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Abstract. Vector meson production is studied in the
reaction yy > K" K zn*n~. A clear ¢(1020) signal
is seen in the K™ K~ mass distribution and a K*°(890)
signal is visible in the K* ¥ one. Both do not seem
to be strongly correlated with quasi two body final
states. Cross sections for the processes yy—
K'K ntn™,yy->®rn*n, yy->K*°K* g+ and up-
per limits for the production of @p, ® ® and K*° K*°
are given as function of the invariant yy mass.

1. Introduction

The study of vector meson production in yy collisions
is motivated by the attempt to understand the origin
of the large cross section for the reaction yy — p°p°
near threshold [1, 2]. This cross section is roughly
an order of magnitude higher than one would obtain
from pomeron exchange within VDM (vector domi-
nance model).

Several models have been suggested to explain this
result: a) Production of a resonance (or a glueball)
which decays to a pp pair [3]. These models are partly
inconsistent with the spin-parity structure of the p°p°
system seen in the data [1] and with a lack of signal
in the p* p~ final state [4]. b) A t-channel factoriza-
tion treatment which relates two-photon processes to
photoproduction and data of hadronic reactions [5,
6]. This model predicted [5] a large cross section for
the production of ww and p°w pairs, in contrast to
experimental results [7]. However recent revised cal-
culations [6, 7] are not inconsistent with the data.
¢) Production of interfering /=0 and /=2 four-quark
bound states [8-10], based on the static version of
the MIT bag model [11]. These models are not in
contradiction with the experimental results.

Additional information on vector meson pair pro-
duction in yy collisions is thus crucial for the under-
standing of the p°p° effect and in order to confirm
or reject the exotic interpretation as ¢§q4 states. In
this paper we look for the production of the vector
mesons containing strange quarks, ¢(1020) and
K*°(892), both inclusively and as vector meson pairs.

II. Event Selection

In this paper we report on vector meson production
in the reaction

ete" »ete " K"K ntn” )

observed with the TASSO detector at PETRA, at
beam energies E, between 7 and 18 GeV. A descrip-
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tion of the detector can be found elsewhere {12]. No
requirement has been made on the detection of the
scattered e* and e~ in the final state. The data sample
corresponds to an integrated luminosity of ~72 pb~!
with most of the data taken around E,=17 GeV.

The trigger imposed one of the following require-
ments [1, 13]: (i) at least two tracks separated by
more than 154° in azimuth, with associated signals
in the inner time-of-flight (TOF) counters, or (ii) two
or more tracks originating from the interaction region
within +15 cm along the beam direction, or (iii) four
or more tracks. The tracks are measured in the central
detector. The trigger efficiency per track varied as
a function of the track momentum component (p,)
transverse to the beam direction. For most of the
data this efficiency was about 50% for tracks with
p;~0.17 GeV/c, rising to 95% for p,=20.29 GeV/c.

Event candidates for reaction (1) produced via
two-photon collisions are selected by requiring ex-
actly four acceptable tracks with net charge zero,
where the definition of an acceptable charged particle
is given in [14]. In order to suppress background from
one-photon annihilation events, the sum of the mea-
sured charged particle momenta had to be less than
8 GeV/c. Beam-gas interactions are reduced by re-
quiring |z,| <8 cm, where z, is the coordinate along
the beam axis of the event measured by averaging
over the tracks. Two-photon events with undetected
particles are suppressed by demanding the vector sum
of the transverse momenta of the four particles, | . p;|,
to be less than 0.12 GeV/c. The data sample after
these cuts contains 5,374 events, and is dominated
by the final state p®p°?!.

Another potential background to reaction (1)
which may affect in particular the ¢ - K* K~ search,
is y—sete” conversions, which have similar kine-
matic characteristics (a small Q value) as the ¢ meson.
For each pair of tracks a quantity ¢.=1.075 GeV —
0.5-M(e* e7) is defined, where M(e* e ) is the invar-
iant mass of the pair (in GeV) when the two particles
are assumed to be electrons. When all pairs in which
M(K*K™)<¢, are rejected, the background from
pair conversion is strongly reduced.

II1. Particle Identification

Particle identification in reaction (1) is achieved by
using TOF measurements. The TOF system consists
of 48 scintillation counters surrounding the cylindri-
cal drift chamber at a radial distance of 1.32 m from
the beam axis. The polar angle covered by the TOF
counters is approximately |cosf|<0.82. The typical
time resolution of the system is 445 ps for particles
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Fig. 1. Scatter plot of the kaon weight vs the pion weight of the
tracks in the four prong sample with the cut {>.p,{<0.12 GeV/c

passing through the center of the counters, improving
linearly to 265 ps for particles passing close to either
end. The efficiency of the TOF measurement, aver-
aged over the full period of data taking, was 92%.
A 7/K separation with the TOF counters has been
attempted for momenta P <1 GeV/c and a (n or K)/p
separation for momenta P<1.4 GeV/c.

For each track which has TOF information, the
square of the mass (M?2,;) is computed from the mea-
sured track length, momentum and TOF values.
Three Gaussian weights W; are calculated for each
particle typei (i=n, K, p) according to W;~
exp(—(t,,—1:)*/20%), where 1,, is the measured TOF,
7; the expected TOF for particle hypothesis i, and
o, is the r.m.s. resolution for the measured TOF. The
three W;s are normalized for each track such that
Y W,=1. For the highest W; of each track, the differ-
ence 4t =|t,,—1;| is required to be less than 3 ¢,. With
the cut of |).p,|<0.12 GeV/c, 85% of all particles
in the sample have useful TOF measurements. A clear
separation between 7, K and p’s is obtained with the
above procedure, as can be seen in Fig. 1.

A track is defined as an identified = if W,>0.5
and P<1 GeV/c; as an identified K if W >0.95 and
P<1GeV/c and 0.1 <M?,-<0.6 GeV?; and as an
identified p if W,>0.95 and P<1.4GeV/c and
M2,:>0.6 GeV2. A track is defined as consistent
with being a pion (kaon, proton) if it is not an identi-
fied K or p(n or p; n or K). With these definitions
~94% of all particles with useful TOF measurement
are identified as 7, K or p.
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IV. Monte-Carlo Simulation

The cross sections for reaction (1) and its sub-pro-
cesses are evaluated by using Monte Carlo (MC) sim-
ulation programs. The full kinematics of the yy sys-
tem is generated according to the flux of transverse
photons, using the exact formula from [15]. Isotropic
phase space models are used to generate the final
states K" K ntn ,¢gn*n,¢p% ¢, K*°K¥n* and
K*9K*0 Resonances are allowed to decay into the
relevant products (¢ > K*K~, pozntn~, K*°—>
K*77F). All generated particles are passed through
a full detector simulation program which includes
trigger, detector resolution, multiple scattering, nucle-
ar interactions, decays and energy loss in the beam
pipe. Special attention is given to the simulation of
the TOF system. The generated events are required
to pass the same cuts imposed on the data.

V. Production of the Vector Meson ¢ (1020)

Two samples are used for the extraction of a ¢ signal
in its K* K~ decay mode: 1) All K* K~ invariant
mass combinations are taken where both particles are
consistent with being kaons (“ K-consistent”” sample).
The rejection of combinations which contain identi-
fied pions is found to reduce significantly both the
y conversions and the p°p° contamination. 2) Same
as above, but at least one kaon is required to be
an identified kaon, or both kaons are identified, but
the weight requirement is relaxed such that all combi-
nations with Wg+ - Wg-=0.3 are accepted (“‘identi-
fied K’ sample). The first method yields higher statis-
tics but has a larger background, whereas the second
one is cleaner, but it suffers from limited statistics.

The ““ K-consistent™ sample contains 1379 possi-
ble K* K~ pair combinations. The invariant mass of
each pair is computed and the spectrum is shown
in Fig. 2a. A peak is seen in the region of the ¢ mass.
No enhancement is seen in the K* K* mass distribu-
tion or in the distribution of identified pion pairs
with opposite charges, interpreted as kaons.

The K* K~ distribution is fitted to a Gaussian-
shaped resonance with the nominal ¢ mass value
(1.02 GeV) plus a background (parametrized in terms
of a second order polynomial multiplying the K* mo-
mentum in the K* K~ rest frame), as shown in Fig. 2a
(solid line). The fit yields 39+ 10 ¢’s and the experi-
mental width of the ¢ signal (0.016 GeV) is consistent
with the resolution obtained in the MC generation.

The “identified K> sample contains 444 K* K~
combinations and the spectrum is shown in Fig. 2b.
A clean ¢ signal is seen. A similar fit as described
above (with a first order polynomial, which describes



14

TASSO
Ta 1 T Tu ! i 4
(a) K-consistent sample
20 — ]
>
[
=
0
~
)
2
<
w
T T T T T I T
(b) "identified K" sample
12 - -
>
o
=
0
~
(]
2
<
i

.05 110 1.15
M(kt K™) GeV

Fig. 2. a Invariant mass distribution of the K* K~ system for the

1.20

“ K-consistent”” sample. Fit is Gaussian resonance plus background
(see text). b Same as a for the ““identified K™ sample

well the background shape) is given for this distribu-

tion, yielding 20.3+4.4 ¢’s, and again the width

(0.010 GeV) is consistent with the MC resolution.
The cross section of the reaction

yy—¢n )

is calculated as a function of the yy invariant mass,
W,,, from fits similar to those of Fig. 2, using MC
generated events. No TOF information is used for
the pair of particles recoiling against the ¢ in reaction
(2) and both are assumed to be pions.

In order to estimate the leakage of high multiplici-
ty events into the ¢ sample with the cut of | p,|<
0.12 GeV/c, we show in Fig. 3a the () p,)? distribu-
tion of events (without the |Y.p,| cut) from the K-
consistent” sample of reaction (2) where ¢ is defined
as M(K* K )<1.03 GeV. The points with error bars
(statistical only) are data and the solid curve is the
result of a fit of the data to the MC distribution
for reaction (2) plus a flat distribution to account
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Fig. 4. The cross section for the reaction yy » ®n" n~ as function
of W,,. The errors are statistical only
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Table 1. Cross sections of the various subprocesses of reaction (1) and fractions of the topological cross section as a.function of W,

W,,(GeV) yy—ogntaT 7y > K*OKF n*

yyo> K"K n*n” PS. yy—>K*'K ¥ n~ top.

fraction
of o (top)%

o(nb) a(nb)

fraction
of g (top)%

ag(nb) fraction

of o (top)%

a(ub)

1.8-2.0
2.0-2.4
24-2.8
2.8-34
3.4-42

38 +19

5.8+ 2.7
44+ 1.5
20+ 09
094+ 0.5

44422
x5
15+ 5
22410

34 +18°
23 £+ 55
3.0+ 3.9
1.84 2.5

41424
57+14
14+18
26+38
39121 - —

6.6+3.0
8.8+1.9
10.4+2.1
2.3+1.0
0.7+0.7

15+ 7
32+ 7
71+14
52422
61462

43 +144
27 + 43
14.5+ 3.4
44+ 2.0
12+ 08

* Sum of K* Kz and K*K* production (see text)

for the leakage of the high multiplicity events. We
estimate a background of (14 +2)% of high multiplic-
ity events in our ““ K-consistent” sample. No W, de-
pendence of this correction can be seen, and we apply
it as an overall correction.

In Fig. 4 the cross section of reaction (2), cor-
rected for all ¢ decay modes, is presented as a func-
tion of W, for the ““ K-consistent” sample. The errors
are statistical only. Systematic errors of ~30% are
due to uncertainties in the background parametriza-
tion (~25%) and in the acceptance and overall nor-
malization (= 18%). The cross section is falling from
~20nb at W,,=2GeV to ~1nb at W,,=4 GeV.
These cross sections are also given in Table 1. An
analysis of the ““identified K’ sample yields similar
results within errors.

In order to search for possible ¢ p° and ¢ ¢ signals,
the invariant mass distributions of the pair of parti-
cles recoiling against the ¢ (as defined above) has
been plotted. For the ¢ p° search, the recoiling parti-
cles were assumed to be pions, while for the ¢ ¢ search
they were required to be consistent with kaons. No
evidence is seen for a p° signal in the data, and no
“K* K~ combinations recoiling against the ¢ ap-
pear in the region M(“K* K~ )< 1.08 GeV.

Upper limits (95% C.L. including a systematic er-
ror of 30%) for the cross sections of the reactions
yy— ¢ p®and yy — ¢ ¢ are given in Fig. 5a-b. Predic-
tions for the cross sections of the processes yy—
949G — ¢ p° and yy > q3qg— ¢ ¢ have been given by
various authors using four-quark models [8-10]. The
experimental results are not in contradiction with
most of the predictions for the existence of such
states. However, the highest curve of [9] can be ruled
out in the combined region of 2.0<W,,<2.6 GeV.
Experimentally our upper Iimit for this region is
8.7 nb, and in the ¢ ¢ case, for the region 2.2<W,,
<3.0GeV, it is 1.4nb (95% C.L.). The results are
also consistent with the #-channel exchange model of

[6].

T T T a T T T T

40 (a)yy —¢p°

30 1

20 |- 1

(b)yy— ¢ CT

o[- ml !

20— -

G (nb)
)
I
|

60— (c) )/y—>K*°R*° —

SOE-“I —

2.0 3.0 4.0 5.0 6.0

Wy y (GeV)

Fig. 5a—c. Upper limits (95% C.L.) as function of W,, for the final
states a Dp, b DD, ¢ K*OK*°

VI. Production of the Vector Meson K*(892)

The extraction of the ¢ cross section in reaction (2)
is relatively straight-forward, since the ¢ is a narrow
resonance situated near the beginning of the K™ K~
phase space distribution and thus has a small back-
ground. In fact the ¢ is clearly visible even without
requiring K-identification or when requiring one iden-
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tified-K (see Fig. 2). This is not the case for the
K*°(892), which is a wider resonance and sits at the
peak of the phase space distribution of reaction (1).
Moreover, a study of p°p® MC events shows that
there is a kinematical overlap between the p©p°,
which is copiously produced in the four-prong sam-
ple, and the K*° (assigning to the same particle 7
and K masses respectively).

In order to extract a clean K* signal from the
reaction

yy—> K*OKFnt 3

where the K*° decays into K* ¥, severe cuts must
be applied concerning in particular the X identifica-
tion and the possible reflection of the p°p° final state.
Thus the K and = identification criteria are chosen
to be much stricter: a track is called an identified
K only if its Wy is larger than 0.99 and an identified
7 only if W,_>0.9. The other conditions mentioned
in Sect. III are unchanged.

In order to minimize the non-K background for
the K*© search we restrict ourselves to a sample in
which at least one K and one oppositely charged =
are identified. There are 287 such events with 426
identified K* n¥ combinations:

yy—>Kfni KIng 4

In (4) particles 1 and 2 are the identified ones while
no cuts are imposed on particles 3 and 4. In genuine
candidates for reaction (1), particle 3 must be a K
and particle 4 a 7. However, in addition to these can-
didates, the above sample includes three types of
background not due to genuine K* K~ n* n~ events:
a) Leakage of high multiplicity events to the |).p,| <
0.12 GeV/c region; b) contribution of the final state
K*n*K?; Ky—ntn~; ¢) contamination of non-K
background in the identified-K sample, mainly orig-
inating from the dominant p°p° final state.

The M3y distribution of particles 3 and 4 are
shown in Fig. 6a-b for those particles which have
useful TOF measurements (356 and 361 respectively,
from the above 426 combinations). A K peak, well
separated from the pions, is clearly visible in Fig. 6a
(also when one repeats the plots in several W, bins),
while no such peak is seen in Fig. 6b, as expected.
The number of entries in the M%,. regions of the
n and K in both plots are consistent with the expected
contributions from the genuine K* K~ z*n~ events
plus the above mentioned types of background. From
Fig. 6a it is obvious that in order to obtain a clean
sample of reaction (1) one must remove the pions
from K.

The final sample for the study of reaction (3) is
obtained by removing all ¢ candidates (M(K* K™)<

M. Althoff et al.: Vector Meson Production in the Final State
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Fig. 6a, b. M2, distribution for particles recoiling against the iden-
tified K* 7+ system in reaction (4) (see text): a expected kaons,
b expected pions

1.03 GeV) and imposing the condition that K, in (4)
be a consistent K, thus removing identified pions and
keeping only identified and consistent kaons. Similar-
ly =, is required to be a consistent z. This sample
consists of 162 events, out of which (67+5)% are
estimated to be genuine K* K~ n* n~ events and the
rest originate from the three types of background dis-
cussed above. The average K identification probabili-
ty in this final sample is about 56%, in agreement
with MC calculations.

The distribution of M(K*z¥) for this sample
(2 combinations/event) is shown in Fig. 7. A K*° sig-
nal is seen on top of some background. No such en-
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Fig. 7. Invariant mass distribution of the identified K* z+ system
in the final sample of 162 events (see text). The solid curve is a
fit to a relativistic Breit-Wigner resonance plus background (dashed
curve) parametrized by the shape of the same sign Kz distribution
multiplying a threshold phase space factor (see text)

hancement is seen when same sign invariant mass
combinations M (K* n*) are plotted.

The distribution of Fig. 7 has been fitted to a rela-
tivistic P-wave Breit-Wigner shaped resonance with
free mass and width values plus a background. The
parametrization of the background was obtained
from fitting the same sign M(K* =) distribution to
a second order exponential multiplying a phase space
threshold factor (given by the K* momentum in the
K*n* rest frame). A good fit (P(3?)=0.62) is ob-
tained, yielding 126 +34 K*®s, a mass of 0.927 GeV
and a width of 0.128 GeV. The width obtained from
the MC generated events after convoluting the experi-
mental resolution with the natural K* width is
0.070-0.075 GeV. The fitted mass and width values
are somewhat higher than expected for the K*; how-
ever, the goodness of fit obtained by fixing the mass
and width to the PDG [16] and MC values respective-
ly (M=0.892 GeV; I'=0.071 GeV) is comparable
with the previous one (P(x?)=0.25), and it yields
89+ 17 K*%s. Note also that by using as background
the shape of the M(K*zn¥) distribution from the
K* K n*ta~ MC, similar results are obtained with
114436 K* s and fitted K* mass and width values
of 0.910 and 0.095 GeV respectively. Repeating the
same procedure for the more restricted sample of
about 70 events, where the M7, of the recoiling K,
is in the K-meson range (0.14-0.60 GeV), we obtain
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Fig. 8. The cross section for the reaction yy — K*°K*n¥ as func-
tion of W, ,. The errors are statistical only

essentially the same results, with M (K*)=0.906 GeV,
and a number of K*’s corresponding to the smaller
sample.

The cross section for reaction (3) has been calcu-
lated as a function of W,, from fits similar to those
of Fig. 7, with the K* mass and width fixed to the
above mentioned PDG and MC values. As in the
¢ case, the background from undetected particles in
the K* sample (defined by 0.86<M(K*rn¥)<
0.98 GeV), with the cut on | Y, p,| <0.12 GeV/c, is esti-
mated from the (Q_p,)* distribution of the K* events,
shown in Fig. 3b. Repeating the same procedure as
for the ¢, we estimate this background to be
(16 +3)% and subtract it accordingly. The cross sec-
tions have been calculated both by the above proce-
dure and also from a two-dimensional fit of the scat-
ter plot M(K* 7z~ ) vs M(K~ n*) to a sum of contribu-
tions from K*K n*n~, K*Kr and K*K* final
states. Similar results are obtained by the two meth-
ods in all W, bins except for the first one (W, ,=1.8—
2.0 GeV), where the two-dimensional fit yields some
contribution of K* K*.

In Fig. 8 the cross sections of reaction (3), cor-
rected for all K*° decay modes, are given as a func-
tion of W, , with statistical errors only. The systemat-
ic errors are similar to the ¢ nn case. For all W,
bins except for the first one, the results are taken
from the one-dimensional fits, which have a better
statistical accuracy. For the first bin the two-dimen-
sional fit is more trustworthy, because of the limited
available phase-space which causes overlap of the
various final states, and the indications for K* K* pro-
duction. The fit yields in this W, , region (29 +16)%
of double K* production, corresponding to a cross
section of (23+13) nb. The cross section given in
Fig. 8 for the first W, , bin is the sum of both contri-
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Fig. 9a, b. The cross section for the reaction yy—»K* K~ n*n~ as
function of W,,. The errors are statistical only. a Non-resonant
phase space cross section. b Total topological cross section

butions to K* production i.e. K* Kn and K* K*. The
cross section falls from ~30 nb at W,,=2.0 GeV to
about 2nb at W,,=3.2 GeV. Table 1 also summar-
izes these cross sections.

The search for a possible K*° K*° signal was per-
formed by the above-mentioned two-dimensional fits
and also from the invariant mass distribution of the
pair of particles K¥n* recoiling against the K*° —
K* n7F (as defined above). The K¥ (%) was required
to be consistent with a kaon (pion) hypothesis. The
two methods give the following consistent results: No
evidence for K*°K*7 production is seen for all W,
bins except for the first one, where a signal of almost
2 s.d. is apparent, as discussed above. Since the K* K*
signal in this bin is barely significant, we present it
only as an upper limit together with the other W,
bins. In Fig. Sc, the 95% C.L. upper limits (including
a systematic error of 30%) for the cross section of
the reaction yy — K*°K*? are given. As for the ¢ p°
and ¢ ¢, the results are not inconsistent with the pre-
diction [8] of four quark states decaying into K* K*.

VII. Cross Sections for yy > K* K n*n~

In order to obtain the cross section for the non-reso-
nance phase space final state K" K n*zn~, events
with ¢ or K*© signals, as defined above, are removed,
and the W, distribution of the remaining events (70
out of the above 162 events) is compared with the
MC results,

The cross section for the non-resonant reaction
yy—>K*K n*n~ is shown in Fig. 9a as a function
of W,,. The backgrounds from undetected particles
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within the cut |Y.p,/<0.12 GeV/c ((30+3)%, see
Fig. 3¢) and from the K3 and n contamination in
the identified-K sample ((10+4)%) have been sub-
tracted. The errors are statistical only. Systematic er-
rors are estimated to be ~25% and are mainly due
to the particle identification procedure, and uncer-
tainties in the acceptance and overall normalization.
The cross section is about 10 nb up to W,,=2.6 GeV,
and then falls to about 1 nb at W,,=4.0 GeV.

The overall topological cross section of the reac-
tion yy > K* K~ n*n~, which is the sum of the non-
resonant phase space final state, the reaction yy—
pn*n”, ¢ ->K*K ,and the reaction yy > K*°K+ n*,
K*°— K*n¥, is shown as a function of W,, in
Fig. 9b. Errors are as in Fig. 9a. The first bin includes
also the K* K* contribution, as discussed above. The
cross section falls monotonically from =~35nb at
W,,=2GeV to ~1nb at W,,=4 GeV. A summary
of the topological and the various channel cross sec-
tions is given in Table 1. It is interesting to note from
Table 1 that as in the 4z final state [1], also here
resonance production dominates the topological
cross section at low W, ,.

VIIL. Conclusions

The reaction yy— K* K~z n~ has been studied in
the TASSO detector by using momentum and TOF
measurements. The topological cross section is falling
with W, from x=35nb at 2 GeV to ~1 nb at 4 GeV.
A ¢ (1020) signal is seen in the three-body final state
¢ntn~, with cross sections of ~20nb at W,,=
2GeV and of ~1nb at W,,=4 GeV. Significant
K*°(892) production occurs in the three-body final
state K**K*n* (~30nb at W,,=2.0GeV and
~2nb at W,,=3.2 GeV). The ¢ and K* production
are not dominated by the quasi two body final states
$p° #¢ and K*9K*°. Upper limits for these pro-
cesses are not in contradiction with most predictions
of four-quark states or z-channel factorization esti-
mates. No quantitative predictions are available to
explain the production of the final states ¢ 7" 7~ and
K*°K+¥z*, which have also been reported in [17].
In particular, contrary to vector mesons like the ¢,
K*’s are less naturally produced in yy collisions, since
they are not directly coupled to photons.
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