect
that systematic effects shift all the charm state cross sections in the same way and
that for the cross section ratios it can be neglected.

For D+ meson production we have the following relation:

aD+ = agfct + Br(D*+ -> D+ + X) • aD*+5

where Br(D*+ -> D++X) = .317 [27]. The value a^ect = 218±99 pb was obtained
from the previous relation. The value of the a$.lect and cr^oect error is overestimated
here because the correlation of O"D+(O) and (JD*+ values is not taken into account.
Within the errors a$ect ^ a^ect,

For the D*+ and D+ mesons production we have the ratio aD*+/a^ect = 2.lto;|.
The calculated values of cross sections of the inclusive D mesons production are

consistent within errors with the (2J+l)-relation dD*+ = 3 • <JDO = 3 • aD+.

CC PRODUCTION CROSS SECTION

In calculating the cross section, (7(77 —» cc)5 of charm pair production in two
photon collisions we used

(1(77 ~+ D*+X) = 2 x (7(77 -> cc) x PC_D-+.

Here PC^D*+ = (0.255 ± 0.017) is the probability of a charm quark fragmentation
into D*+ measured by DELPHI [28] in Z° decays into cc. Because we have no
experimental measurements of the -Pc-*Do(+)(Ac) and because the statistical errors of
the inclusive cross sections of Ac and direct D°, D+ production are rather large, we
use only D*+ data for the (7(77 —» cc) calculation.
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The measured cross section of charm quark production in two photon collisions

(7(77 -> cc) - 889 ± I28(stat) ± 157(sysf) pb

agrees with theoretical predictions [8] and the OPAL [19] result and is lower than
the L3 [18] value.

CONCLUSIONS

A measurement of the cross section for D*+, D°, D+ and Ac inclusive production
in 77 collisions at LEP-II energies has been performed.

The measured cross section values and event distributions are compatible with
the QCD calculations with contributions from the resolved processes, which are
sensitive to the gluon density in the photon. The measured values for the inclusive
cross sections are

a(e+e" -> e+e~D*+X) - 453 ± 58(stat) ± SQ(syst) pb,

cr(e+e~ -> e+e"D°X) - 918 ± 149(stat) ± 157(syst) pb,
cr(e+e" -> e+e"D+X) = 362 ± 97(stat) ± 62(syst) pb,

a(e+e~ -+ e+e~AcX) = 85 ± 42(stat) ± U(syst) pb.

The estimated total cross section of the charm quark production in two-photon
collisions at LEP-II energies is

cr(e+e" -» e+e~cc) = 889 ± 128(stat) ± 157(syst) pb.

The last result agrees with theoretical predictions.
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