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Abstract

Using the VENUS detector at TRISTAN we have investigated the charm-quark
production by detecting D** mesons in the two-photon process of e*e~ collisions.
The study has confirmed that the charm-quark production rate is larger than that
predicted from direct c¢ production alone. The distribution of the transverse mo-
mentum of the D** mesons and the forward energy flow associated with the D**
production suggest that the main part of the observed excess comes from the con-
tribution of a resolved photon process.

1 Introduction

The charm-quark production in two-photon processes is suitable for studying the quantum
chromo-dynamical (QCD) structure of the photon. The contribution from the non-perturbative
soft process for charm-quark production is expected to be small, compared to that from light-
quark production, since the charm-quark mass is significantly larger than the typical QCD energy
scale. Several experimental studies concerning this process have been reported by experimen-
tal groups at PEP[1], PETRA[2, 3] TRISTAN[4, 5, 6], and LEP[7]. From these studies it has
become clear that the production cross section is significantly larger than the theoretical predic-
tion which assumes a naive direct pair-production process, 5 — cé. The excess is considered
to come from the resolved photon process[8], where the hadronic nature of the photon allows
one of the photons to be resolved into a gluon and hadronic remnants (once resolved photon
process); the gluon interacts with the other incoming photon to create a pair of charm quarks,
gy — cc.

In this aspect, charm-quark production in the two-photon process represents a good place
to measure the gluonic structure of the photon[9]. However, the data accumulated so far are
not sufficient to discuss the gluonic structure quantitatively, and many more measurements are
needed.

In this report we present experimental results concerning the production of D** mesons
in the two-photon process using the VENTUS detector at the TRISTAN ete™ collider. The anal-
ysis is based on data accumulated at center-of-mass energies of between 57.6 and 59.7 GeV with
an average value of 58.0 GeV for an integrated luminosity of 206 pb~!. The D** mesons are
reconstructed through the decay branches, D** — Do(ﬁo)ﬂ'i, followed by D°(D0) — K Fr*
or K¥Frt7F 1%, The signal events are enriched by identifying kaons in the final state by means
of a time-of-flight measurement. The D** mesons are selected by the mass-difference method,
where a small mass difference between D** and D° enables us to discriminate the D** signal
from combinatorial backgrounds.

The results have been compared with the theoretical predictions of the direct process
and that of the resolved photon process. The observed transverse momentum spectrum of D**
mesons and the forward energy flow associated with the D** production have been studied,
where the latter is thought to be a distinctive signature of the resolved photon process.
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2 Experimental Procedure

2.1 VENUS detector

The VENUS detector was a general-purpose solenoid detector operated at one of the four inter-
action points of TRISTAN. It had been stably operated without any major problem since the
TRISTAN accelerator was commissioned in November, 1986, until the end of the experiment in
May, 1995. An overview of the VENUS detector can be found elsewhere [10]. We describe here
only those features relevant to the present analysis.

The charged particles were detected by a central drift chamber (CDC)[11] placed inside
of 2 0.75 T axial magnetic field of a superconducting solenoid. The CDC detector was a conven-
tional multi-wire drift chamber of 3 m in length, having 20 axial and 9 stereo layers. The CDC
covered a polar angular region of |cosf| < 0.85. The resolution of the transverse momentum
measured by the CDC is given by o5P¢/p, = \/T.3%)7 + (0.8% x p;)?, where p, is in units
of GeV/c. Tracks having a transverse momentum larger than 100 MeV/c were detected by
the CDC and used for the analysis. The TOF counters[12] were located at 1.64 m apart from
the ete™ beam line. They were used to distinguish kaons from pions. The particles having a
transverse momentum larger than 200 MeV/c and emitted in the region of | cos | < 0.81 were
detected with the TOF counters. Since the counters had a time resolution of 250 ps, the A'*
having a momentum less than 1.0 GeV/c was clearly distinguished from 7. For particles hav-
ing a momentum of between 1.0 and 1.5 GeV/¢, the TOF counters could still help to identify
kaons. A scatter plot for the momenta versus the measured mass reconstructed by the TOF
information is shown in Fig.1 for charged tracks in collected events.

The electromagnetic calorimeters of the lead glass (LG)[13] and liquid Ar (LA)[14] were
used to measure the total visible energy together with the CDC to separate the two-photon
process from ete™ annihilation events. The transition region between the forward LA and
the barrel LG calorimeters was overlapped to attain a hermetic calorimeter coverage down to
|cos 8] = 0.990. The LA was also used for detecting recoil electrons and the remnant energy
flow associated with the resolved photon process. The energy resolutions of the G and LA
calorimeters were ¢5%/E = 2.5% + 7.0%/VE and ok B = 1.6% 4 10.2%/VE, respectively,
where E is in units of GeV. The LG and LA calorimeters were safely sensitive to energy deposits
down to 100 MeV and 200 MeV, respectively.

The events collected and analyzed here were taken with a track-recognition trigger in
the track finder circuits[15] and with energy deposited in each segment of the LG calorimeter.
The performance of each detector mentioned above and the trigger conditions are implemented
in a Monte-Carlo simulation to calculate the number of events expected, and to estimate the
detection efficiencies of the two-photon events.

2.2 Event selection

Selection of two-photon events

We required that neither of the scattered electrons are detected so as to study the properties of
quasi-real photons (hereafter we call anti-tagging condition). The hadron production events in
the two-photon process are selected by imposing the criteria of a total visible energy of E.;; < 20
GeV and the number of good charged tracks of Ngood > 4 to the sample events which have two or




more charged tracks with p; > 0.2 GeV/c. The good charged tracks are defined by the following
criteria: |rmin| < 1.0 cm, |2min| < 6.0 cm, p; > 0.1GeV /¢, and | cos 8] < 0.85, where 7min (Zmin)
stands for the radial distance (z distance) of the closest approach to the interaction point of
the track in the ro plane (in the z-coordinate). The total visible energy (E.;) is defined as
the sum of the absolute momenta of the charged particles and of the total energies deposited
in the calorimeters, LG and LA. The distribution of the total visible energy is shown in Fig.2,
which includes a part of the sample before the E; and Ngooa cuts are applied. The Eyis cut
rejects those events in which the recoil electron is detected as well as those coming from ete™
annihilation process.

Kaon enriched samples

D** mesons are searched in kaon-enriched samples in which at least one candidate of a charged
track is found to be a kaon candidate in the events survived by the above selection criteria. The
K* candidates are selected among those tracks having p; > 0.3 GeV/c and should satisfy the
following time-of-flight condition:

exp |:_l {TO Fmeasured - TOFexpected }2} > 0.01,
OTOF

where T'O Fipeasured is the time of flight measured by the TOF counters and TO Fexpected 1s the
value calculated from the corresponding path length and the measured momentum, assuming
the kaon mass. The error oror is given by a quadratic sum of the intrinsic time resolution
of the TOF counters and an error in the time derived from the uncertainty in the momentum
measurement by the CDC.

Selection of D** candidates

A mass-difference method is used to identify D** mesons. The decay D** — Do(ﬁo) + 7*
has a small @ value of 5.9 MeV, so that the mass difference between D** and D® (D° includes
Do hereafter) is expected to make a sharp peak at around 145.5 MeV/c?, just above the pion
production threshold. In this study the D° mesons are reconstructed in its decay branches to
K¥Frt and K¥r%*7F 7%, The identified kaon tracks are combined with other tracks, and the
invariant mass of those tracks are evaluated, where we assume any other good track to be a
pion. The mass bands imposed to select the D candidates are 1.79 < My, < 1.93 GeV/c? for
K¥7% and 1.81 < Mgpnr < 1.91 GeV/c? for K¥rt 7% 1% branches, respectively. Since most
of the KFrtr¥r¥ events come through the K¥7%p° channel in the decays of D°, we require
invariant mass of one combination in opposite-charged pions to be within 0.67 < M, +,- < 0.87
GeV/c?, in order to improve the signal-to-noise ratio.

Although in the D° rest frame the decay kaons are expected to be emitted isotropically, the
observed kaons peak at around the D production direction. This suggests that most of forward
kaons are backgrounds. To improve the signal-to-noise ratio, we impose the cut | cosf%| < 0.9
(| cos 03] < 0.7) for the KFa* (KFrExFr%) branch, where 85 is the kaon emission angle in
the D rest frame with respect to the D® production direction. For those events having D°
candidates, the mass difference (AM) of D** and D° is calculated for every combination of
the DY candidate and the remaining pion track. The AM distributions for the K Fx% and
K¥rtrFrt branches are shown in Figs.3(a) and (b). respectively. The D** signal peaks in a
AM band of 0.1415 < AM < 0.1495 GeV/c? for both the AFr* and KF¥rtxF 1% branches.
There is one (two) event in which two candidates of the D**, contained in the above mass band,
share an identical KF track in the K¥7% (KFr¥7Fr%) branch. We chose the combination of
the smaller AM in such a case. The number of selected D** candidates is 29 and 26 for the
branches of K¥7* and K ¥rtr¥rt respectively. We have found no events having two or more
independent D** meson candidates in an event.
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The contribution of combinatorial background is estimated from the AM distribution.
A third-order polynomial function of AM, which vanishes at AM = m+, is fitted to the
distribution in the 0.15 < AM < 0.30 GeV/c? region. The shape of the background distribution
is also checked by control samples which fall in the off-D® mass region, 2.0 < My, < 2.5 GeV/c2,
The AM distribution of the control samples does not have any peculiar structure in the signal
region, as shown in Fig.4. We do not use a wrong sign combination of 7% for the reconstruction
of D** to see the background shape, because it has a chance to include real D** particles due
to the misidentification of a kaon. The estimated numbers of combinatorial backgrounds in the
signal region are 2.5+ 1.6 and 8.7 £ 2.9 for the K¥ 7% and AF2*7F 7% branches, respectively,
The attached errors are only statistical.

The background D** from the ete~ annihilation process is estimated by a Monte-Carlo
simulator to be 1.0 £+ 0.6 and 0.7 £ 0.5 particles for the KFr* and KTz*7Fx* branches,

respectively. By subtracting the backgrounds estimated above, the number of D** mesons
observed are:

Nobserved = 25.5 4 5.4 for l)*i — [\":Fﬂ-iﬂ_:}:’
jvobserved = 16.6+5.1 for D*i — ]x':Fﬂ-:Eﬂ.qiﬂ_:hﬂ_j:.

2.3 Monte-Carlo Expectations

We have calculated the numbers of D** expected from the direct and once resolved photon
processes by making use of Monte-Carlo (MC) event generators. The direct-process events are
generated by a program developed by Berends, Daverveldt and Kleiss [16], which includes all
relevant o* diagrams in the tree level. The charm-quark mass of 1.6 GeV/c? is used in the
calculation. Event generation for the once resolved photon process is carried out using the
PYTHIA5.6 program[17] with default parameters and the LACI parametrization[18] for the
gluon density function in the photon. The gluon density function with the LACI parameters
showed reasonable agreement with the experimental data in the previous TRISTAN experiments
for charm-quark production[4, 5, 6]. The contribution from the twice resolved photon processes
and one from the bb production in the two-photon processes are estimated to be less than 2%, and
thus neglected. The program JETSET7.3{17] is used for the quark-fragmentation process. The
branching fraction of the charm (or anti-charm) quark to make the D*t (or D*7) meson is set
to be 21.5 + 1.5% by averaging over available data [19, 20]. The decay fraction of D** — DOz*
is taken to be 68.1 £ 1.6% [21]. The decay fractions of D° — K=zt and D° — K—7t7n~ %" are
set to be 3.84 + 0.13% and 7.5 £ 0.4% [21], respectively.

In calculations of the expectation values, a systematic error in the choice of the charm
quark mass is estimated to be 17% and 15% for the direct and once resolved photon processes,
respectively, where we vary the charm mass from 1.4 to 1.75 GeV/c2. For the once resolved
photon process, in addition, an error in the assignment of energy scale (Q?) for photon-gluon
fusion is estimated to be 20% by replacing the default assignment of the transverse-mass squared
for the charm quark in PYTHIA7.3 (Q? = (m%. + m%.)/2) with the total-energy squared for
the photon-gluon system (Q? = W;;w’)‘ A next-to-leading-order QCD correction to the direct
process is estimated to be 30 & 10% [9]. The generated events are passed through the detector
simulator of the VENUS detector with the trigger conditions imposed on the analyzed data.

By taking account of the errors and the QCD correction to the direct process discussed
above, the number of D** expected for the present experimental conditions are, for the D* —




D%%* D° — K¥Fx* branch:

Ndireet = 11.4 £ 2.4 (before QCD correction),
Naireet = 14.8 £ 3.5 (after QCD correction),
Nresolved = 6.3 £ 2.0 (with LAC1 parameters),

where Ngirect (Nresolved) denotes the expected number of D** mesons from the direct process
(the once resolved photon process). For the D** — D% D — K¥rfr¥Fr% branch, the
numbers expected are:

Ndireet = 5.6 % 1.5 (before QCD correction),
Naireet = 7.2% 2.1 (after QCD correction),
Nresolved = 2.7+ 1.0 (with LAC1 parameters).

The sum of the contribution from the direct process with the QCD correction and that from
the resolved photon process is expected to be 21.14 5.3 and 10.0 + 2.8 for the D*f —s FFrt ot
and D** — K¥gfrFrtr® branches, respectively.

If the DG parameter set [22] for the resolved photon process is assumed in comparison
with the LAC1, the number of D** mesons for the D** — KFr* % branch is predicted to be
2.1+0.7.

3 Result and Discussion

The number of D** observed for D** — K¥r¥r* and D** — K¥rtzFrtr® branches are
25.5 + 5.4 and 16.6 & 5.1, which should be compared with 14.8 & 3.5 and 7.2 & 2.1 particles,
respectively, predicted through the direct ¢¢ production with the QCD correction. The observed
number is about two-times larger than the prediction, which corresponds to the combined sig-
nificance of a 2.2 standard deviation (o) away from the prediction of the direct process with the
QCD correction. Although the sum of the contribution from the direct process with the QCD
correction and that from the resolved photon process with the LAC1 parameter set falls within
one standard deviation from the observed number, twice the yield from the resolved photon
contribution with the LAC1 parameter set can fit much better to the data. This result seems
to be consistent with those by other measurements at the TRISTAN[4, 5, 6], although different
kinematical conditions imposed in the event selections make a direct comparison among them
difficult.

We have studied the differential distribution of D** production to see further evidence of
the resolved photon contribution. Figures 5(a) and (b) show the transverse-momentum (p;) dis-
tributions of the D** mesons observed in the decay branches of K¥r¥#% and KFptpFptpt
respectively, together with the expectations from the MC calculations shown by histograms.

A forward jet associated with D** production is one of the characteristic features of the
resolved photon process. The gluon component in the photon is absorbed by a charm quark
in the charm production in the resolved photon process. The remnant component of the pho-
ton makes a forward jet which hits the forward calorimeters. Figures 6(a) and (b) show the




distributions of the forward energy deposited in the LA calorimeters associated with the D**
production for the two branches, respectively, together with the MC expectations (histograms).
We define the forward energy flow to be the larger one of the deposited energies on the two
sides of LA in the angular regions of |cosf| > 0.9. The observed distributions of the p: and the
forward energy flow include the backgrounds (estimated in Sect.3 to be 3.5+ 1.7 and 9.4 4+ 2.9
for (a) and (b), respectively), while the MC distributions do not.

In the p; distribution of the observed D**| the excess at low-p; requires a greater contri-
bution from the resolved photon. In addition, the spectrum of the associated forward energy
flow is clearly in favor of increasing the contribution of the resolved photon process, which has
a remnant jet, thus giving a higher forward energy flow.

We have evaluated the D** production cross section in the kinematical region of 1.0 <
pi(D*) £ 6.0 GeV/cand |cos#(D*)| < 0.7, with the scattered electrons of | cosf,+| > 0.990 and
|cosf.-| > 0.990 at the center-of-mass energy of ete~ being 58 GeV, where O.— (0t ). pe(D*)
and §(D*) denote the scattered angle of the incident electron(positron), transverse momentum
and production angle of the D** with respect to the beam direction, respectively. The detection
efficiency of D** in the above kinematical range in the D** — K ¥Frtr® branch was estimated
for both the direct and resolved photon processes to be 20.3+2.2% and 14.4+2.1%, respectively.
For an evaluation of the average efficiency, we assume that 45% of the observed D*% comes from
the direct process and the remaining part from the resolved photon process with the LACI pa-
rameter set. The cross section for the above acceptance is obtained to be 0 = 27.74£5.84 3.6 pb.
The first-term error is statistical and the second systematic.

4 Conclusions

We have measured the D** production in the two-photon process using a mass-difference
method. The observed number of D** is compared with the number expected from the di-
rect and resolved photon processes. The combined significance of the D** particles excess in
the KFrtrt and KFrErF7E 7% branches is 2.20 over the number predicted by the direct pro-
cess with the next-to-leading-order QCD correction. Though the statistical significance of this
excess Is not striking, the event excess is in favor of increasing the resolved photon contribution
more than predicted by the LACI parameter set. The transverse momentum of the observed
D** and the associated forward energy flow also strongly support the interpretation that the
excess comes from the contribution of the resolved photon process. The data in this experiment
are, however, still not sufficient to determine a favorable model or a parameter set from various
models of the resolved photon. The D** production cross section is found to be 27.74+5.8+3.6 pb
within the kinematical ranges of 1.0 < p¢(D*) < 6.0 GeV/c and |cosf(D*)| < 0.7 under the anti-
tagging condition |cosf,+| > 0.990 from analyses of D** — KFxz* branch.
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Figure 1: Scatter plot of the momentum vs measured mass based on the TOF information
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Figure 5: Transverse-momentum distributions of the D** observed in the decay branches
of D** - K¥rtr%(a) and D** — KFrtxFrtrt(b). The closed circles are for D** can-
didates, including the backgrounds (see text). The solid histogram shows the Monte-Carlo
expectation for the direct process without a QCD correction, and the dashed histogram
for the direct process + LACI.
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Figure 6: Distributions of the forward energy flow associated with the D% events ob-
served in the decay branches D** — K¥r*x%(a) and D*t — K¥rEz¥Frtx%(b). The
closed circles are the experimental data, including the backgrounds (see text). The solid
and dashed histograms indicate the expectations for the direct process without a QCD
correction and for the direct process + LACI, respectively.
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