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Diffractive photoproduction of opposite-charge pseudoscalar meson pairs at high energies
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We calculate the cross section for diffractive photoproduction of opposite-charge pseudoscalar meson
pairs M�M� � ����, K�K�, D�D�, and B�B� in a broad range of center of mass energies relevant
for GlueX/Hall D, FOCUS, COMPASS, and HERA experiments. In the case of ���� production we find
that the interference of the �0 resonance and the two-pion continuum leads to a considerable deformation
of the shape of �0 in agreement with the data from the ZEUS Collaboration. We also discuss the spectral
shape of the �0 as a function of the momentum transfer and the contribution of higher partial waves to the
���� mass spectrum. We predict a sizeable energy-dependent forward-backward asymmetry in the
Gottfried-Jackson frame. For the heavy meson production we find that the cross section for diffractive
production increases much slower than the one for open charm or bottom production. We estimate the
cross sections for diffractive production of D�D� and B�B� pairs.
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I. INTRODUCTION

The mechanism of diffractive photoproduction of
charged pion pairs has been proposed long ago [1–6].
The model requires knowledge of the �N or KN cross
sections. Over the past 30 years a body of data from �N
andKN scattering has been collected (see for instance [7]).
In particular the ZEUS and H1 collaborations at HERA
have measured diffractive production of the �0 meson.
Most of the theoretical effort, however, concentrated on
the description of the total cross section in different per-
turbative QCD (pQCD) inspired approaches and not on the
description of the two-pion continuum invariant mass
distribution.

In real photoproduction, both the ZEUS and H1 collab-
orations observed a strong asymmetry in the two-pion
invariant mass spectrum around the peak position [8,9] of
the �0. In electroproduction the asymmetry seems to de-
crease with increasing photon virtuality [10], Q2 and mo-
mentum transfer t0 � jt� tminj [11]. One would expect,
whatever the nonresonant mechanism might be, that it will
also be present at small Q2 and small t0 and thus needed to
isolate the �0 production cross section.

The GlueX (Hall D) project at the Jefferson Lab will
study mesonic resonances focusing on gluonic excitations.
The diffractive production of charged meson continuum
may produce large backgrounds to the channels of interest.
Recently exotic JPC � 1�� candidates have been reported
by the E852 [12] and the Crystal Barrel [13] collabora-
tions. Candidates for the exotic states are rather broad
[12,13] and may indeed have a large component originat-
ing from production of the meson continuum production
[14,15].

Recently the FOCUS Collaboration at Fermilab found a
new state in the K� K� final state at 1.75 GeV [16] which
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may also require a good understanding of the K 	K, contin-
uum production.

In the present paper we study the ���� and K�K�

channels. In this case model ingredients are well con-
strained by the �N and KN data. The ���� invariant
mass distribution and possible�� � �� polar angle asym-
metries are presently being analyzed by the COMPASS
Collaboration [17]. We also compare the results of our
calculation with the experimental data at higher energies
from HERA and medium energy relevant for the future
GlueX/Hall D experiment at TJNAF.

The inclusive production of heavy charmed mesons in
electro- or photoproduction off proton is routinely used to
study the gluon distribution in the nucleon. The standard
QCD approach is based on the production of heavy
quark—heavy antiquark pairs at the parton level from
photon-gluon fusion followed by a fragmentation to heavy
flavored hadrons. The formalism which we present for
diffractive production of pairs of light charged mesons
also should be valid for the production of pairs of heavy
mesons, D�D� or even B�B�. This may be interesting in
the context of a deficit in the open b 	b production in photon-
proton [18] and photon-photon [19] collisions.

Recently the FOCUS Collaboration has analyzed the
azimuthal correlations between D 	D mesons [20]. It was
pointed out very recently [21] that heavy meson correla-
tions are very useful to study unintegrated gluon distribu-
tions in the nucleon. To the best of our knowledge, the
contribution of the diffractive mechanism, discussed here,
has not been estimated in this context. It also is interesting
to investigate how large the diffractive production of
B�B� pairs might be, compared to the standard pQCD
mechanism of b 	b production discussed above. In photo-
production, one would naively expect a relative enhance-
ment of the ratio of diffractive B�B� (charge 1) to the
-1  2005 The American Physical Society
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standard b 	b (charge 1=3) production as compared to the
ratio of the D�D� (charge 1) to the c 	c (charge 2=3)
production by a factor of 4 in the cross section. A better
understanding requires, however, more detailed insight
into the dynamics of the process. In the present paper we
shall present estimates of such contributions. In particular,
we discuss several aspects of the opposite-charge pseudo-
scalar continuum in photoproduction.

We note that a similar model has been recently applied
to describe �� and K 	K photoproduction in Ref. [22].

The continuum mechanism discussed in the present
paper has in fact a broad range of applicability. The origi-
nal application of the model was to �p! �p [23]. Soon
after the mechanism was used by Ascoli et al. [24] in a
detailed partial-wave analysis of the ��� production in
�p collisions. It was shown that the Deck mechanism can
complicate extraction of broad resonances. A good ex-
ample is the a1�1260� resonance in the �p! ��p reac-
tion [25,26] whose existence was finally established from �
decays.

II. MODEL OF THE CONTINUUM

The dominant mechanisms of diffractive production of
opposite-charge meson pairs are shown in Fig. 1. The
continuum production shown by the diagrams in Fig. 1(a)
and 1(b) is often a background to direct resonance (�0, �,
f2, etc.) production shown in diagram 1(c). We shall refer
to 1(a)–1(c) as the continuum and resonance contributions,
respectively. The zigzag line represents the pomeron and
subleading Reggeon exchanges. The cross section for dif-
fractive photoproduction of the opposite-charge meson
pairs, can be written as

d� � �2��4�4�q� p� p� � p� � p0�
d3p�

2!��2��
3

	
d3p�

2!��2��3
d3p0

2!0�2��3
	

1

flux
jM�p!M�M�pj2;

(1)

where for photoproduction, flux � 4
���������������������������������
�p 
 q�2 �m2

pq2
q

�

2�s�m2
p� and for a three-body reaction the amplitude
FIG. 1 (color online). Diffractive photoproduction of opposite-
charge meson pairs. The wavy line corresponds to the photon,
the zigzag line describes the pomeron and subleading Reggeon
exchanges; the lower lines are incoming and outgoing nucleons.
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�M� carries dimension of GeV�1. The unpolarized cross
section is a function of the following variables: the square
of the center of mass energy s � �q� p�2; the two-meson
invariant mass MMM, M2

MM � �k� � k��2; the four-
momentum transfer squared in the nucleon t �
�p� p0�2; and the polar and azimuthal angles � �
��;�� specifying the direction of momentum of one of
the two produced mesons in the the two-meson recoil
center of mass (RCM) system. The coordinates of the
RCM system are usually chosen such that the y axis is
perpendicular to the production plane determined by the
photon and the recoil nucleon momenta, and z is chosen
either in the direction of the photon momentum (in the
RCM system), which is then referred to as the Gottfried-
Jackson (GJ), or z is antiparallel to the recoiling nucleon
direction, which defines the so-called s-channel helicity
(SCH). At high-energy (s M2

MM; t) the cross section
takes a simple form

d��M2
MM; t; �; ��

dM2
MMdtd�

�
 

16�4

1

s2
jM�p!M�M�pj2; (2)

where  �
�����������������������
1� �2mMMMM

�2
q

is the magnitude of velocity of

each meson in the center of mass of the M�M� system.
The invariant amplitude for the 2 ! 3 continuum process
can be written in the Regge factorized form corresponding
to the diagrams in Fig. 1(a) and 1(b),

M�p!M�M�p
!�!!!0

�s; t; s�; t�; s�; t�� � V�M��!��
Fos�t��

t� �m2
M

	MM�p
!!0 �s�; t�

� V�M��!��
Fos�t��

t� �m2
M

	MM�p
!!0 �s�; t�: (3)

In the equation above s� and s� are the Mandelstam
variables for the M�p and M�p elastic scattering and t�
and t� are squares of momenta of the virtual mesons [t� �
�k� � q�2]. For pseudoscalar mesons, because q%��!� �

�1� � 0, the corresponding vertex functions read

V�M��!�� � �e�2k'��%'�!��: (4)

The matrix elements take a simple form in the Gottfried-
Jackson frame,

%�!� � �1� 
 k� � �
k���
2

p sin��GJ� exp��i�GJ�;

%�!� � �1� 
 k� � �
k���
2

p sin��GJ� exp��i�GJ�:

(5)

The denominators in Eq. (3) can be calculated in terms of
the canonical variables t, MMM, and cos� as

t� �m2
M � �2qk� � �

1

2
�M2

MM � t��1�  cos��: (6)
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For small invariant massesMM�M� of the two-meson state,
(in the case of light meson production) sufficiently large
overall s leads to large s� and s� in the relevant subpro-
cesses. At the high energies the invariant amplitudes for the
2 ! 2 quasielastic subprocesses can be written in the
simple but rather accurate form,

MM�p
!!0 �s�; t� � is��tot

M�p�s�� exp
�
B
2
t
�
�!!0 : (7)

The Kronecker �!!0 reflects explicit imposition of the
target nucleon helicity conservation, known to hold at
high energies. The total cross section for �p and Kp are
well known [7] and at high energies one can use the
Donnachie-Landshoff parametrizations [27]. For heavy
mesons an educated guess will be necessary. In general,
the heavier the mesons, the smaller the corresponding total
cross section. The factor Fos�t�� in Eq. (3) takes into
account the extended nature of the exchanged particle.
Since for the process considered there are two vertices
with an off-shell pseudoscalar meson, it is natural to write
the combined form factor in the factorized form:

Fos�t�� � Fhos
em �Q2; t�; mM� 
 Fcorr�t��; (8)

where the first factor is the half-off-shell electromagnetic
form factor from the upper vertex and the second one is a
form factor representing the middle vertices in diagrams
Fig. 1(a) and 1(b). The exact form of the form factors is not
known. In principle, a good quality data would help to find
the proper functional form.

Energy conservation imposes natural limits on energies
in different two-body subsystems

W� �
������
s�

p
<W �mM;

W� �
������
s�

p
<W �mM;

MMM <W �mp:

(9)

The amplitude given in Eq. (3) is not yet complete since it
does not satisfy electromagnetic current conservation. This
current is given by,

J' � 2e
�
k'�

Fos�t��

t� �m2
M

MM�p
!!0 �s�; t�

� k'�
Fos�t��

t� �m2
M

MM�p
!!0 �s�; t�

�
; (10)

so that the amplitude in Eq. (3) can be written as,

M �p!M�M�p
!�!!!0

� %'�!��J
'�s; t; s�; t�; s�; t��: (11)

Current conservation implies q'J' � 0 while from
Eq. (10) we find

q'J' � �4e�Fos�t��M
M�p
!!0 �s�; t�

� Fos�t��M
M�p
!!0 �s�; t��: (12)

The origin of current nonconservation is two-fold. It comes
054005
from the non-pointlike nature of the exchanged particles
which introduces the form factors, Fos � 1, and from the
difference in meson-nucleon scattering for the two charged
mesons. The later implies that electromagnetic charge
flows differently in M�p! M�p and M�p! M�p sub-
processes and since photon couples to all charge currents
there has to be a correction which reflects this difference.

Having identified the two sources which contribute to
the current we can unambiguously find the required cor-
rections. We want to separate the corrections to the current
which arise from interactions in the upper (meson) and
lower (baryon) vertices and therefore we define,

F� �
1

2
�Fos�t�� � Fos�t���; (13)

and

M� ��
1

2
�MM�p

!!0 �s�; t� �MM�p
!!0 �s�; t��: (14)

The current can be written as

J' � J'C � J'N � J'M; (15)

where

J'C � 2e
�

k'�
t� �m2

M

�
k'�

t� �m2
M

�
�F�M� � F�M��;

(16)

is a conserved current,

J'N � 2e
�

k'�
t� �m2

M

�
k'�

t� �m2
M

�
F�M� (17)

is nonconserved due to a difference between M�N and
M�N cross sections, and

J'M � 2e
�

k'�
t� �m2

M

�
k'�

t� �m2
M

�
F�M� (18)

is nonconserved due the extended structure of the ex-
changed meson. Now the additional contribution to the
current required by current conservation will depend on
meson variables for J'M and nucleon variables for J'N ,
respectively,

J'N ! J'N � �J'N (19)

with

�J'N � 2e
�p� p0�'

q�p� p0�
F�M�; (20)

and

J'M ! J'M � �J'N ; (21)

with
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�J'N � 2e
�k� � k��

'

q�k� � k��
F�M� � �4e

�k� � k��
'

t�M2
MM

F�M�:

(22)

The unphysical pole at t � M2
MM, Eq. (22) should be

eliminated by a zero in the F� form factor at the same
value of t.

In Fig. 2 we show the effect of these corrections on the
angular distribution for���� production calculated in the
GJ frame. The correction is generally very small, except
for the tips of the angular distributions.

In this example we have integrated over the invariant
mass rangeM�� � 0:45–0:95 GeV and over the kinemati-
cally accessible range of the momentum transfer t. It is
easy to check that the correction is negligible for the
invariant mass distribution.

In this paper we shall concentrate on the distributions in
MMM and cos�. Often one is interested in distributions in
the s-channel helicity frame and not in the Gottfried-
Jackson frame. From the definition of the two frames it
FIG. 2. Angular distribution of �� in the Gottfried-Jackson
frame. The dashed line is the contribution without corrections
restoring current conservation. The dotted line represents the
cross section associated with the corrections itself and the solid
line corresponds to the full, current conserving amplitude. In this
calculation we used the monopole off-shell form factor with
Mos � 1 GeV [see Eq. (36)].
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follows that the spherical angles in the GJ frame can be
expressed by those in the SCH frame
M�p!M�M�p

!�
�t;MMM; �GJ; �GJ�, with �GJ �

�GJ��SCH; �SCH� and �GJ � �GJ��SCH; �SCH� through a
rotation around the y axis by an angle �rot [28] which in
the high-energy limit is given by,

cos�rot �
M2
MM � t

M2
MM � t

: (23)

In Fig. 3 we compare angular distributions for the contin-
uum in the Gottfried-Jackson (left panel) and in the
s-channel helicity (right panel) frames. The shapes in
both frames are rather different. The effect of the rotation
was neglected in the early calculations.

In order for the Regge parametrization of the two-body
amplitudes to be reliable, for ���� production the ener-
giesW�; W� have to be at least larger than 2 GeV. This can
be fulfilled for center of mass energy W > 4 GeV, i.e.,
E� > 8 GeV. The future GlueX experiment at TJNAF is
therefore at the border of application of the present model.
III. RESULTS

The cross section for a three-body reaction depends on
five independent kinematical variables. For the reactions
considered it is customary to use MMM, t, �, and � and
calculate d��MMM; t;��=dMMMdtd�. The invariant mass
distribution is then obtained by integrating over the re-
maining variables

d�
dMMM

�
Z tmax�MMM�

tmin�MMM�
dtd�

d��MMM; t;��

dMMMdtd�
; (24)

where tmin and tmax are calculated from the three-body
kinematics (see for instance [29]).

A. Light meson pairs

Below M�� � 1 GeV the �0 meson dominates the two-
pion invariant mass spectrum. The amplitude for the reso-
nance is taken in the relativistic Breit-Wigner form. In our
simple approach the normalization constant at t � 0 is
fixed based on the vector meson dominance model. We
write the resonant three-body amplitude as,

M �!�0!����

!�!!!0
�s; t;M��; �;��

� Cconv
e
��

M�0p
!!0 �s; t�fBW�M���Y1;!���;��: (25)

Here we have introduced the amplitude for quasielastic
scattering of �0 meson off the proton

M �0p
!!0 �s; t� � is�tot

�0p
�s� exp

�B�pt
2

�
�!!0 : (26)

As for the continuum model the Kronecker �!!0 reflects
high-energy helicity conservation in the proton vertex. The
-4



FIG. 3. Angular distributions of �� from continuum amplitude in the Gottfried-Jackson (left panel) and in the s-channel helicity
(right panel) frames for four different energies: W � 5 GeV (solid lines), W � 10 GeV (dashed lines), W � 20 GeV (dotted lines),
and W � 70 GeV (dashed-dotted lines). In this calculation we used the monopole off-shell form factor with Mos � 1 GeV [see
Eq. (36)].
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factor Cconv is adjusted to reproduce the correct normal-
ization of the amplitude.

Different normalization of the reaction amplitudes are
used in the literature. Throughout the present paper we use
a popular in high-energy diffraction (see, e.g., [30]) nor-
malization, such that the angular distribution for the two-
body reaction is

d�
d�CM

�
1

64�2s

�pf
pi

�
jMfij

2; (27)

and the optical theorem at high energy reads

ImM�s; t � 0� � s�tot�s�: (28)

This fixes the Cconv factor in Eq. (25).
The factor fBW is the standard relativistic Breit-Wigner

propagator,

fBW�M��� �

�����������������������������
M0)�M���=�

p
M2

0 �M2
�� � iM0)�M���

; (29)

where )�M��� � )0��M
2
�� � 4m2

��=�M
2
0 � 4m2

���
3=2 and

it is normalized according to
R
jfBW�M���j

2dM2
�� � 1 if

)�M��� is replaced by the energy independent width )0.
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We take M0 � 768 MeV and )0 � 151 MeV and

�tot
�0p�s� �

1

2
��tot

��p�s� � �tot
��p�s��: (30)

As for the continuum model the total cross sections for
��p and ��p are taken from the Donnachie-Landshoff
parametrization [27]. In the present approach we assume
the same slope parameter for the resonance and continuum
contributions, B�p � B�p � B. Except for the off-shell
dependence determined by the form factors Fos our model
is essentially parameter free. We used different parametri-
zations of the form factor: the exponential form

Fos�t�� � exp
�
t� �m2

M

2+2
os

�
; (31)

and the monopole form

Fos�t�� �
M2

os �m2
M

M2
os � t�

: (32)

The form factor is normalized to unity at the on-shell point
t � m2

M. The exponential form is useful as the universal
parameter +os for different meson exchanges can be used.
In the monopole parametrization Mos >mM, i.e., different
cutoff parameters for different exchanges have to be used.
-5



FIG. 5. Same as in Fig. 4 but with rotation of continuum arguments.

FIG. 4. The spectrum of invariant mass M�� for W � 70 GeV for exponential and monopole off-shell form factor without rotation
of continuum arguments. The experimental results of the ZEUS Collaboration are from [8]. In this calculation B � 8 GeV�2.
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On the other hand the monopole form seems to be pre-
ferred, because at small virtualities vector dominance ap-
plies and in addition it produces a correct pQCD
dependence at large virtualities.

The off-shell form factor is the least known element of
our model. In Figs. 4 and 5 we present spectral shape
(resonance� continuum) for the two choices of form fac-
tors without and with rotation from SCH to GJ frame.
Somewhat better agreement is obtained without perform-
ing the extra rotation of arguments.

The spectral shape depends on the value of the form
factor parameter (+os � 0:5; 1:0; 2:0 GeV for the exponen-
tial form factor, andMos � 0:5; 1:0; 2:0 GeV for the mono-
pole form factor). For pion production very similar results
are obtained with exponential and monopole form factors
for +os � Mos. Therefore, having in view a possible uni-
versality of the exponential off-shell form factor parameter
+os, we shall use the exponential form factor in the follow-
ing. The experimental data from the ZEUS Collaboration
at DESY [8] are superimposed on the theoretical lines. In
the absence of other mechanisms the value of the off-shell
form factor could be obtained from the fit to the experi-
mental data. The coherent sum of the resonance and con-
FIG. 6. The spectrum of invariant massM�� forW � 70 GeV.
The experimental results of the ZEUS Collaboration are from
[8]. In this calculation B � 8 GeV�2. The standard resonance
contribution is shown as a reference (dashed line).

054005
tinuum (solid line) differs considerably from the standard
resonance shape which is shown in Fig. 6. The resonance
contribution alone (dashed line) gives a poor description of
the data. In particular, the position of the maximum is at
higher m�� then observed experimentally. These features
often have been ignored in the literature and only inte-
grated cross sections were used to compare with theoretical
calculations.

The H1 Collaboration also measured �0 photoproduc-
tion, but at a somewhat lower average energy, W �
55 GeV [9] compared to W � 70 GeV of ZEUS. The
results of H1 are consistent with those of ZUES. For
example the total �0 photoproduction cross section mea-
sured by H1 and ZEUS were ���p! �0p� �
9:1� 0:9�stat� � 2:5�syst� 'b and ���p! �0p� �
14:1� 0:4�stat� � 2:4�syst� 'b, respectively, and the
logarithmic slope of d�=dt was found to be b � 10:9�
2:4�stat� � 1:1�syst� GeV�1 and b � 9:9� 1:2�stat� �
1:4�syst� GeV�2, for H1 and ZEUS, respectively.

In order to have a better insight into the origins of the
line-shape modifications in Fig. 7 we show separately the
resonance and the continuum contributions in somewhat
FIG. 7. The decomposition of the spectrum of the ����

invariant mass M�� for W � 70 GeV. We show separately the
resonance (dashed line) and continuum (dotted line) cross sec-
tions. The solid line corresponds to a coherent sum of both
processes. In this calculation B � 8 GeV�2.
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:

FIG. 8. The contributions of individual partial waves to the
spectrum of invariant mass M�� for W � 70 GeV (excluding
resonance production). In this calculation B � 8 GeV�2.
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broader range of two-pion invariant mass. This figure
clearly demonstrates that it is mainly the interference effect
which deforms the spectral shape of the � meson.

In our approach the background is described by a physi-
cal process which has a strong two-pion invariant mass
dependence. Often in experimental analyses [8,10,11] (see
also [31]), this background is parametrized with a weak
�� mass dependence. We do not expect that our model
could describe the experimental spectra above M�� >
1 GeV, since there will be important contributions from
higher mass two-pion resonances, e.g., f2�1270�,
�3�1690�, ��1700�. The situation there may be therefore
rather complicated and we leave the corresponding analy-
sis for future investigations.

In order to further understand the large interference
effect of the continuum contribution with the P-wave
resonance we performed a decomposition of the continuum
amplitude into the partial-wave series in the GJ frame,

M �p!M�M�p
!�;!!!0

�t;M��; �;�� �

�
X
l;m

a
!�;!;!0

lm �t;M���Ylm��;��

(33)

The expansion coefficients can be calculated as

a
!�;!;!0

lm �t;M��� �
Z
Y�
lm��;��


M�p!M�M�p
!�;!!!0

�t;M��; �;��d�: (34)

In our model the expansion coefficients depend only on
!�; l; m, i.e.,

a
!�;!;!0

lm �t;M��� � a
!�
lm�t;M���: (35)

We find that in the case of the pseudoscalar production the
continuum contributes dominantly to the P wave, i.e.,
ja1mj  ja00j; ja2mj, etc., and ja�1

1�1j< ja�1
10 j< ja�1

1�1j,
and ja�1

1�1j> ja�1
10 j> ja�1

1�1j. This explains the large inter-
ference between the continuum and resonance production.
We also find a relatively large contribution of the F wave.
The individual contributions of l � 1 and l � 3 partial
wave are shown in Fig. 8.

Presence of the F wave is interesting in the context of
forward-backward asymmetry and the moment analysis
(see, e.g., [32]). These are usually discussed in terms of
the S- and P-wave interferences. Our analysis shows that in
principle one needs to include S; P;D, and F waves into
such an analysis even for relatively low invariant masses.

Let us try to understand this hierarchy of the partial-
wave amplitudes. The angular distribution originates from

M�p!M�M�p
!�

�t;MMM; �;�� / qMMiF �t� exp��i��

	 sin�A��;��; (36)

where we have defined a slowly changing function of � and
054005
�,

A ��;�� �
�M�p�s���;���Fos�t�����

1�  cos�

�
�M�p�s���;���Fos�t�����

1�  cos�
: (37)

It then becomes obvious that it is the function A��;��
which is responsible for generation of partial waves differ-
ent than l � 1. It is easy to show that if the numerators
were identical the S-wave amplitude would vanish. The
smooth energy dependence of the cross sections introduces
a small S-wave contribution. This small effect is slightly
dependent on the incident energy.

The large interference effect is specific to the photo-
production of P-wave resonances and the P-wave domi-
nated pseudoscalar meson continuum.

In Fig. 9 we discuss the evolution of the spectral shape
(asymmetry) as a function of the momentum transfer jtj.
While at low jtj the spectral asymmetry is reversed com-
pared to the standard resonant shape at large jtj, one
observes a restoration of the standard asymmetry expected
for the P-wave resonance. Such an effect was observed
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FIG. 10. ���� invariant mass distribution for energy of the
SLAC Bubble chamber experiment [33]. The dotted line is the
Deck contribution, the dashed line is the resonance contribution,
and the solid line is a coherent sum of the two.

FIG. 9. The spectrum of invariant mass M�� for W � 70 GeV
for different bins in t. The solid lines correspond to the results
without and the dashed line to the results with the rotation of
arguments of the continuum contribution. In this calculation B �
8 GeV�2 and exponential off-shell form factor with + � 1 GeV
has been used.
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experimentally in [11] and to the best of our knowledge the
dynamics of this effect has not been given before.

So far we have neglected the final state �� interaction.
This can be restored by modifying the continuum partial-
wave amplitudes,

~a
!�;!;!0

lm � a
!�;!;!0

lm cos���l exp�i���l �: (38)

Here ���l is the M��-dependent phase shift for �� scat-
tering in the lth partial wave. If only resonant final state
interaction effects are included the modified partial ampli-
tude of the continuum becomes,

~a
!�;!;!0

lm � a
!�;!;!0

lm

�
M2
�� �M2

0

M2
�� �M2

0 � iM0)

�
: (39)

Such a modified amplitude vanishes atM�� � M0. For l �
1 the final amplitude can be written as a sum of three terms:
the direct �0 production, free meson pair production, and
the resonance production via rescattering. The last two are
contained in Eq. (43) [or Eq. (42)]. We checked that
054005
rescattering from the continuum back to the resonance is
negligible.

Having confronted our model with the HERA data we
will apply it at somewhat lower energies and other photo-
production data. In Fig. 10 we present the comparison of
the model with photoproduction data for E� � 9:3 GeV
[33]. In Fig. 11 the photon energy is between E� �

20–70 GeV and the data comes from the measurements
performed at CERN by the OMEGA Collaboration [34].

A very good agreement is obtained at the energy of the
old SLAC experiment [33] in a broad range of the two-pion
invariant mass, far beyond the standard range of the �
resonance. In the Fig. 10 the resonance (dashed line) and
the continuum (dotted line) contributions are shown sepa-
rately. Although each of the contributions separately ex-
ceeds the SLAC data above M�� � 1 GeV, the coherent
sum (solid line) goes through the experimental data, leav-
ing essentially no room for other resonance contributions
like f2 for example. In Ref. [34] the experimental data was
presented as counts per interval of M��. In the present
paper they were normalized to the theoretical cross sec-
tions at the maximum.
-9



FIG. 12. The spectrum of invariant mass MK 	K . The experi-
mental results of the FOCUS Collaboration (without acceptance
corrections) are from [39]. The experimental data is not normal-
ized. In this calculation B � 6 GeV�2 and exponential off-shell
form factor with + � 0:5; 1:0; 2:0 GeV has been used.

FIG. 11. ���� invariant mass distribution for energies from the OMEGA-spectrometer Collaboration [34]. The dashed and solid
lines correspond to the rotation and omission of the rotation of arguments in the continuum amplitude.

ANTONI SZCZUREK AND ADAM P. SZCZEPANIAK PHYSICAL REVIEW D 71, 054005 (2005)

054005
The K�K� production is more sensitive to the choice of
the off-shell form factor. The spectrum of two-kaon invari-
ant mass is shown in Fig. 12 for exponential form factor
and +os � 0:5; 1:0; 2:0 GeV. Recent experimental data
from the FOCUS Collaboration are shown for comparison
[16]. Our model of diffractive production of kaonic pairs
gives a good description of the main trend of the data. A
direct comparison with the FOCUS data is, however, not
possible, because the experimental acceptance is known
only in very limited range of the phase space. The abso-
lutely normalized experimental invariant mass distribution
would help to better limit the only unknown parameter +os

(or Mos) of the off-shell form factor. The situation may be,
however, not so simple in light of recent experimental data
for �� collisions [35]. In principle, similarly as for the
���� invariant mass the interference of the K�K� con-
tinuum and the� resonance takes place. However, because
the � has a much smaller decay width than the �0 and is
situated very close to the K�K� threshold (where the
TABLE I. The theoretical cross section (in nb) for K�K� pair
production above � resonance in the mass range 1:05 GeV<
MKK < 2:0 GeV. The corresponding experimental cross section
is 160 nb� 8 nb�stat� � 35 nb�syst� [36]. In this calculation the
exponential off-shell form factor with Boff � 1 GeV�2 was
used.

photon energy B � 4 GeV�2 6 GeV�2 8 GeV�2

20 GeV (no cut) 460.3 323.8 248.2
36 GeV (no cut) 447.3 316.4 243.8
20 GeV 266.3 163.4 105.6
(jtj< 0:6 GeV2)
36 GeV 255.2 156.6 101.1
(jtj< 0:6 GeV2)
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continuum contribution is small), its importance for
MKK > 1:1 GeV is negligible.

The K 	K spectrum of the FOCUS Collaboration is not
normalized, in addition, the experimental acceptance is not
precisely known. A better estimate of the normalized inte-
grated cross section above � can be found in Aston et al.
[36]. There it is claimed that for m� <mKK < 2 GeV the
K 	K spectrum is compatible with sin2��� distribution. Since
the statistics of this experiment is rather poor in the follow-
ing we shall estimate only the integrated cross section. This
comparison is shown in Table I where we give the experi-
mental results without any cut as well as for a set of cuts
specified in Ref. [36]. We present results for different
values of the slope parameter. A quick inspection of the
table shows that our calculated cross sections are of very
similar magnitudes as the total cross section given in [36].
This means that our two-kaon continuum may indeed be
one of the main mechanisms for K 	K production in the
considered mass range. A more detailed comparison with
differential data is at present not possible.
FIG. 13. The angular distribution of charge pions in the SCH
frame for W � 70 GeV and M�� in the measured range. The
experimental results of the ZEUS Collaboration are from [8]. In
this calculation B � 8 GeV�2 and exponential off-shell form
factor with + � 1 GeV have been used. The solid line corre-
sponds to the calculation without rotation of arguments of the
continuum, whereas the dashed line corresponds to the calcu-
lation with the rotation.

054005
The angular distributions depend on the invariant mass.
Thus one studies angular distributions in bins of invariant
masses. The angular distribution is calculated from the
four-dimensional differential cross section as,

d�
dcos�

�
Z Mmax

Mmin

dMMM

Z tmax

tmin
dt

Z
d�

d��MMM; t;��

dMMMdtd�
:

(40)

In Fig. 13 we present angular distribution for the ZEUS
kinematics [8]. The angular distribution is almost propor-
tional to �sin��2. The continuum contribution only slightly
modifies the �sin��2 resonance distribution. The results
with or without rotation between the frames are almost
indistinguishable.

In Fig. 14 we present predictions for angular distribu-
tions for the GlueX experiment at TJNAF. The shape of the
distributions depends on the interval of the two-pion in-
variant mass. The effect of the rotation of the arguments of
the continuum is stronger for smaller invariant masses. We
predict a sizable asymmetry with, �� being preferentially
emitted in the forward (photon) direction.
FIG. 14. The angular distribution of �� in the SCH frame for
the GlueX energyW � 4 GeV. In this calculation B � 6 GeV�2

and exponential off-shell form factor with + � 1 GeV have
been used. The sold line corresponds to the case of no extra
rotation while the dashed line corresponds to the result with the
extra rotation.
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The function A��;�� in Eq. (36) is responsible not only
for generating higher partial waves but also for the
forward-backward asymmetry. In order to measure the
asymmetry we define the following quantity,

A�
�

FB ��� �
d��

�

dz ��� � d��
�

dz ���

d��
�

dz ��� � d��
�

dz ���
: (41)

By construction

d�
d�

����� �
d�
d�

��� ����; (42)

which means that the asymmetry must fulfill the symmetry
relations

A�
�

FB ��� � �A�
�

FB ���; A�
�

FB ��� � �A�
�

FB ��� ��: (43)

The asymmetry for �� is shown in Fig. 15 for four differ-
ent energies and for one bin in M��, 0:55 GeV<M�� <
0:95 GeV and jtj< 1 GeV2. We present separately the
asymmetry of the continuum contribution alone (panel
15(a)) and the asymmetry of the sum of the resonance
and continuum contributions (panel 15(b)). A sizable
asymmetry can be seen in the GJ frame (solid lines). In
general, the larger incident energy, the smaller the asym-
metry. The inclusion of the resonance contribution lowers
the asymmetry around z � 0.

For the GlueX experiment at TJNAF we predict the
asymmetry to be about 10% at the very forward and very
backward directions. Even atW � 70 GeV the asymmetry
is of the order of 1%. In our model the asymmetry is caused
by the different interaction of ��p and ��p (analogously
for K�p and K�p). This is caused by a different strength
of subleading Reggeons. The asymmetry disappears at
(a)

FIG. 15. Forward-backward asymmetry for �� for the continuum
function of cos� for four different energies: W � 4; 10; 20; 70 GeV.
dashed line to the continuum in the SCH frame. The kinematical cu
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large energy where the dynamics of elastic scattering is
governed exclusively by the pomeron exchange. The asym-
metry discussed above is an important test of the diffractive
mechanism. When transformed to the SCH frame the
asymmetry becomes rather negligible (dashed lines).
Even though the focus of the GlueX experiment is on
mesons in the mass range above �1:5 GeV in particular
on exotic excitations, the Deck effect may still be of large
significance. It would contribute to charge exchange 4�

�, 4~O� � and as well as 3� production. These are
channels where exotic mesons have been reported.

In Refs. [37,38] the observation of forward-backward
asymmetry of charged pions was proposed in order to pin
down the odderon exchange. These analyses were based on
the assumption that only resonant mechanisms plays a role.
The mechanism considered here was not taken into ac-
count. Our diffractive mechanism may mimic the
pomeron-odderon interference effects discussed in
Refs. [37,38]. A careful search for the odderon exchange
must therefore necessarily include the two-pion continuum
discussed in the present paper.

We expect that the diffractive production ofK�K� is the
dominant mechanism well above the � resonance. In
Fig. 16 we present angular distributions of K� in the GJ
recoil center of mass system for a typical FOCUS energy,
W � 10 GeV for different bins of MKK specified in the
figure.

As for the pion production we obtain asymmetric dis-
tributions with K� being preferentially emitted in the
forward hemisphere. The shape of the angular distribution
changes with MKK. The shape is very important when
studying resonances. For example, the FOCUS
Collaboration found difficulties in spin assignment of the
(b)

(panel a) and for the resonance� continuum (panel b) as the
The solid line corresponds to the continuum in the GJ, while the
ts are specified in the text.
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FIG. 16. The angular distribution of K� in the GJ frame for a
typical FOCUS energy W � 10 GeV. In this calculation B �
6 GeV�2.

FIG. 17. Forward-backward asymmetry for K� production in
the GJ frame as the function of cos� for four different energies:
W � 4; 10; 20; 70 GeV. The kinematical cuts are specified in the
text.
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X(1750) [39]. This may partially be due to the interference
of the resonance and the continuum. In general, the larger
the invariant mass, the more the cross section peaks at
forward/backward directions. This is related to the increase
in the number of active partial waves with the increasing
subsystem energy.

In Fig. 17 we present AFB for K� for four different
incident energies, 1:9 GeV<MKK < 2:1 GeV and jtj<
1 GeV2. We observe much larger asymmetries than for the
���� case. This is partially due to larger asymmetries in
K�p and K�p scattering than for the ��p and ��p
scattering.

In principle the K�K� asymmetry should be seen in the
data of the FOCUS Collaboration. The possible higher
mass resonance contributions are expected to lower the
asymmetry. A careful search for the asymmetry as a func-
tion of the two-kaon invariant mass would be very interest-
ing in searches for new states.

B. Heavy-meson pairs

In Fig. 18 we show invariant mass distributions of
diffractively produced pairs of D�D� for the average
energy of the FOCUS experiment [20].
FIG. 18. The spectrum of invariant mass MDD. The theoretical
results were obtained with B � 6 GeV�2 and exponential off-
shell form factor with parameters specified in the figure.
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FIG. 20. The energy dependence of the integrated cross section
for the diffractive photoproduction of D�D� (thick solid line)
with our estimate of the upper limit (+os � 2 GeV). For com-
parison we show the cross section for open charm and bottom
production (dashed-dotted line) and corresponding experimental
data. The details concerning the open heavy-flavor production
can be found in Ref. [40].

FIG. 19. The spectrum of invariant mass MBB. The theoretical
results were obtained with B � 6 GeV�2 and exponential off-
shell form factor with parameters specified in the figure.
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The averaging is not so important as the diffractive
contribution is only slowly dependent on the incident
energy. We show results for different values of the scale
parameter in the exponential off-shell form factor. The
absolute normalization strongly depends on the value of
the form factor mass parameter. This is due to the fact that
the intermediate meson D in Fig. 1 is far from its mass
shell. Our distributions peak at MDD � 4:5–5 GeV. In
principle, the FOCUS Collaboration could analyze their
data and try to construct the invariant mass distribution.
The expected statistics will be of course rather low, of the
order of 10–50 events.

The invariant mass distribution for the B�B� pair pro-
duction is shown in Fig. 19 for a typical HERA energy
W � 100 GeV. Here there is a dramatic effect on the value
of the form factor parameter. The distribution reaches its
maximum at rather high MBB. The smallness of the cross
sections precludes, however, studies of differential cross
section.

In Figs. 20 and 21 we show the energy dependence of the
integrated cross section for both DD and BB pair produc-
tion (thick solid line). For comparison we show the stan-
dard collinear-factorization results for open charm and
open bottom production [40] as well as the experimental
cross sections. As can be seen from the figure the diffrac-
tive cross section is much smaller than its counterpart for
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the standard photon-gluon fusion followed by
fragmentation.

In addition, the rise of the cross section with energy is
slower then for the photon-gluon fusion. Only close to the
kinematical threshold the diffractive component may con-
stitute a sizable fraction of the open heavy-flavor compo-
nent. Since in this case application of the meson-exchange
approach is less reliable than for the light pairs, an experi-
mental measurement would be very interesting and helpful
to discriminate between models. While for theD�D� pairs
this may be feasible, it will be hard to expect such an
analysis for the B�B� pairs, at least in a few year’s
perspective. We predict the fraction of diffractive-to-
nondiffractive events to be somewhat larger for bottom
than for charm mesons.

It should be noted that in our model the cross section for
production of heavy meson pairsD�D� or B�B� depends
on the total cross sections for Dp or Bp scattering. The
latter are not known experimentally. It is known that the
interaction of heavy quarkonia (Q 	Q) like J=1 or 2 with
nucleons or nuclear matter is much weaker than the corre-
-14



FIG. 21. Same as in Fig. 20 for B�B� production, (+os �
4 GeV).
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sponding interaction of �0 or even �. This can be ex-
plained by assuming that the wave function of two heavy
quarks has a small color dipole moment and therefore
suppressed strong interactions. This is not case for light
mesons nor for the heavy-light, Qq systems like D��c 	d�,
D�� 	cd�, B�� 	bu�, B��b 	u�. In this case the corresponding
dipoles are not small and one expects sizable hadron-
proton cross sections. Since our calculation for heavy
meson pairs diffractive production is subject to other un-
certainties (e.g., vertex form factors) we feel it is sufficient,
at least in the first approximation, to take �p cross sections
instead of unknown experimentally Dp or Bp cross sec-
tions in order to estimate the otherwise completely un-
known cross sections for heavy meson-pairs diffractive
photoproduction. We expect that the FOCUS
Collaboration could try to shed some light on this issue.

IV. CONCLUSIONS

We have presented a model of diffractive photoproduc-
tion of opposite-charge pseudoscalar mesons. The model
054005
should be valid at sufficiently high energies, down to
energies relevant at the future experiments in Hall D at
Jefferson Lab. The understanding of the two-meson con-
tinua is absolutely crucial when looking for new (exotic)
mesonic states in the two-meson channels. Our model
results seem to be consistent with the current experimental
data.

The interference of the two-pion continuum and the
resonant �0 contribution leads to a significant deformation
of the resonance peak, which is consistent with the experi-
mental data from the ZEUS Collaboration at HERA [8].
The effect of the continuum-resonance interference is often
completely neglected. We explain a change of the spectral
shape of the �0 bump with momentum transfer.

The diffractive mechanism of the K�K� production
leads to a broad bump in invariant mass distribution, above
the � meson position with the maximum at MKK �
1:4 GeV. Experimentally, except for the X�1750� men-
tioned earlier no clear resonances in the K�K� channel
have been seen in [16], e.g., even though states like a2, f2,
�3 are expected. A careful phase-shift analysis will be
required to separate them. Our model amplitude provides
a reasonably well controlled background for such studies.

We have found a forward-backward asymmetry in ��

and �� (similarly K� and K�) recoil center of mass
angular distributions. The new effect is due to different
interaction of different-charge mesons with the proton. The
effect disappears at large incident energies, where the
pomeron exchange is dominant. This asymmetry may be
very important in the context of recently proposed searches
for odderon exchange via forward-backward charge asym-
metry in the region of M�� � 1–2 GeV.

The cross sections for diffractive production of heavy
meson pairs were neither calculated nor measured in the
past. In the present paper we have presented estimates of
the corresponding cross sections. The cross sections ob-
tained in our analysis are, however, very small. Even a
measurement of integrated cross section for diffractive
D�D� pair photoproduction would be very useful for
testing the mechanism of diffractive production. Such
data would allow one to pin down off-shell effects for the
intermediate (exchanged) heavy meson.
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