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Vector meson pair production in two-photon collisions near threshold

Jonathan L. Rosner*
Laboratory of Elementary Particle Physics, Cornell University, Ithaca, New York 14850, USA

~Received 5 May 2004; published 26 August 2004!

The cross sections for severalgg→VV processes exhibit strong enhancements near threshold, whereV
denotes a vector meson. The pattern of these enhancements is not well understood; for example,gg→r0r0

shows an appreciable peak, whilegg→r1r2 does not. Some possible mechanisms for this behavior are
discussed. Tests are proposed involving production of systems containing heavier quarks, e.g., through the
reactiongg→J/cr0. The importance of modeling,1,2p1p2 angular distributions in decays of threshold
J/cr0 enhancements is illustrated by comparing the expected distributions for S-wave decays of scalar par-
ticles and P-wave decays of pseudoscalar particles.
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I. INTRODUCTION

The properties of meson and baryon resonances ca
strongly influenced not only by their intrinsic quark conte
but also by the final states to which they couple. Recen
several resonances have been reported for which thes
fects may be important. These includeJP501 and 11

charmed-strange mesons several tens of MeV below theDK
and D* K threshold, respectively@1–3# and a charmonium

resonanceX(3872) nearly degenerate with theD0D̄* 0

threshold@4,5#. Such effects may also be important for th
reactions gg→VV, where V is a vector meson. In the
present paper I discuss some proposals to account for
curious pattern of threshold enhancements in these
cesses, note the availability of theJ/cr channel, and calcu
late angular distributions for two cases of spinless part
decay toJ/cr.

The cross section forgg→r0r0 is strongly enhanced nea
threshold@6,7#, while gg→r1r2 is not @8#. This difference
appears to occur mainly for real or nearly real photons; w
one photon is highly virtual the cross sections forgg*
→r0r0 @9# andgg* →r1r2 @10# are much more similar. It
will be interesting to see whether a recent calculation
gg* →r0r0 @11# can reproduce the result forgg* →r1r2.

Othergg→VV processes exhibit patterns@12# not all of
which can be understood from a single standpoint. A rev
of gg interactions up to 2001 may be found in Ref.@13#.
Additional relevant experimental data come from a rec
search for theX(3872) in photon-photon collisions, in whic
a sample ofJ/cp1p2 events has been studied@14#, and
which is the main motivation for the present study.

Photon-photon collisions share features with hadr
hadron collisions, but have properties making them easie
interpret. In hadronic processes at low transverse momen
one can regard photons as superpositions of vector me
r1v1f with relative couplings3:1:A2 @15#. SU~3! sym-
metry is broken through a lower total cross section off
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mesons with non-strange hadrons. A similar approach
scribes J/c photoproduction through a suppress
J/c –nucleon cross section@16#.

This paper is organized as follows. Section II reviews t
processesgg→VV. I discuss some possible mechanisms
the threshold enhancement of such processes in Sec. III.
tion IV is devoted to information available from the proce
gg→J/cr0, while Sec. V concludes.

II. DATA ON gg\VV

The cross sections forgg→VV generally peak not far
above threshold. The greatest enhancement occurs forr0r0,
for which s(gg→r0r0) rises to a maximum of;(5766)
nb in the photon-photon center-of-mass energy rangeW
51.5 to 1.6 GeV@7# and in the state with (J52, Jz562).
No such enhancement is seen ingg→r1r2. The cross sec-
tion for the corresponding partial wave shows a dip in t
region and never exceeds;(1264) nb @8#. The peak cross
sectionsspk and the energy rangesW in which they occur
@17# are summarized in Table I@7,8,18–21#.

An interesting feature of several of the threshold bump
that in cases in which a partial-wave analysis is poss
~such as gg→r0r0 and gg→K* 0K̄* 0) they occur
in the (J52, Jz562) state, with little activity inJ50 or
J52, Jz50.

-

TABLE I. Energy ranges and peak cross sections
gg→VV.

VV W ~GeV! spk ~nb! Reference

r0r0 1.5–1.6 5766 a @7#

r1r2 ;1.3 1264 a @8#

r0v 1.5–1.7 17.363.5 @18#

vv 1.6–1.8 4.361.5 @19#

r0f 1.75–2.00 2.261.1 @20#

vf 1.9–2.3 1.6560.86 @20#

K* 1K* 2 2.00–2.25 36.2066.25 @21#

K* 0K̄* 0 1.75–2.00 5.9760.78 @21#

aIn partial waveJ52,Jz562.
©2004 The American Physical Society28-1
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III. MECHANISMS FOR THRESHOLD ENHANCEMENTS

The preponderance ofr0r0 over r1r2 near threshold
could be due@22,23# to a superposition of resonances wi
isospins zero and two nearrr threshold, coupling much
more strongly tor0r0 than tor1r2. If there really is arr
resonance near threshold withI 52, there should exist state
around 1600 MeV decaying tor6r6. While no such states
have been seen so far, the relevant final statep6p6p0p0

has not been carefully examined in a detector with go
sensitivity to both charged and neutral particles. Such de
tors as CLEO, BaBar, and Belle, constructed to investig
e1e2 collisions at energies suitable for studying the dec
of B mesons, would be excellent places to pursue s
searches@24#.

It should be possible to construct a set of resonances
ficient to reproduce the pattern of Table I. Some difficulty
this regard was pointed out in Ref.@25#. A resonance which
decays toK* 1K* 2 should, in principle, also be able to de
cay tor0f unless it has isospin zero. But then it should ha

the same branching ratio toK* 0K̄* 0 as toK* 1K* 2, which
is certainly not suggested by the pattern of peak cross
tions.

Another view of ther0r0 enhancement@26# is that each
photon produces ar0 and these vector mesons then inter
with one another through the repeated exchange of anI 50
meson ‘‘s, ’’ leading to an effective potential between th
vector mesons. This mechanism is illustrated in Fig. 1~a!. It
does not contribute togg→r1r2, accounting for the sup
pression of that process. But it also does not contribute

FIG. 1. Quark diagrams illustrating possible mechanisms
threshold enhancement of vector meson pair production by
photons.~a! Exchange ofI 50 mesons~dashed lines!; ~b! quark
exchange;~c! quark-antiquark annihilation and pair creation.
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gg→K* K̄* , a shortcoming which is particularly acute fo
the charged pair.

The presence of the threshold enhancement ingg
→r0r0 in the state of total angular momentumJ52 and
helicity Jz562 @7# can be reproduced in resonance mod
@22,23# by suitable choices of coupling constants. It need
be universal. In the model of Ref.@26# the dominance of
(J,Jz)5(2,62) can be reproduced by spin dependence
the potential between the vector mesons. If this potentia
flavor-independent one would expect all possiblegg
→V1V2 cross sections involving the diffractive process
Fig. 1~a! to exhibit the same behavior asgg→r0r0: a rapid
rise near threshold in the (J,Jz)5(2,62) amplitude and
little activity in other partial waves.

Flavor-dependent effects which could enhance the (J,Jz)
5(2,62) amplitude include exchange of two identic
quarks or quark-antiquark annihilation between the two v
tor mesons, as illustrated in Figs. 1~b! and 1~c!. I assume that
the initial vector mesons are produced only withJz561,
i.e., with the same polarizations as the incident photo
Similar diagrams were considered in a perturbative QCD c
culation of nondiffractivegg→VV processes@27#.

In the case of quark exchange, the quarks trading pla
in the vector mesons have identicalJz values only for the
Jz562 amplitudes, while for theJz50 amplitudes they
necessarily have oppositeJz values. If the flavors of the two
exchanged quarks do not matter, one can have enhancem
in processesgg→V1V2 where V1 and V2 are not able to
couple directly to photons. The initial processgg→r0r0

could then lead to ar1r2 final state, whilegg→r0f could
lead toK* 1K* 2. The absence of such an enhancemen
gg→r1r2 appears to disfavor this mechanism. One m
then stipulate that the exchanged quarks be identical, req
ing additional dynamical assumptions.

In the case of quark-antiquark annihilation, as long as
annihilation must take place in a state ofJz561 ~as, for
example, inqq̄→g, whereg is a transversely polarized glu
on!, the initial vector mesons must have the sameJz value.
The remainingq8q̄8 pair will be left with Jz561. If the
transversely polarized gluon then materializes into a differ
quark-antiquark pair, one will be left with a pair of tran
versely polarized vector mesons different in flavor from t
previous one, so one should expect a threshold enhance
in gg→r1r2, gg→K* 1K* 2, and so on. As in the previ
ous case, the absence of a threshold enhancement ingg
→r1r2 disfavors this alternative.

The relative strengths of the threshold enhancement
gg→K* 1K* 2 andgg→K* 0K̄* 0 do argue for some contri
bution related to quark exchange and/or annihilation. In
ther case chargedK* production is favored because one
both photons couples to au quark with charge 2/3, while
neutralK* production involves replacing this quark with ad
quark with charge21/3 @27#. But an attempt to use the dia
grams of Fig. 1 for a unified description within flavor SU~3!
founders immediately on the inequality of ther1r2 and
K* 1K* 2 cross sections, predicted to be equal within t
U-spin subgroup of SU~3! involving the interchange ofd and
s quarks.
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VECTOR MESON PAIR PRODUCTION IN TWO-PHOTON . . . PHYSICAL REVIEW D70, 034028 ~2004!
A further mechanism which could account for a thresh
enhancement ingg→r0r0 with Jz562 is the effect of
Bose statistics in the final state@28#. A transversely polarized
photon with helicityl561 will produce ap1p2 pair with
angular wave function proportional toYl

1(u,f), where
(u,f) are the polar angles of thep1 with respect to the
beam axis in the dipion rest frame. Atr0r0 threshold the two
dipion rest frames coincide, leading to the possibility of c
herent reinforcement of processes in which both dipion s
tems have the same wave functionsYl

1(u i ,f i)( i 51,2). As
the center-of-mass energy increases above threshold
dipion wave functions refer to individual rest frames whi
become distinct from one another, reducing the possibility
coherence.

The effects of Bose statistics~the Goldhaber-Goldhaber
Lee-Pais effect, or ‘‘GGLP effect’’@28#! have been observe
in gg→3p13p2 as an enchancement in the low-m(p6p6)
distribution@29#. However, it appears that these effects ha
been ignored up to now in the simpler processgg
→2p12p2.

The above realization of the GGLP mechanism impl
threshold effects in other cases ofgg→V1V2 besidesV1
5V25r0, but details may differ. If the decay products ofV1
and V2 are not all identical, their overlaps will be reduce
Such is the case, for example ingg→r1r2

→p1p0p2p0, where only the two neutral pions can ove
lap. It is not even clear that under such circumstances t
relative phases would be the same as those of the iden
pions ingg→r0r0→p1p2p1p2.

If the decay product of the two vector mesons are ide
cal, one is left with the additional processesgg
→vv, ff, J/cJ/c, . . . , where both vector mesons deca
to the same final state. Thus, ingg→ff, a threshold en-
hancement should be present when bothf mesons decay to
K1K2, but not when one decays toK1K2 and the other to
KSKL .

The width of the decaying vector meson also proba
plays a crucial role. The probability of overlap of the dec
products of twor0 mesons is very high since ther0 has an
appreciable width of about 150 MeV@30#. Eachr0 thus can
decay top1p2 in the vicinity of the otherr0 before they
move apart from one another. The width of the thresh
enhancement~about 300 MeV! could then reflect the rang
of center-of-mass energies over which this mechanism
occur.

The overlap of the decay products of twov mesons is
reduced for two reasons. First, thev is much narrower, with
a width of about 8 MeV@30#; second, the predominantl
three-body decay of eachv implies a much lower probability
for overlap of the two vector mesons’ decay products.

The processgg→vv, having isospinI 50, cannot ben-
efit from I 50 –I 52 interference@22,23# to account for the
r0r0 threshold enhancement. It nonetheless exhibits a br
threshold enhancement@19#, rising to a maximum of about 4
nb near a center-of-mass energy of 2 GeV. This is to
compared with the peak value of nearly 60 nb mention
earlier forgg→r0r0. The reduced coupling of the photon
the v ~1/3 of that to ther) more than explains this suppre
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sion; in a naive vector-dominance model one would ha
expected 60/34.0.75 nb. Thus some mechanism in additi
to the GGLP effect seems to be in operation.

For gg→ff the ;4 MeV width of thef @30# implies
that the decay products of eachf will be well separated from
one another except just above threshold, so the GGLP e
would imply a very narrow threshold enhancement, no more
than a few MeV wide, ingg→ff→2K12K2. This en-
hancement should occur, as it does forgg→r0r0, in states
with total two-photon helicityJZ562. Up to now there has
been no reported observation ofgg→ff.

The GGLP effect discussed above has very different
plications from some other mechanisms for the threshold
havior of gg→V1V2, whereV1 andV2 are neutral mesons
but V1ÞV2. For example, the GGLP mechanism predicts
threshold enhancement ingg→p1p2K1K2 near ther0f
threshold, whereas a flavor-independent threshold attrac
between vector mesons would imply such an enhancem

In fact, threshold enhancements are seen inseveralgg
→V1V2 (V1ÞV2) processes@18#. The cross section forgg
→r0v peaks at 17.363.161.7 nb in the center-of-mass en
ergy range 1.5,W,1.7 GeV. The cross section forgg
→r0f peaks at 2.261.160.3 nb in the range 1.75,W
,2 GeV. A cross sections(gg→vf)51.6560.86 nb is
measured between 1.9 and 2.3 GeV. All these cross sec
fall off appreciably asW increases. The absence of interfe
ence betweenV1 andV2 decay products makes it impossib
to distinguish betweenJz50 andJz562 production.

An approach which combines several aspects of the ab
proposals, known as the ‘‘thresholdt-channel factorization
model,’’ is able to account for some features of the d
summarized in Table I@31#. It is applied primarily to diffrac-
tive processes for which the diagram of Fig. 1~a! can con-
tribute, with low-energy contributions from other exchang
as well. The combination of these effects can lead to a p
near threshold. The model has less to say about nondiff
tive processes in which only the flavor topologies of Fig
1~b! and 1~c! are relevant.

To summarize this section, there are appealing feature
several of the proposed models for threshold enhancem
of gg→VV, but no obvious regularities in behavior th
would permit one model to be selected over others.Ad hoc
resonances, including exotic ones@22,23#, appear to require
considerable fine-tuning if they are to explain the observ
pattern. They nonetheless have the considerable advanta
firmly predicting an I 52 resonance around 1600 Me
which should decay tor6r6. There are clearly some aspec
of double-diffractive production in the hierarchyspk(r

0r0)
.spk(r

0v).spk(vv), reflecting the hierarchy of photon–
vector meson couplings, but SU~3! breaking is needed to
account forr0f and vf suppression, and evidence for th
expected hierarchyspk(r

0f).spk(vf) is fairly weak. Al-
together the situation calls for some new insight and/or d
The availability of photon-photon collisions in large
samples amassed by the CLEO, BaBar, and Belle Collab
tions permits one not only to augment the statistics of
processes just mentioned, but to investigate new ones,
as the processgg→J/cp1p2 to which I now turn.
8-3
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IV. INFORMATION FROM gg\JÕcp¿pÀ

The recently studied processgg→J/cp1p2 @14# can
provide further information on threshold enhancements
vector meson pair production by two photons. If a flav
independent interaction between vector mesons is res
sible for enhanced production near threshold, this proc
should exhibit such an effect. The reactione1e2

→J/cp1p21X employed to study this process also co
tains events in which one lepton loses a large amoun
energy,e1e2→gc8→gJ/cp1p2, but backgrounds from
these ‘‘radiative return’’ events can be isolated by means
angular correlations of lepton pairs in theJ/c decays.

If gg→J/cp1p2 is proceeding through a threshold e
hancement ofJ/cr0 production related to the above effect
several key features should be present in the data. The ve
mesons should both be transversely polarized. The lepton
J/c→,1,2 should then be distributed with probabilit
W,1,2;11cos2u with respect to the beam axis, while th
pions in r0→p1p2 should have a distributionWp1p2

;sin2u. Pions arising from the radiative-return backgrou
c8→p1p2J/c should be emitted isotropically in the
center-of-mass system. Unfortunately it will be impossible
distinguish production with two-photon helicityJz562
from Jz50 since theJ/c and r0 decay products do no
interfere with one another.

If a flavor-independent threshold enhancement mec
nism is operative, the cross section forgg→J/cr can be
related to that for~e.g.! gg→fr;2 nb by the scaling rule
@16#

s~gg→J/cr!

s~gg→fr!
5S gJ/c

gf
D 2S Mf

MJ/c
D 4S s~J/cr!

s~fr! D 2

, ~1!

wheregV is the coupling of vector mesonV to the photon,
while s(V1V2) is the total cross section for scattering
vector mesonsV1 and V2 on each other. Neglecting differ
ences in masses and wave functions, the couplingsgV would
scale as quark charges, entailinggJ/c /gf522. In fact the
ratio of leptonic widths@30# implies

S gJ/c

gf
D 2S Mf

MJ/c
D 3

5
Gee~J/c!

Gee~f!
5

~5.2660.37! keV

~1.2660.02! keV

54.1860.30. ~2!

The scaling arguments of Ref.@16# imply that

s~J/cr!

s~fr!
5

Mf
2

MJ/c
2

~3!

so that one predicts

s~gg→J/cr0!5s~gg→fr0!
Mf

5

MJ/c
5

Gee~J/c!

Gee~f!

.~26613! pb. ~4!
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This estimate for the cross section near threshold is to
compared with a range of 14–20 pb atW510 GeV obtained
in Ref. @32#, growing significantly at higher energies in
model-dependent manner.

The result~4! can be translated into a cross section
e1e2→e1e2J/cr0 via two nearly real photons through th
relation @33#

s~e1e2→e1e2X!

.S 2a

p
ln

E

me
D 2E

Wth

2E dW

W
f S W

2EDsgg→X~W!, ~5!

where f (x)[(21x2)2ln(1/x)2(12x2)(31x2), W is the
photon-photon center-of-mass energy, andE is the electron
or positron beam energy~in a symmetric collider configura
tion!. The cross sectionsgg→X(W) may be approximated by
a Breit-Wigner form

sgg→X~W!.
sgg

pk

@2~W2W0!/G#211
, ~6!

whereW0 andG are the mass and width of the resonance.
the narrow-resonance approximation~crude, but sufficient
for our purposes! one then has

s~e1e2→e1e2X!.
2G

pW0
S a ln

E

me
D 2

f S W0

2EDsgg
pk . ~7!

For E55 GeV, G5200 MeV, W053.7 GeV, one has
f (W0 /@2E#)51.83, and Eq. ~7! gives s(e1e2

→e1e2X)/sgg
pk .2.831024. ~Use of a slightly more accu

rate expression@14# reduces this estimate by about 10%!
Thus, for a peak cross section given by Eq.~4!, one estimates
s(e1e2→e1e2J/cr0);7 fb, with a 50% error. Since the
data sample reported in Ref.@14# consists of 15 fb21, one
should see a handful of events in which theJ/c decays to
m1m2 or e1e2 in that sample, and considerably more
samples accumulated by the BaBar and Belle Collaboratio

In calculating the sensitivity of a detector toJ/cr0 decays
of a resonance with definite spinJ and parityP one needs the
angular distributions of final,1,2p1p2 systems associate
with eachJP value. Angular distributions have been treat
in previous work~see, e.g., Ref.@7#!, but for ,1,2p1p2

final states great simplifications are possible using atrans-
versity basis@34,35#. To illustrate the nontrivial nature o
these distributions it is helpful to compare them for the d
cays of JP501 and 02 particles into the lowest availabl
partial waves, respectively, S and P waves. One defines
ordinate systems and three anglesc,u,w in the following
manner@35#.

In the rest frame of thep1p2 system, thex axis is de-
fined as the negative of the unit vector pointing in the dire
tion of travel of theJ/c. Thep1p2 system is assumed to li
in thex-y plane, withp1 making an anglec with thex axis
(0<c<p).

The z axis is taken in theJ/c rest frame perpendicular to
the plane containing thep1p2 pair, using a right-handed
coordinate system. In this frame the unit vectorn̂(,1) along
8-4
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VECTOR MESON PAIR PRODUCTION IN TWO-PHOTON . . . PHYSICAL REVIEW D70, 034028 ~2004!
the direction of the positive lepton has coordina
(nx ,ny ,nz)5(sinu cosw, sinu sinw, cosu), thereby defining
u andf.

Applying the methods of Ref.@35#, one then finds

1

G

d3G

d cosudwd cosc
5

9

32p
3H 12sin2u cos2~c2w! ~01!

sin2u sin2c ~02!

~8!

for the differential angular distributions. A clear difference
present. The sensitivity of any detector to this difference w
depend upon its angular coverage and whether symmetr
asymmetrice1e2 collisions are employed. With sufficien
statistics, a distinction between even and odd parity beco
possible. Similar methods can be applied to the decays o6

threshold enhancements.

V. CONCLUSIONS

The two-photon processesgg→V1V2, whereV1 andV2
are vector mesons, display threshold enhancements in a
riety of cases, notably forV15V25r0 but also elsewhere.
a
e

es
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have reviewed several proposals for these enhancement
proposed others, such as effects due to Bose statistic
decays of the vector mesons. Tests involving production
r, v, andf mesons, performed over many years, now c
be augmented by the study of such processes asgg
→J/cr0, for which a simple model based on flavor unive
sality of the threshold enhancement predicts a cross sec
of 26613 pb. Angular distributions of decay products a
illustrated for spinless threshold enhancements and show
be sensitive to parity.
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