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Abstract. Results of a new analysis of the K+K− photoproduction at two photon energies, Eγ = 4 GeV
and 5.65 GeV, with a particular emphasis on the S-wave production are presented. We show that the proper
treatment of all the helicity components of the S- and P -waves enables one to eliminate the reported
discrepancies in the extraction of the S-wave photoproduction cross section from the experimental data.

1 Introduction

From the early days of QCD, light meson spectroscopy
played an important role in the development of the theory
and in the understanding of its low energy structure. The
flavour symmetry of QCD originates in part from the ob-
served SU(3) multiplet structure of the light pseudoscalar
and vector mesons. More recently, scalar and tensor spec-
tra have provided evidence for a possible over-population
of the QQ spectrum and for the existence of gluon-rich
states [1–4]. The possible existence of gluonic excitations
is one of the most intriguing features of meson spectroscopy.
There is tantalizing evidence of exotic, hybrid mesons in
the spectrum around 1.6 GeV [5–7], and future experiments
proposed for JLab and GSI in the light and charm sector
respectively will map out the exotic spectrum. The glueball
signature comes primarily from the analysis of the Crys-
tal Barrel pp̄ and WA102 central production data [1, 3].
Detailed mapping of various scalar meson decay channels
led to the identification of f0(1370), f0(1500) and f0(1710)
states, all expected to contain significant gluon compo-
nents. While the genuine QCD resonances in the scalar
channel are not expected to occur below 1 GeV, the low
energy region can be studied using standard, low energy
expansion techniques. These include the effective range
expansion, N/D and other methods based on analyticity
coupled with truncation of the unitarity condition. The
parameters of the soft meson–meson interactions, e.g. sub-
traction constants, form factors, coupling strengths etc.,
effectively correspond to local potentials smeared over dis-
tance scales of the orders of ∼ 1 fm, i.e. close to the pion
root mean square radii. The strength of the interaction can
be constrained from chiral symmetry or simply fitted to
the data [8–11]. As a result one obtains a very good de-
scription of the spectrum including the resonance region.
Furthermore, the behavior of the scattering amplitude in
the complex energy plane enables one to establish the exis-

tence of dynamical resonances such as the isoscalar σ(600)
and f0(980) and the isovector a0(980) mesons. The last
two are particularly interesting as they are very sensitive
to the details of the meson–meson interactions. This is due
to the proximity of the KK threshold. In particular the de-
tailed structure of the f0(980), e.g., whether it is a genuine
bound state or a virtual bound state, strongly depends on
the threshold KK interaction parameters. Since the KK
channel also influences the higher mass region, a proper
description of its dynamics is crucial for a partial wave
analysis and the identification of exotic, hybrid or glueball
signals. Furthermore the KK system is relevant for testing
the origins of CP violation and possible signals of CPT
violation via hadronic interferometry [12].

The data on the near threshold KK production are
very scarce and come mainly from high energy peripheral
production [13, 14]. In the medium energy region, Elab

γ ∼
a few GeV, it is advantageous to study the KK system in

photoproduction. A real photon couples strongly to vector
mesons and near the KK threshold φ photoproduction
dominates the KK spectrum. In this energy range the φ
photoproduction cross section is large, σ(γP → φp) ∼
0.5 µb, and has an energy dependence characteristic for
diffraction. The s-channel baryon resonance production
cross section is highly suppressed at these energies, and the
t-channel meson exchange (π) is marginally relevant only
at Eγ very close to threshold [15]. Finally, the S-wave KK
state, dominated in this mass range by the f0(980) in the
isoscalar and by the a0(980) in the isovector channel, can be
accessed via interference with the φ meson in the P -wave.
This S–P interference was first explored in experiments at
DESY [16, 17] and Daresbury [18], and could be further
studied with high statistics at an energy upgraded JLab.

In the analysis of the data from the DESY and Dares-
bury experiments, however, the rich spectrum of the S-
wave KK has not been fully explored. In both cases the
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S-wave was parameterized as either a simple Breit–Wigner
resonance or a non-resonant background. The two analy-
ses yielded results for the S-wave production cross section
different from each other by more than one order of magni-
tude. Finally, apart from the K+K− mass spectrum, only
one moment, 〈Y 1

0〉, describing the K+ angular distribution,
has been analyzed and very simplified assumptions about
the nucleon spin dependence have been made.

In this paper we use the results of a recent calculation of
the coupled channel scalar–isoscalar and scalar–isovector
spectra together with a diffractive model for P -wave pro-
duction to interpret the existing S–P interference data and
estimate the S-wave production cross section with a better
accuracy than in the phenomenological analyses already
published in [16–18]. Here we shall discuss a complete set of
six moments 〈Y L

M 〉 of spherical harmonics including L = 0
and L = 1. In the following section we shall present the
theoretical foundation of the S- and P -wave photoproduc-
tion and discuss the main features of the existing data.
In Sect. 3 we present results of the numerical analysis and
fits to the data. Conclusions and an outlook are given in
Sect. 4.

2 S- and P -wave photoproduction

In this paper we consider the unpolarized KK photopro-
duction reaction

γp → K+K−p , (1)

for incident photon laboratory energies Eγ of the order of a
few GeV. This is an optimum energy range for the S-wave
KK production. In this energy range the process is domi-
nated by pomeron exchange, leading to φ meson production
which becomes even more important as the photon energy
increases. However, t-channel processes, expected to be re-
sponsible for the S-wave production, decrease rapidly with
energy. The experimental evidence for the S–P interference
in the Eγ range between 2.8 and 6.7 GeV was presented
in [16–18]. The values of the S-wave photoproduction cross
sections found in these experimental analyses varied be-
tween 2.7 and 96 nb. In both cases, in the effective mass
range 1.00 GeV < MKK < 1.04 GeV, in the rest frame of
the KK system an asymmetry in the kaon polar angle dis-
tribution was observed. This can only be the case if there
are odd powers of cos θ in the angular distribution. For
low partial waves this implies the presence of both S- and
P -waves. This feature of the angular distribution is inde-
pendent of the magnetic-quantum number, i.e. the choice
of the quantization axis. Due to the empirical s-channel
helicity conservation, diffractive production is most natu-
rally analyzed in the s-channel helicity frame, which in our
case corresponds to the rest frame of the KK pair with the
z-axis anti-parallel to the direction of the recoiling nucleon.
In another reference frame, called the t-channel frame or
the Gottfried–Jackson frame, the z-axis is chosen along
the direction of the photon beam with the KK pair at
rest [19]. In both cases the y-axis is perpendicular to the
production plane.

As discussed in [20], in this energy range, the S-wave
production is expected to be dominated by vector ρ, ω and
pseudoscalar π, K t-channel exchanges.

As a function of the momentum transfer squared t, the
kaon pair invariant mass MKK and the K+ decay angles
Ω = (θ, φ) in the s-channel frame the photoproduction
amplitude restricted to S- and P -waves can be written as

Tλγλλ′(t, MKK , Ω) =
∑

L=S,P ;M

TL
λγλλ′M (t, MKK) Y L

M (Ω) .

(2)
Here λγ , λ and λ′ denote the photon, target proton and
recoil proton helicities, respectively, and Y L

M (Ω) are the
spherical harmonics. The corresponding four-momenta will
be denoted by q, p, p′, and k1 and k2 will be used for the
K+ and the K− momenta, respectively. The unpolarized
differential cross section is given by

dσ

dt dMKK dΩ

=
κf

32 (2π)3 m2
p E2

γ

1
4

∑
λγλλ′

|Tλγλλ′(t, MKK , Ω)|2 , (3)

where mp is the proton mass, mK is the kaon mass and κf =√
M2

KK

4 − m2
K is the kaon momentum in the rest system of

the KK pair. The S-wave amplitude TS and the P -wave
amplitude TP have been described in [20,21], respectively.
Here we will briefly summarize the basic properties of these
amplitudes. The S-wave KK production is parameterized
as a double t-channel exchange. In the upper meson vertex
we use a simple meson exchange and allow for an interaction
of the two produced mesons in the final state. The dominant
exchanges for the S-wave KK production are shown in
Fig. 1. At the nucleon vertex we use either normal or Regge
propagators of the exchanged vector mesons. The normal
propagator of the vector meson of the mass me is equal to
(t − m2

e)−1 and the Regge type propagator reads

−[1 − e−iπα(t)] Γ (1 − α(t)) (α′s)α(t)/(2sα0) , (4)
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Fig. 1. The amplitude for the S-wave KK production. The a
in the Born amplitude TB

j stands for π, K, ρ and ω mesons, the
b stands for ρ or ω mesons and mm denotes either a ππ or KK
pair. The oval represents the final state rescattering amplitude
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where we have the vector meson trajectory α(t) = α0 +
α′(t − m2

e), α0 = 1 and α′ = 0.9 GeV−2. The final state
interactions include the ππ and KK channels. Both interac-
tions can have a resonant character. This is important since
the S-wave in the mass region of interest, MKK ∼ 1 GeV,
is dominated by the f0(980) and a0(980) resonances. We
should notice that the K+K− system is an equal mixture
of the isospin 0 and isospin 1 states. The isoscalar f0(980)
resonance has a main branching to ππ and in addition
an important coupling to KK. The isovector a0(980) res-
onance lies also very close to the KK threshold so one
should take it into account in the calculations of the final
state interactions. The S-wave K+K− photoproduction
amplitude TS

f can therefore be written as

TS
λγλλ′ = ū(p′, λ′)JS

µ (p′, p, q, MKK)εµ(q, λγ)u(p, λ) (5)

and decomposed as TS
f = 1

2 [TS
f (I = 0)+TS

f (I = 1)]. Here ε

is the photon helicity four-vector and JS
µ is the S-wave pro-

jection of the appropriate current operator. As illustrated
in Fig. 1 each S-wave amplitude is a sum of products of
the Born amplitudes TB

j (I) describing the t-channel meson
or Regge exchanges and the final state interaction factors
Fjf (I):

TS
f (I) =

∑
j=ππ,KK

TB
j (I)Fjf (I) . (6)

If we restrict ourselves to the on-shell part of the final
state coupled channel interactions, represented by the 2×2
S-matrix elements SI

jf , then the factors Fjf (I) can be
written as

Fjf (I) =
1
2

(δjf + SI
jf )
√

κj

κf
, (7)

where κj =
√

M2
mm

4 − m2
j and Mmm is the effective mass of

the mm pion or kaon pair and mj is the pion or kaon mass.
The explicit forms of the S-wave Born amplitudes TB

j are
given in [20]. The magnitude of the off-shell part of the final
state interaction amplitude is much less certain than the
on-shell part as has been shown in [20]. Thus we prefer here
to use only the on-shell part of the amplitude and correct
it later by a constant modification factor. In comparison
with [20] we have added in these amplitudes a t-dependent
factor exp(BSt), where the parameter BS = 1.07 GeV−2

is responsible for a spatial dimension of the meson (kaon
or pion) coupled to the photon. In [20] the meson in the
upper vertex in Fig. 1 was treated as a point-like particle.
The isoscalar SI

jf -matrix elements can be expressed by the
scalar–isoscalar phase shifts δ and the inelasticity η in the
two channels ππ and KK:

SI=0
jf =

(
ηe2iδI=0

ππ i
√

1 − η2ei(δI=0
ππ +δI=0

KK
)

i
√

1 − η2ei(δI=0
ππ +δI=0

KK
) ηe2iδI=0

KK

)
.

(8)
These elements have been computed in [22] and here we use
the solution A, corresponding to the so-called “down-flat”
data of the phase shift analysis [23].

The I = 1 KK interaction near 1 GeV is very strongly
influenced by the a0(980) resonance which decays domi-
nantly into the πη. A coupled channel model including the
πη and KK states has been formulated in [24] and recently
compared to the existing data [25]. As a result one obtains
the KK scalar–isovector S-matrix elements SI=1

jf which
differ from the scalar–isoscalar S-matrix elements written
in (8). This new information has been incorporated into
calculations of the final state K+K− interactions.

The P -wave amplitudes corresponding to a given pro-
jection M of the K+K− angular momentum on the quan-
tization axis can be handled in a similar way as the S-wave,
i.e. we write

TP
λγλλ′M (9)

= ū(p′, λ′) JP
µM (p, p′, q, MKK) εµ(q, λγ) u(p, λ) ,

with JP
µM being the P -wave projection of the current. The

P -wave current is described in detail in [21]. In particular,
it is saturated by diffractive φ meson production,

Jµ =
i F (t)

M2
φ − M2

KK
− iMφΓφ

(10)

× [γνqν(k1 − k2)µ − qν(k1 − k2)νγµ] ,

where γµ are the Dirac matrices, and Mφ and Γφ are φ mass
and width, respectively. The Lorentz–Dirac structure of the
current is motivated by the Donnachie–Landshoff model
for the pomeron exchange which assumes vector coupling
of the pomeron to hadrons [26]. The two terms in (10) are
needed to preserve electromagnetic current conservation,
qµJµ = 0. One can show that qµJP

µM = 0 is satisfied inde-
pendently by each projection of the KK spin, M = ±1, 0.
Then in the phenomenological analysis of the data one
can separately modify different JP

µM components by mul-
tiplying them by constant factors. The function F (t) is a
phenomenological function which will be suitably param-
eterized to reproduce, at fixed energy, the t-dependence of
the observed φ photoproduction. Its analytical form will
be specified in the next section. We note, however, that this
model for the P -wave does not lead to significant suppres-
sion of the single helicity flip amplitude. In particular in
the high energy limit of s � 2Eγmp � |t| and s � MKK
the helicity non-flip, single-flip and double-flip amplitudes
with λγ = 1 behave as

T1λ′λ1 ∝ 2Nλ′λMKK ,

T1λ′λ0 ∝ Nλ′λ
√−2t , T1λ′λ−1 → O(1/s) , (11)

respectively. The proportionality constant Nλ′λ contains
the Breit–Wigner propagator of (10) and is finite as t′ =
t − tmin → 0. The diagonal elements of the matrix N are
finite and the off-diagonal ones, corresponding to nucleon
helicity flip, are O(1/s). Thus the only suppression of the
photon–meson coupling comes from the angular momen-
tum conservation factor t|λγ−M |/2, but it is otherwise finite
at high energy. The existing data on φ photoproduction sug-
gest that the helicity flip amplitude is of the order of 10% of
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the dominant, helicity non-flip one at photon energies below
10 GeV [18]. Thus, qualitatively the model has the correct
features, but the quantitative agreement may require ad-
justing the normalization and the phase of the helicity flip
amplitudes. This can be done by multiplication of these
amplitudes by a constant complex factor C10 exp(iφ10),
where C10 is a real positive number and φ10 is an additional
phase of the P -wave amplitude with M = 0. We will not
modify the phases of the dominant helicity non-flip ampli-
tudes; however, we do change slightly their moduli as well
as the moduli of small double helicity flip amplitudes to
keep the total P -wave cross section untouched. The phases
of the small double helicity flip amplitudes are the same as
the phases of the corresponding non-flip amplitudes. Sim-
ilarly, for the S-wave amplitudes we introduce a constant
modification factor equal to C00 exp(iφ00). It is assumed
that the parameters C10, φ10, C00 and φ00 do not depend
on the proton helicities λ nor λ′. The experimental data on
the angular distribution of the KK pair are given in terms
of the moments 〈Y L

M 〉 of the angular distribution evaluated
in the s-channel helicity frame,

〈Y L
M 〉 ≡

∫ t2

t1

dt

∫
dΩ Y L

M (Ω)
dσ

dt dMKK dΩ

= N
∫ ∫

dt dΩ
∑

λγλλ′
|Tλγλλ′ |2Y L

M (Ω) , (12)

where N takes into account the photon flux and the 1/4
factor standing before the sum in (3). The lowest moment
is normalized to the K+K− mass distribution integrated
over the momentum transfer squared range limited by t1
and t2:

〈Y 0
0〉 =

1√
4π

dσ

dMKK

. (13)

In terms of the S- and P -partial waves, the non-vanishing
moments are given by

〈Y 0
0〉 =

N√
4π
(|S|2 + |P 2

+| + |P 2
−| + |P 2

0 |) ,

〈Y 1
0〉 =

N√
4π

(SP ∗
0 + S∗P0) ,

〈Y 1
1〉 =

N√
4π
(
P+S∗ − SP ∗

−
)

,

〈Y 2
0〉 =

N√
4π

√
1
5
(
2P0P

∗
0 − P+P ∗

+ − P−P ∗
−
)

,

〈Y 2
1〉 =

N√
4π

√
3
5
(
P+P ∗

0 − P0P
∗
−
)

,

〈Y 2
2〉 =

N√
4π

√
6
5
(−P+P ∗

−
)

. (14)

Here S, P stand for TS and TP amplitudes, respectively,
and summation over photon and nucleon spin indices is
implicit, e.g.,

P+P ∗
0 =

∑
λγλλ′

TP
λγλλ′1 T ∗P

λγλλ′0 . (15)

The dominant P+- and P−-waves originating from M =
λγ = +1 and M = λγ = −1 helicity non-flip production
will manifest themselves in a large, positive 〈Y 0

0〉 and a large
negative 〈Y 2

0〉 near MKK = 1.02 GeV – the mass of the φ
resonance. This is indeed the dominant feature of the data
as shown in Figs. 3 and 4. Since |S|2 
 |P±|2 the S-wave is
not expected to be significant in the mass spectrum i.e. in
the 〈Y 0

0〉 moment. It will primarily contribute to the cos θ
asymmetry measured by the 〈Y 1

0〉 and the 〈Y 1
1〉 moments.

For diffractive P -wave production with equal phases of all
P amplitudes, it is expected that |〈Y 1

1〉| > |〈Y 1
0〉|, since

the latter describes the interference between the S- and
the helicity flip P0-wave which has a smaller magnitude
than the P+ one. The data suggest, however, that the two
moments are comparable with more structure actually seen
in the 〈Y 1

0〉 moment. This can only be possible if we allow a
well defined pattern of phases to occur in the three waves.
This justifies our choice of additional parameters as already
described above. In the following section we discuss the
results of fitting this model to the experimental data.

3 Numerical results

In the analysis of the S- and P -wave production we compare
the model described above to the t, MKK and the angular
distribution of theKK system at two photon energies,Eγ =
4 GeV [18] and Eγ = 5.65 GeV [16, 17]. The two photon
energies represent averages of the photon beam energies
used in the experiments performed at Daresbury and at
DESY, respectively. At first we discuss the momentum
transfer dependence of the cross section integrated over
the KK effective mass and the kaon emission angles.

3.1 Momentum transfer distributions
and integrated cross sections at Eγ = 4 GeV

At 4 GeV photon energy the comparison between the ex-
perimentally measured differential cross section dσ/dt and
the model cross section integrated over the KK mass
0.997 GeV < MKK < 1.042 GeV is shown in Fig. 2. For
this comparison, the t-dependent normalization F (t) in
the P -wave was chosen as

F (t) =
D1ebt

(1 − t/a)2
, (16)

where the normalization constant D1 has been adjusted
to reproduce the very forward value of dσ/dt (t0) =
1.852 µb/GeV2 at small argument, t0 = −0.0225 GeV2,
and the remaining parameters have been chosen as a =
0.7 GeV2 and b = 0.05 GeV−2. The value of dσ/dt (t0)
has been obtained from the experimental fits of Barber et
al. at low momentum transfers and in the energy range
between 3.4 and 4.8 GeV (see Fig. 7 of [18]). We took
dσ/dt = (2.13 ± 0.38) µb/GeV2 exp[ (6.2 ± 1.3) GeV−2 t]
and calculated its value at the minimum |t0| argument
corresponding to the KK effective mass 1.042 GeV, which
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Fig. 2. Differential cross section at Eγ = 4 GeV. The solid
line shows the model t-distribution for the φ photoproduction,
the dotted line is the P -wave contribution with M = 0 mul-
tiplied by the branching ratio of the φ decay into the K+K−

pair. The dashed line is the S-wave part of the K+K− cross
section calculated for normal ρ, ω propagators, while the dou-
ble dotted-dashed line corresponds to the Regge propagators.
Model parameters are given in Table 1. The data are from
Fig. 6b of [18]

Table 1. Fitted values of model parameters for Eγ = 4 GeV.
Units of A and B are µb/GeV and µb/GeV2, respectively

Normal propagators Regge propagators

φ00 122.3◦ +22.6◦
−21.5◦ 74.5◦ +29.7◦

−27.0◦

φ10 87.6◦ +9.9◦
−11.1◦ 86.8◦ +12.8◦

−23.1◦

C00 0.33 ± 0.16 0.72 +0.42
−0.43

C10 0.44 +0.16
−0.22 0.37 +0.18

−0.31

A 6.65 +0.22
−0.23 6.67 +0.22

−0.24

B 133.0 ± 11.9 133.1 ± 11.9
v10 (−12.2 +6.6

−6.7)×10−3 (−11.3 ± 6.5)×10−3

v11 (−2.0 ± 5.5)×10−3 (−1.2 +5.5
−5.6)×10−3

v20 (−7.8 +8.9
−9.0)×10−3 (−6.5 +8.9

−9.1)×10−3

was the upper limit studied in [18]. Then the constant D1
equals

D1 =
(

dσ/dt (t0) BR
Int

) 1
2

, (17)

where BR = 0.486 is the branching ratio for the φ decay
into K+K− used in [18] and

Int =
∫ M2

M1

dσP

dt dMKK

(D1 = 1, t0) dMKK , (18)

M1 being the lower effective mass limit 0.997 GeV and
M2 being the upper mass limit 1.042 GeV. In the above
equation the unnormalized double differential cross section
dσP /(dt dMKK) corresponds to the P -wave amplitudes
calculated at fixed t0. A variation of the t0 with the effec-
tive mass K+K− has been neglected in this narrow band
of MKK .

As expected, the t-distribution is dominated by the he-
licity non-flip P -wave. The P0-wave and the S-wave are
kinematically suppressed at low t and are two orders of mag-
nitude smaller than the dominant wave. After integration
over t in the range up to −t = 1.5 GeV2 the total φ photo-
production cross section equals 0.449 µb and is in very good
agreement with the measured value of (0.450 ± 0.019) µb
presented in Table 1 of [18] for the photon energy range be-
tween 2.8 and 4.8 GeV. The K+K− part of the integrated
P -wave cross section equals (0.218±0.039) µb. In the model
fits to the data, the decomposition of the total P -wave cross
section in its parts corresponding to M = 1, M = 0 and
M = −1 components depends to some extent on the con-
tribution of the S-wave cross section and in particular on
the choice of the type of propagators included in the S-
wave amplitude. For normal ρ, ω propagators the integrated
cross sections for the P0-wave and the S-wave are equal to
(6.4+5.5

−4.8) nb and (4.9+5.8
−3.6) nb, respectively. The correspond-

ing numbers for the Regge propagators are (4.7+5.7
−4.5) nb and

(4.3+6.6
−3.6) nb. The errors of the cross sections have been eval-

uated using the limits of the model parameters obtained
from the fitting program MINUIT [27]. These numbers are
smaller than our early estimates of the S-wave integrated
cross sections written in [20]. One reason of this change is
related to the presence of the S-wave form factor exp(BSt)
introduced in the previous section, and the second one
comes from the diminution of the S-wave modulus obtained
in the fitting procedure, which will be explained later.

3.2 Momentum transfer distributions
and integrated cross sections at Eγ = 5.65 GeV

The DESY data [17] have been taken at much lower mo-
mentum transfers than the Daresbury data [18]. The most
precise data of Behrend et al. lie within the range |t−tmin| <
0.2 GeV2. The average energy Eγ = 5.65 GeVcorresponds
to the photon energy range between 4.6 and 6.7 GeV. The
φ production differential cross section dσ/dt can be fitted
as dσ/dt = n exp(bt), where n = (2.40 ± 0.15) µb/GeV2

and b = (6.11±0.53) GeV−2 represents the average slope of
dσ/dt for the four upper energy bins given in Table 3 of [17].
Taking the appropriate t0 value equal to −0.0113 GeV2 we
calculate dσ/dt (t0) = 2.24 µb/ GeV2. Then we define the
simple form of the t-dependent normalization factor at
Eγ = 5.65 GeV

F (t) = D2 e
1
2 bt , (19)

and use once again (17) and (18) to find a new con-
stant D2, taking into account that the φ branching ra-
tio used in [17] was BR = 1/2.14, M1 = 1.01 GeV and
M2 = 1.03 GeV. The K+K− photoproduction cross sec-
tion at Eγ = 5.65 GeV integrated over |t| up to 0.2 GeV2
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Fig. 3. K+K− mass spectrum and moments of angular distribution in the helicity frame for an incident photon energy of 4 GeV.
Solid lines are results of model calculations for the normal ρ, ω propagators, while the dashed lines correspond to the Regge
propagators. The dotted line shows the background contribution to the mass spectrum, while the short dashed line represents
the S-wave part. The phenomenological parameters are given in Table 1. The data points are from [18]

is 120.5 nb. Its P0- and S-wave parts are (13.8+5.3
−4.7) nb and

(7.0+6.8
−4.4) nb for normal propagators and (14.0+5.3

−4.8) nb and
(6.8+6.6

−4.3) nb for Regge propagators, respectively. Let us no-
tice that the P0- and S-wave cross sections are comparable
and do not vary too much with energy, bearing in mind
rather large errors. The S-wave cross section at 5.65 GeV
is comparable in magnitude with the estimate of the upper
limit (2.7 ± 1.5) nb quoted in [16,17]. We finally note that
the total φ photoproduction cross section of (0.25±0.2) µb,
given in [16], corresponds to MKK integrated over the range
1.0 GeV to 1.024 GeV. When integrated in this mass range
our model gives 0.23 µb, in good agreement with the mea-
surement.

3.3 K+K− mass distributions and moments
at Eγ = 4 GeV

Next let us describe calculations of the K+K− differential
cross section integrated over a certain range of the momen-
tum transfer at fixed MKK mass. We first discuss the results
corresponding to Eγ = 4 GeV where the upper limit of −t
was 1.5 GeV2. In Fig. 3 we show the results of the simultane-
ous fit to the K+K− effective mass distribution dσ/dMKK
in the mass range 0.992 < MKK < 1.037 GeV and to the
moments 〈Y L

M 〉 at 0.997 GeV < MKK < 1.042 GeV. To
account for a possibly large ππ experimental background
in [18] we have introduced an additional linear term

dσb

dMKK

= A + B(MKK − Mav) , (20)

where A and B are free parameters and Mav = (M1+M2)/2
is the average KK effective mass in the range chosen above.
The parameters A and B will be fitted to the experimental
data. The background cross section integrated over the
mass range between M1 and M2 is equal to A(M2 − M1).
It is rather large, attaining a value of about 300 nb. Similarly
we have added the background terms to three moments:

〈Y 1
0〉b = v10

dσb

dMKK

, 〈Y 1
1〉b = v11

dσb

dMKK

,

〈Y 2
0〉b = v20

dσb

dMKK

, (21)

where v10, v11 and v20 are constants. The remaining two
moments 〈Y 2

1〉 and 〈Y 2
2〉 have not been corrected for back-

ground, since their experimental values fluctuate around
zero [18]. In the fits to the data a finite experimental resolu-
tion of the effective K+K− mass distribution was taken into
account by choosing the effective φ width equal to 5.6 MeV
according to the K+K− spectrum in Fig. 5 of [18]. The the-
oretical effective mass distribution and the moments have
been smeared over the mass interval ∆MKK = 5 MeV
equal to the mass bin size. Both effects lead to a broaden-
ing of the φ resonance spectrum and to a widening of the
structure of moments near the φ mass. The overall number
of free parameters in our fit is 9 (or 7 if v11 and v20 are set
to zero, which they are within errors). Table 1 presents the
values of fitted model parameters in cases of normal and
Regge propagators used in the S-wave amplitudes. The
total number of experimental data is 60. We see in Fig. 3
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that all the moments are well fitted including the moment
〈Y 1

0〉. One has the impression that the theoretical curve
corresponding to this moment has a slightly too small am-
plitude near 1.015 GeV, but the χ2 value for 10 data points
is good: equal to 8. The S-wave cross section is small, almost
invisible in comparison with the large peak corresponding
to the φ resonance and the very important background
which we attribute to an experimental misidentification of
the ππ events as KK events. In our fits of the moments
we have not assumed like in [18] that the nucleon non-flip
S-wave amplitudes vanish. In fact, they do not vanish and
become more important at higher values of t. Thus we have
included the moment 〈Y 1

1〉 in our analysis without making
the ad hoc assumption that it is zero from the beginning.
We see in Fig. 3 that 〈Y 1

1〉 is in general non-zero and has
some structure near 1.02 GeV related to the position of
the maximum of the dominant P -wave. The experimental
values of the moment 〈Y 2

1〉 are particularly small. In our
model this moment is also small due to the large phase dif-
ference φ10 between the P -wave amplitudes with M = 1
and M = 0. This phase is close to 90◦ as seen in Table 1.
The S-wave phase has also a large correction φ00, which
depends on the type of propagators used in the model. This
phase is smaller for the Regge propagators since they are
complex and vary with the momentum transfer. On the
average the Regge propagators add about 50◦ to the phase
of the S-wave. This increase is compensated by a decrease
of φ00.

Among the S-wave amplitudes, the proton spin non-
flip components are the most important ones, although
their dominance is not so strong as in the case of the P -
wave. This feature of the S-wave amplitudes is related to
an important contribution of the ρ exchange. The phase
difference between the S-wave proton spin non-flip and
the P0-wave proton spin non-flip amplitudes is larger than
90◦ for the MKK masses smaller than the φ mass and it
becomes smaller than 90◦ on the right hand side of the φ
resonance. This happens due to the rapid phase increase of
the resonant P0 amplitude. As a consequence of this phase
variation the moment 〈Y 1

0〉 has a minimum to the left of the
φ resonance position and the maximum to its right. Let us
stress here that only this moment has been analyzed in [18]
as a source of S–P -wave interference. We should remark,
however, that the moment 〈Y 1

1〉 also depends sensitively
on the S-wave amplitudes.

In addition to phases the fitting program provides us
with the values of the moduli C00 and C10. At 4 GeV both
factors are smaller than 1, so the integrated cross sections
for the S-wave and the P0-wave are reduced in magnitude
and their final numbers stay below 10 nb as already written.

3.4 K+K− mass distributions and moments
at Eγ = 5.65 GeV

We turn to a discussion of the angular momentum struc-
ture at the average photon energy 5.65 GeV. The authors
of [17] have presented in their Fig. 22 the so-called nor-
malized moments of the spherical harmonics 〈Y L

M 〉/〈Y 0
0〉

together with the unnormalized KK mass distribution rep-

resenting the numbers of events per 10 MeV bin. We have
attempted to make our own normalization of the above
data in order to obtain the functional dependence of the
moment 〈Y 0

0〉 which is equal to the differential cross section
dσ/dMKK divided by (4π)1/2. We have integrated the φ
production differential cross section dσ/dt parameterized
above as a simple exponential function in the −t range
up to 0.2 GeV2 obtaining the value of (0.258 ± 0.020) µb.
This value corresponds to the sum of 3927 ± 82 K+K−
events in the MKK range between 1.01 and 1.03 GeV. Tak-
ing into account the K+K− branching ratio reported as
1/2.14 in [17], we get the normalization constant equal
to (3.068 ± 0.245) · 10−5 µb/event. Knowing this constant
one can calculate the moment 〈Y 0

0〉 and consequently the
values of all other moments 〈Y L

M 〉 for L and M up to 2.
Then we have performed a common fit to dσ/dMKK and
5 moments 〈Y L

M 〉 for MKK between 1.005 and 1.045 GeV,
including fully the range of the φ(1020) resonance as well
as a part of MKK well above it. Here the width of the mass
bins was 10 MeV. Unfortunately the value of the mass dis-
tribution dσ/dMKK̄ corresponding to the extreme experi-
mental data point at 0.995 GeV was not given in [17], even
though the L �= 0 normalized moments were presented. For
this reason we were unable to include this bin in our fit.
The effective mass resolution reported in [17] was about
7 MeV and the effective φ width chosen in the analysis
done by [16] was 8 MeV. We included the finite mass res-
olution by smearing our theoretical mass spectrum and
moments over the 8.5 MeV range around each MKK value.
In the P -wave amplitudes the Breit–Wigner form of the φ
spectrum was used with the φ mass equal to 1.0194 GeV
and the width equal to 4.26 MeV. As at 4 GeV energy we
have introduced a linear background term in the effective
K+K− mass distribution and in the two moments:

〈Y 2
0〉b = β20(MKK − Mth) , 〈Y 2

1〉b = β21(MKK − Mth) ,
(22)

where β20 and β21 are parameters, and Mth is the threshold
mass of the KK system. Counting the four parameters in
the two complex factors C00 exp(iφ00) and C10 exp(iφ10)
which modify the S-wave and the P0-wave amplitudes, and
adding two background parameters A and B, we have alto-
gether eight parameters to be fitted to the data at 5.65 GeV.
The results of the fits are shown in Fig. 4 and the parame-
ters are written in Table 2. Contrary to the previous case
of Eγ = 4 GeV, the background cross section at 5.65 GeV
is much smaller, less than 5 nb. The shape of the KK mass
spectrum and the general behavior of the moments are well
described by the model perhaps except for the two points
of 〈Y 2

0〉 at 1.005 and 1.015 GeV. The values corresponding
to these data points are smaller than −0.45. Let us notice
that the lowest limit of 〈Y 2

0〉/〈Y 0
0〉 equals −1/

√
5 ≈ −0.45

if one assumes that only S- and P -waves participate in the
K+K− production process. Strictly speaking, this limit
corresponds to the case in which the amplitudes P+ dom-
inate near the position of the φ(1020) resonance. Any ad-
mixture of the P0-, P−- or S-waves must increase the value
of 〈Y 2

0〉/〈Y 0
0〉 above −1/

√
5. A uniform background contri-

bution would have the same effect. Thus, one is tempting to
explain the low experimental values at 1.005 and 1.015 GeV
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Fig. 4. K+K− mass distribution and normalized moments of the angular distribution in the helicity system for an incident
photon energy of 5.65 GeV. The solid lines are results of model calculations; the dashed line is the S-wave contribution to the
mass distribution. The phenomenological parameters are given in Table 3. The data points are from [17]

Table 2. The fitted values of model parameters for Eγ =
5.65 GeV. Units of A are µb/GeV and B, β20 and β21 are in
µb/GeV2

Normal propagators Regge propagators

φ00 106.0◦ +10.2◦
−16.2◦ 49.3◦ +10.1◦

−16.0◦

φ10 11.4◦ +17.3◦
−16.6◦ 13.0◦ +17.2◦

−16.7◦

C00 1.06 +0.43
−0.41 1.53 +0.61

−0.59

C10 1.59 +0.28
−0.30 1.60 +0.28

−0.30

A 0.23 +0.21
−0.31 0.24 +0.21

−0.29

B 7.14 +4.81
−4.80 7.22 +4.82

−4.80

β20 1.20 ± 0.45 1.19 ± 0.45
β21 −1.98 ± 0.45 −1.98 ± 0.45

by the presence of a background coming from higher waves,
like D- or F -waves. Interestingly, slightly above the φ(1020)
mass, there is a structure in the ratio of 〈Y 4

0〉/〈Y 0
0〉 mea-

sured in [17]. This structure can be attributed to a D-wave
or to interference of the P -wave with the F -wave. Both
cases are, however, physically rather improbable, because
near the KK threshold these waves should be strongly
suppressed, and we do not know any D or F resonances lo-
cated closely to 1 GeV. Let us also remark that the general
shape of 〈Y 2

0〉/〈Y 0
0〉 shown by the line in Fig. 4 is correct

near the KK threshold since the extreme experimental
point at 0.995 GeV lies above and not too far from the
curve. In Fig. 4 we do not show a line corresponding to
the small background to dσ/dMKK , since its magnitude is
very close to the S-wave contribution shown in this figure.

Table 3. Integrated cross sections in nb

Photon energy 4 GeV 5.65 GeV
S-wave propagator normal Regge normal Regge
sum of all P -waves 218.4 ± 39.5 120.5 ± 9.4
P0-wave 6.4+5.5

−4.8 4.7+5.7
−4.5 13.8+5.3

−4.7 14.0+5.3
−4.8

S-wave 4.9+5.8
−3.6 4.3+6.6

−3.6 7.0+6.8
−4.4 6.8+6.6

−4.3

background 299.4+10.0
−10.4 300.0+10.0

−10.7 4.5+4.3
−6.1 4.7+4.2

−5.8

|t|max 1.5 GeV2 0.2 GeV2

MKK range (0.997,1.042) GeV (1.01,1.03) GeV

Finally, in Table 3 we list the contributions of the in-
dividual waves to the KK photoproduction cross section
at the two energies studied.

3.5 Model predictions
at the energy upgraded Jefferson Laboratory

We have performed calculations of the K+K− mass spec-
trum and moments at Eγ = 8 GeV which will be a typical
energy of the planned upgrade of the CEBAF accelerator
operating at the Thomas Jefferson Laboratory. The results
presented in Fig. 5 can be directly compared with Fig. 3
corresponding to the much lower energy of 4 GeV. The cal-
culations have been performed for the ideal case in which
there is no background and no phenomenological adjust-
ment of the moduli and phases of the S- and P0-waves,
i.e., φ00 = φ10 = 0, C00 = C10 = 1. We have assumed that
the K+K− mass resolution is equal to 5 MeV. The param-
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Fig. 5. K+K− mass spectrum and moments of angular distribution in the helicity frame for incident photon energy 8 GeV.
Solid lines are results of model calculations for the normal ρ, ω propagators, while the dashed lines correspond to the Regge
propagators in the S-wave amplitudes

eters of the φ(1020) meson, like the mass, width and the
K+K− decay fraction, have been taken as 1019.456 MeV,
4.26 MeV and 0.492, respectively. The differential cross
section at low t was parameterized as dσ/dt = n exp(bt),
with n = 2.53 µb/GeV2 and b = 6.11 GeV−2. One can
notice that the application of Regge propagators in the
S-wave leads to smaller values of the S-wave cross section
and to smaller amplitudes of the moments 〈Y 1

0 〉 and 〈Y 1
1 〉

sensitive to the interference between the S- and P -waves.
Qualitatively we do not observe important differences in
the behavior of the unnormalized moments between the
photon energy of 5.65 and 8 GeV (let us recall here that
Fig. 4 shows the ratios of 〈Y L

M 〉/〈Y 0
0〉, not 〈Y L

M 〉).
The S-wave total cross sections integrated over the

MKK range between 1.01 and 1.03 GeV and in the |t|-
range from 0.0054 up to 0.2 GeV2 are equal to 6.9 nb and
3.0 nb for the normal and Regge propagators, respectively.
The P -wave cross section integrated in the same ranges
equals 141 nb while the corresponding P0-cross section is
equal to 6 nb.

4 Conclusions

In this paper we presented results of a theoretical analy-
sis of the data on photoproduction of the K+K− pairs in
the laboratory photon energy range Eγ between 2.8 and
6.7 GeV. In particular we mapped out the interference pat-
tern between the S- and the P -wave due to the presence
of the scalar f0(980), a0(980) and the vector φ(1020) res-
onances. In the analyses the S-wave was described by a

model based on the dominance of the t-channel exchange
process with the two-meson spectrum described in terms
of the coupled channel meson–meson scattering S-matrix.
The P -wave was described in terms of diffractive produc-
tion of the φ resonance decaying into the K+K− system.
The S-wave and the P -wave contain 4 and 12 independent
amplitudes respectively and we included them all, while
previous analyses made a severe truncation to a single
amplitude in each wave. We have shown that amplitudes
omitted in the analyses of [16, 18] corresponding to the
proton helicity non-flip are large and cannot be ignored.
In the previous analyses only the 〈Y10〉 moment was taken
into account and this led to a large variation in the esti-
mate of the S-wave photoproduction cross section, between
(2.7 ± 1.5) nb at Eγ = 5.65 GeV [16,17] and (96.2 ± 20) nb
at Eγ = 4 GeV [18]. In this paper we have considered all
six moments appearing in the model with S- and P -waves
which enabled us to isolate the S-wave production cross
section from that of an incoherent background. This led
to a significant, order of magnitude, reduction in the un-
certainty in the S-wave production and reduced the value
of the cross section at 4 GeV from 96 nb to approximately
5 nb, thus eliminating the discrepancy between the two
measurements (also suggested in [18]). Thus we have found
that the S-wave photoproduction cross section integrated
over the φ resonance region is between 4 and 7 nb for the
two photon energies 4 and 5.65 GeV. The cross section of
the photon helicity flip P0-wave, which interferes with the
S-wave is found to be somewhat larger than the S-wave
cross section, in the range between 5 and 14 nb. New more
precise measurements of the KK photoproduction with a
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simultaneous determination of the ππ cross section in the
ππ effective mass region near 1 GeV could provide new in-
sight into the still controversial nature of the scalar mesons
f0(980) and a0(980).
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