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Abstract. Production of charmed mesons in yy-inter-
actions at PETRA energies has been observed in the
TASSO detector. Cross sections for inclusive D** and
D°D° production have been measured. Neutral and
charged meson pairs are estimated to be produced with
comparable cross sections, and their sum seems to ac-
count for a sizeable fraction of o,,(yy — hadrons) near
the c¢ threshold.

1 Introduction

Photon-photon reactions involving charmed quarks in
the final state, as given schematically in Fig. 1a, provide
tests of production mechanism models for y7 interac-
tions. Studies of #, production have already been pub-
lished [1]. Here we report on the production of open
charm mesons. The search includes two types of pro-
cesses: inclusive D* * production and D° D° pair produc-
tion. Inclusive D** production in yy reactions has al-
ready been reported by JADE [2] and by the TPC/Two-
Gamma Collaboration [3].

Since the p°p° [4] and the K** K*~ [4, 5] cross
sections near threshold are considerably larger than ex-
pected, it is of interest to see whether charm production
has a similar threshold enhancement. A measurement
of the ratio between charged and neutral charmed meson
pairs may also help in determining the relative impor-
tance of the different production processes (Fig. 1).

In this paper we report the observation of the reac-
tions

yy—»>D**+X; D**->Dn* 1)
and
yy—»DOD_0(+X). (2

For identifying the D° in both reactions we have used
the decay modes
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Fig 1a—d. Diagrams contributing to yy-charm production. a inclu-
sive, b, ¢ box diagrams yielding D*/D%(D**/D*%)=1:1 b, or 1:16
c. Note that ¢ is expected to be suppressed because of the small
c¢ sea. d quark exchange diagram, yielding 1:4 for above ratio.
Such a diagram is expected to interfere with b

and

D°>K n*tn*n~ [79+1.0%] 4)
where the numbers in brackets are the relevant branch-
ing ratios [6]. For reaction (2) we have also searched
for the decay modes

D°>K rn*n® [125+1.4%] (5)
and
D°-K°zntn~ [56+0.7%]; K°—ntn". (6)

In all cases, corresponding processes where every particle
is replaced by its antiparticle are included.

2 Data

Our data sample comes from two run periods: an inte-
grated luminosity of 83 pb~! was taken at PETRA dur-
ing 1979-1982 at various beam energies where most of
the data is around E,=17 GeV. An integrated lumino-
sity of 106 pb~* was taken in 1986 at a fixed beam energy
of E,=17.5 GeV. The 1986 data has an improved accu-
racy of track parameters due to the TASSO high pre-
cision vertex detector (VXD). A general description of
the TASSO detector and the vertex chamber can be
found in [7, 8] respectively. In order to improve the
momentum resolution, the average beam position was
used as an additional constraint [9] in fitting charged
tracks from the primary vertex. No requirement has been
made on the detection of the scattered e* and/or e~
in the final state.

The most effective trigger for low multiplicity yy
events required two track candidates in the central drift
chamber (DC) found by a hardware preprocessor, con-
taining hit information from the DC, the time-of-flight
(TOF) counters, the central proportional chamber (CPC),
and, for the second run period, the VXD. In addition
the information on the z coordinates of tracks from the
CPC-cathode readout was used in this trigger. Other
triggers, requiring at least 4 charged tracks or 2 back-to-
back tracks were also used. The trigger efficiency per
track varied as a function of the track momentum com-
ponent, Py, transverse to the beam direction. For the
first run period this efficiency reached a value of ~95%
for P->0.29 GeV/c, while for the second period it was
~70% for P.>0.22 GeV/c.

In order to select yy charmed events, we required:

i) The sum of the measured charged particle momenta
to be 2.4 GeV/c< X |P|< 10 GeV/c, (<8 GeV/c) for reac-
tion (1) (reaction (2)); this is to suppress the e* ¢~ annihi-
lation reactions and reduce non-charm background. For
reaction (1), a cut on the observed longitudinal momen-
tum |XP|<5 GeV/c further reduces e* e annihilation
with a hard photon from the initial state.

ii) Between 4 and 10 outgoing charged tracks, inclusive;
the upper cut again is to reduce e* e~ annihilations.

i) {z,,| <8 cm, where z,, is the average z coordinate
along the beam axis of all the tracks in the event, mea-



sured at their closest approach in the R—¢ plane to
the beam-beam interaction point; this and the next cut
reduce the contamination from beam-gas interactions.
iv) The net charge of the observed tracks to be less than
4,
v) In order to facilitate the comparison with Monte Car-
lo simulations (Sect.3.1), only beam energies E,
>16 GeV were considered for reaction (1).

For reaction (2) we also required the following cuts:
vi) The number of charged tracks in the event to be
not more than 8§, and their net charge zero.
vii) The vector sum of the transverse momenta of the
observed final state particles, |ZP,, to be less than
0.5 GeV/e.
viii) For decay mode (6), a positive and negative track,
when considered as pions, to give an effective mass with-
in 25 MeV of the K° and a flight path of the K° in
the plane perpendicular to the beam axis of at least
4 mm.

Identification of charged particles can be partly achieved
by using TOF measurements. The TASSO TOF system
is described elsewhere [10]. For each track which has
TOF information, the square of the mass (M2) is com-
puted from the measured track length, momentum and
TOF values. For each particle type i (i=n, K, p) the
probabilities W,=C-exp(—(1,,—1;)*/26?) are calculated,
where 7, is the measured TOF, t; the expected TOF
for hypothesis i, and ¢ is the resolution for the time
measurement. C is a normalization factor such that
ZW,;=1. A track is defined as an identified = if W,>0.5,
and 0.2<P,<1.0 GeV/c; as an identified K if W;>0.9,
0.3< P <1.0GeV/c and 0.1 < M3,:<0.6 GeVZ; and as
an identified proton if W,>0.9, 0.4<F,<1.4 GeV/c and
M2,6>0.6 GeV2 A track is defined as consistent with
being a n(K; p) if it is not an identified K or p (zw or
p; n or K).

In the following analysis, = or K consistency was
required for all tracks relevant for the assumed reaction
and decay. In addition we have also defined an enhanced
sample of oppositely charged kaons by requiring that
W+ - Wg->0.3 for final states involving a K* and a
K™

3 Results
3.1 Inclusive D** production

In Fig. 2, we show plots of AM = M (D**)— M (D°) distri-
butions, where M (D°) is the observed mass of the as-
sumed decay products of the D° (selected between 1.73
and 2.00 GeV), and M (D*?*) is the observed mass of
the D° and the pion in reaction (1). The data from the
two decay modes (3) and (4) are presented separately.
The presence of the D* is demonstrated by the enhance-
ment at the expected AM position (145.5 MeV). Fitting
the data to a sum of a gaussian shape (of full width
fixed at 3.0 MeV, our calculated resolution) plus a second
order polynomial background yielded 1345 and 20+ 6
events in the peak corresponding to D* production for
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Fig. 2a—c. Plots of AM = M (D* *)— M (D°) distributions, for the in-
clusive data: a D® -» Kn. b D® - K3 7. ¢ The sum of a and b. Curves
are the result of fits to a second order polynomial background
plus a gaussian, with a width as obtained from our calculated mass
resolution

the two channels (3) and (4) respectively. The resulting
AM values obtained in these fits are in agreement with
the expected value. The use of the above form for the
background is corroborated by looking at plots similar
to Fig. 2a-b, with the D° region replaced by appropriate
D° control regions (not shown). The shapes of the D°
signal and control regions are similar for AM above
0.15 GeV, while no peak is seen below 0.15 GeV for the
control regions. The statistical significance of the D* sig-
nal is about 3 standard deviations (s.d.) in each of the
above two channels. In Fig. 2¢ we show the combined
2a and 2b data. Here, the D* significance is 4.0 s.d.
(32 +8 events). All the above significances arc also ob-
tained from the difference in y? between fits with and
without a D* signal.

The observed sample of D* contains some contribu-
tion from the e* e™ annihilation channel. Its magnitude
was estimated using the standard TASSO multi-hadron-
ic Monte Carlo, in which the generated events, normal-
ized to the D* signal [11] in the annihilation channel,
were subjected to the same cuts as were used for selecting
the D*’s from the yy channel. In this way, the observed
signal of the D* channels was estimated to contain anni-
hilation backgrounds originating from e*e” —c¢ and
eTe” —bb of about 2 and 3 events, respectively, for the
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D° decay modes (3) and (4). By relaxing the upper value
of the Z|P| cut (Sect. 2; cut i) from 10 to 13 GeV/c, the
amount of annihilation background events did not
change significantly.

In order to compute the inclusive cross section for
the process e e” —»ete” +D** + X, we have used an
event generator [12] which simulates the simplest pro-
duction of a pair of charmed quarks by a quark-parton
model (QPM) c¢ box diagram (Fig. 1b), and the subse-
quent fragmentation into charmed hadrons according
to the LUND 6.3 parton-shower model [13]. Several
alternative hadronisation schemes were also used, but
no significant change in the result quoted below was
observed. The contribution of higher order QED radia-
tive corrections was also calculated, and found to be
negligible. All generated events were passed through a
detector simulation program, and were subjected to the
same cuts as imposed on the data.

Converting the background-subtracted numbers to
cross sections via the calculated efficiencies, we obtain

glete” —mete +D*T+X)=97429 pb.

For comparison, the cross section using the box diagram
for a charmed quark mass of 1.6+0.1 GeV, and for a
yy effective mass, W,,, greater than 4.2 GeV, is calculated
to be 40+ 3 pb. Lower W,, regions down to threshold
are difficult to calculate; they are estimated to contribute
another 15% to the cross section. The calculation also
involves the assumption that the production ratio of vec-
tor to pseudoscalar charmed mesons is [14] 3:1, and
that 81% of these will be ci or ¢d, rather than ¢§. Thus,
we see a 2 s.d. excess of events as compared with a simple
quark-parton model calculation, in agreement with the
JADE result [2]. Such an excess has not been seen in
a preliminary result of the TPC/Two-Gamma Collabora-
tion [3].

3.2 D°DP° production

We have used 4 to 8 prong events to look for reaction
(2), followed by decays of both neutral D mesons via
modes (3)-(6). The main visible contribution to exclusive
D°D° production in the 4 prong events is expected to
come from events where the D°® decays into K~ =", and
the D° decays either into K* =z, yielding two K*n*
combinations within a D° mass cut, to be defined later,
per DD event, or into K* =~ =°, yielding one such combi-
nation. Our #° detection efficiency is too small to see
a direct signal from decay mode (5) with all 3 particles
detected. However, the latter decay mode is known [6]
to proceed mainly via the channels K* " n* or K™ p*.
Due to the specific angular distribution of these two
channels, with the n° from the decay of the vector meson
escaping detection, one expects to get a peak at
M(K ™ n%)~1.55 GeV, the so-called “satellite” peaks S°.

In Fig. 3a we show the distribution of M(K ™)
for the 4-prong events, when the other M (K =) combina-
tion is either in the D° mass region {1.73-2.00 GeV), with
the event |ZP,| smaller than 0.2 GeV/c, or when it is
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Fig. 3. a M(Kn) distribution recoiling against M(K ) in the D°
region, for |ZP,1<0.2 GeV/c; or M(Kn) in the S° region, for |ZP,|
=0.1-0.5 GeV/c, 4 prong data. b M(Kn) or M(K3n) recoiling
against M(K 3n) or M (K =) respectively in the D° region, for |ZP,|
£0.35 GeV/e, 6 prong data. See text for exact cuts. ¢ Sum of a
and b. Curves are fits to the data using a sum of an exponential
(exp[AM + BM?]) background shape and a gaussian resonance at
the D® mass (1.865 GeV) and width determined from our calculated
mass resolution (0.07 GeV full width at half-maximum)

in the S° region (1.45-1.65 GeV), with |ZP,| between 0.1
and 0.5 GeV/c. Monte Carlo studies indicate that the
cleanest S° peak for DD production at our energies is
obtained when one selects the |XP,| of the event to be
in the above range. A clear D° peak is seen, with almost
no background (Fig. 3a).

We have looked for a D°D° signal in the 6-prong
events, when one D° decays via mode (3) and the other
via mode (4). In Fig. 3b we show the M (K n)(M (K 3r))
distribution when the complementary M (K 3n}(M (K )
combination is in the D° region, for |ZP,| <0.35 GeV/c.
Our Monte Carlo shows that this |2P,| cut is more suit-
able for the 6-prong events. A D° peak is seen, over
a small background. Due to the larger combinatorial
background (in accordance with Monte Carlo expecta-
tions), no satellite peak could be obtained for these data.

The data of Fig. 3 were fitted to a sum of an exponen-
tial background shape of the form (exp[AM + BM?))
and a gaussian D° of a mass 1.865 GeV and a full width
0.07 GeV, determined from our calculated mass resolu-



tion. The fit yielded 12.4+ 3.6 D° D° entries in the 4 prong
data, and 12.1+3.8 events in the 6 prongs (statistical
errors only). For the D° D° events, the contribution from
e¥ e~ annihilations is negligible. Also here, a D° control
region (M =2.00-2.27 GeV) gave no D° recoil peak. The
combined fit (Fig. 3¢) yields a significance of over 4 s.d.
(23+ 5 events). The same significance is obtained from
the difference in the y? of the fits with and without a
D signal. Both the 4- and 6-prong signals populate W,
regions within 1 GeV above the kinematical threshold.
The low mass peaks in Fig. 3¢ are consistent with
K*(892) and K#%(1430) production in this data sample.
Including these two resonances in the fit of Fig. 3¢ does
not alter the number of D° events, but improves the
goodness of fit.

Events where both neutral D mesons decay via the
mode (4) result in 8 prong events. In this case the large
number of combinatorial possibilities makes the back-
ground too large. We have also searched for a combina-
tion of modes (3) and (6) among the 6 prong events
and (3) and (5) in the 4 prong data. The need to observe
the K® -»n* 7~ decay in reaction (6) and the n° in reac-
tion (5) results in a low efficiency and a small expected
number of events; our data are consistent with this.

In order to determine the cross section for the above
D°D° signal, Monte Carlo simulations have been used,
incorporating the full kinematics of the yy system, gener-
ated according to the flux of transverse photons, using
the formulae of [15]. As for reaction (1), all generated
events were passed through a detector simulation pro-
gram, and were subjected to the same cuts as imposed
on the data.

Despite seeing a clear D°D° signal, we cannot con-
clude that this is due to exclusive D° D° production. An
extra source of such events is D*° D° or D*° D*° produc-
tion, with D*®— D%z or D°y. Because the y and =°
are of very low momentum, many of these events pass
our | 2P,| cuts, and hence appear as D° D° events. Monte
Carlo studies show that with our cuts the efficiency for
accepting D°D°, D°D*° and D*°D*° events differ only
by a factor of 0.8. Thus we are unable to determine
what fraction of our observed events are due to D°D°,
D*°D° and D*° D*°,

The main contribution to reaction (2) stems from
the reactions yy —D°D°, D°D*° and D*°D*°. Assum-
ing the ratio of vector to pseudoscalar production to
be [14] D*°:D°=3:1, the production ratios of the reac-
tions

y+y—>D*O+D*?

y4+9—->D*°4+ D% or
y+y->D°+D°

D*°4 po

are expected to be 9:6:1. D** and D* are also expected
to be produced with the same relative ratios. However,
an overall reduction factor of D** and D* compared
to D*° and D° may occur, depending on the exact D,
D* production mechanism. Since the photon coupling
to quarks is proportional to e, the D charge to neutral
ratio can vary between 1:1 in diagrams where the pho-
tons are coupled only to c-quarks (Fig. 1b) and 1:16
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in diagrams where the photons are coupled to u or d
quarks (Fig. 1c). Brodsky et al. [16] estimate this ratio
to be =~ 1:8. Monte Carlo simulations show that for our
experimental conditions (4 and 6 prong events at the
above | ZP,| regions), the efficiency for accepting D° me-
sons originating from charged compared to neutral D*
and D mesons is very small, and thus the charged D*
contribution to D° D° production was neglected.

The experimental cross section for reaction (2) for
visible W,, values within 1 GeV above threshold was
obtained by using Monte Carlo simulations of the above
3 channels, weighted according to the production ratios
assumed above. The result is

a(yy— D°D°(+ X))= 56+ 13(stat.) + 12(syst.) nb.

The systematic error includes uncertainties in the contri-
butions of the relative cross sections of the various reac-
tions, the fits and Monte Carlo calculations. Due to the
similar acceptances of the 3 channels, this result is not
too sensitive to the D*/D production ratio. Note also
that the result will not change much if other channels
are contributing to reaction (2) within the above cuts
with similar detection efficiencies.

4 Summary and discussion

We have seen evidence for inclusive D** production in
yv collisions with a significance of about 3 standard de-
viations in each of the two decay channels (3) and (4).
We measure the following cross section: og(e™e”
—ete” +D** + X)=97+29 pb. This can be compared
with a simple QPM expectation of about 46 pb. Such
an excess is consistent with an earlier observation [2],
and may also be related to the excess of events seen
[17] in single inclusive particle production at high Pr
in photon-photon collisions.

We have observed a signal in the region expected
for D° D° exclusive production, but are unable to exclude
the possibility that in part this originates from D*° de-
cays. Our measurement of the cross section for the reac-
tion 97— D°D°(+ X) is 56+ 13412 nb. This cross sec-
tion is much larger than predicted by a simple model
[16] which computes strictly exclusive two-body chan-
nels. Note that this model underestimates the K* * K* ~
cross section of [5].

The total charm production cross section in photon-
photon collisions can be estimated as follows:

a) Prompt neutral meson pair production is given by
the above cross section for reaction (2), after subtracting
the small contribution to this reaction due to prompt
D** D*~ production. For equal production of charged
and neutral D* (D) mesons as in Fig. 1b, this contribution
is estimated from Monte Carlo studies to be = 6%, yield-
ing for prompt neutral meson pair production
0 =>53+13 nb (statistical error only).

b) We assume that not far from threshold, prompt
charged meson pair production comes mainly from the
exclusive reactions yy—»D**D*~ D**D~ and D* D~
in the ratio of 9:6:1. Having extra pions will not change
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the result substantiailly. With the above assumption,
comparing Monte Carlo generated events of these exclu-
sive channels with the inclusive D** measurement of
Sect. 3.1, we obtain a cross section for prompt charged
meson pair production o=061+17 nb (statistical error
only).

These results indicate similar cross sections for
prompt charged and neutral meson pair production at
visible W,, values within 1 GeV above threshold. This
is consistent with the prediction of Fig. 1b. Assuming
as in Sect. 3.1 that only ~81% of charm production
is accounted for by D and D* mesons, we estimate the
total charm cross section near threshold to be
o(yy — charm)=~ 141 nb. This cross section may even be
larger if reactions like yy — D** D*%n ™ contribute signif-
icantly to charm production near threshold. Thus, with
all the above assumptions, the overall charm production
seems to constitute a sizable fraction of the total yy had-
ronic cross section [18], which is ~400 nb in the above
W,, range. This is consistent with the assumption that
a major part of ¢"'(yy— hadrons) is governed by the
two-photon coupling to quarks, which is proportional
to the fourth power of the quark charge. The large charm
cross section, probably dominated by D* D* production,
is reminiscent of the high rates near threshold found
for other yy —»two vector meson states {4, 5].
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