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Polarization phenomena in open charm photoproduction processes
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We analyze polarization effects in the associative photoproduction of pseudoscalar (D̄c) charmed mesons in

exclusive processesg1N→Yc1D̄c , Yc5Lc
1 , Sc . Circularly polarized photons induce nonzero polarization

of the Yc hyperon withx andz components~in the reaction plane! and nonvanishing asymmetriesAx andAz

for polarized nucleon targets. These polarization observables can be predicted in a model-independent way for

the exclusiveD̄c-production processes in collinear kinematics. TheT-even components of theYc-polarization
and asymmetries for noncollinear kinematics can be calculated in the framework of an effective Lagrangian
approach. The depolarization coefficientsDab , characterizing the dependence of theYc polarization on the
nucleon polarization, are also calculated.
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I. INTRODUCTION

The experimental study of the photoproduction
charmed particles on nucleons through the exclusive and

clusive reactionsg1N→Yc1D̄c (D̄c* ), Yc5Lc(Sc), g

1N→N1Dc1D̄c , g1N→Lc(Lc)1X, etc., started abou
20 years ago @1,2# in the photon energy rangeEg
520–70 GeV. Since then, several experiments have b
devoted to this subject@3–6#, but up to now, the smalles
energy where data are available has beenEg520 GeV @3#,
which is still relatively far from threshold~for example,
Ethr58.7 GeV forg1p→Lc

11D̄0).
Charm particle photoproduction is usually interpreted

cording to the photon-gluon fusion~PGF! mechanismg

1G→c1 c̄ @7#, which can be considered as the simple
QCD hard process@called the leading order~LO! approxima-
tion#.

Considering the corresponding fragmentation functio
for c→Dc1X, c→Yc1X, c→D̄c1X, . . . , theobservables
for inclusive processes of charmed mesons and hype
photoproduction can be calculated. The existing experim
tal data on the total cross section for open charm photo
duction, g1N→charm1X, the relative production ofD0

and D1 mesons as well asLc
1 hyperons can be explaine

within this approach.
In principle, other mechanisms~of nonperturbative na-

ture! should also be taken into account, such as, for exam
the diffractive production ofDcD̄c or LcDc pairs, through
Pomeron exchange. Different hadronic exchanges can
contribute to the simplest exclusive processesg1N→Yc

1D̄c (D̄c* ) in the near-threshold region@8,9#. More experi-
mental and theoretical studies are certainly needed in o
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to clarify the physics of charm particle photoproduction.
Up to now, all charm photoproduction experiments ha

been done with unpolarized particles.1 Polarization phenom-
ena will be essential for the understanding of the react
mechanism, in particular of the importance of the main s

processg1G→c1 c̄. For example,T-even polarization ob-
servables such as theSB asymmetry@10#, induced by a lin-
early polarized photon beam, the asymmetries in collisio
of circularly polarized photons on polarized gluons@11#, and
the polarization of thec quark have relatively large absolut
values, in the framework of this model and can be actua
measured. The running COMPASS experiment@12#, with
longitudinally polarized muons and polarized targets (p or
LiD !, will access these polarization effects.

High-energy photon beams with a large degree of circu
polarization are actually available for physical experimen
Complementary to the linear polarized photon beams, t
allow one to address different interesting problems of had
electrodynamics. Circularly polarized photon beams can
obtained in different ways—for example, by backward sc
tering of a laser beam by high-energy electron beam w
longitudinal polarization. In JLab circularly polarized brem
strahlung photons were generated by polarized electr
@13,14#. The proton polarization in the process of deuter
photodisintegration,gW 1d→pW 1n @15#, was investigated to
test QCD applicability@16#, with respect to hadron helicity
conservation in high-energy photon-deuteron interactio
Coherent scattering of a longitudinally polarized electr
beam by a diamond crystal results in a very particular be
of circularly polarized photons@17#. In the COMPASS ex-
periment @12#, the high-energy longitudinally polarize
muon beam generates circularly polarized photons~real and
virtual! in a wide energy interval~50–130 GeV!.

The interest in a circularly polarized photon beam is

h-1We should mention here an earlier attempt@3# to study open
charm photoproduction with linearly polarized photons.
©2004 The American Physical Society15-1
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lated to the very actual question about how the proton spi
shared among its constituents@18–21#. The determination of
the gluon contributionDG to nucleon spin is the object o
different experiments with polarized beams and targ
@22,23#.

In particular, the production of charmed particles in t
collision of longitudinally polarized muons with a polarize
proton target will be investigated by the COMPASS Collab
ration. In the framework of the photon-gluon fusion mod
@7#, g* 1G→c1 c̄ (g* is a virtual photon!, the correspond-
ing asymmetry~for polarizedmp collisions! is related to the
polarized gluon content in the polarized protons@24–26#. As
a result of the future impact of such a result, it seems ne
sary to understand all other possible mechanisms which
contribute to inclusive charm photoproduction, such asg

1p→D̄01X, for example. One possible anda priori impor-
tant background, which can be investigated in detail, is
process of exclusive associative charm photoproduct
with pseudoscalar and vector charmed mesons in the
state,g1p→Yc1D̄c(D̄c* ). The mechanism of photon-gluo
fusion, which successfully describes the inclusive spectra
D andD* mesons at high photon energies, cannot be ea
applied to exclusive processes, at any energy. Threshold
siderations of such processes in terms of standard pertu
tive QCD have been applied only to the energy depende
of the cross section ofg1p→p1J/c @27#, as, in such ap-
proach, polarization phenomena cannot be calculated with
additional assumptions.

In this respect, the formalism of the effective Lagrangi
approach~ELA! seems very convenient for the calculation
the exclusive associative photoproduction of charmed p
ticles, such asg1N→Yc

1D̄c(D̄c* ) @8,9,28#, at least in the
near-threshold region. Such an approach is also widely u
in the analysis of various processes involving charmed p
ticles @29#, such as, for example,J/c suppression in high-
energy heavy ion collisions, in connection with quark-glu
plasma transitions@30#. We analyzed earlier different exclu
sive processes of associative charm particles photopro
tion, g1N→Yc

11D̄c(D̄c* ), in the threshold region, and in
dicated that polarization phenomena can be natur
predicted for those reactions. In this paper we extend
model to higher energies by including the mechanism ofDc*
exchange and apply the ELA to the collision of circular
polarized photons with an unpolarized and a polarized pro
target. We predict the angular and energy dependences o
asymmetries ingW 1NW →Yc

11D̄c processes and of the pola

izations of theYc
1 hyperons, produced ingW 1N→Yc

11D̄c

with circularly polarized photons~on a polarized target! and
in g1NW →Yc

11D̄c ~with unpolarized photons on a polarize
target!.

The exclusive reactionsg1N→Yc1D̄c (D̄c* ), which are
the object of this paper, are important not only as poss
background for experiments aiming at the measuremen
the gluon contribution to the nucleon spin, but these p
cesses have an intrinsic physical interest, in the underst
ing of charm particle electrodynamics. Let us mention so
important aspects:
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~i! the possibility to measure the electromagnetic proper
of charmed particles, such as the magnetic moments oYc
hyperons or the vectorD* meson;
~ii ! a test of SU~4! symmetry for the strongNDcYc-coupling
constants;
~iii ! determination of theP parity of charmed particles;
~iv! explanation of the asymmetric ratioD/D̄c , Lc/Lc in
open charm photoproduction reactions;
~v! understanding of nonperturbative mechanisms for as
ciative charm photoproduction.

The reactionsg1N→Yc1D̄c (D̄c* ) contribute to the to-
tal cross section, in particular in the near-threshold regi
similarly to the processes of vector meson production,K and
K* production inpN or NN collisions. For example, atEg

520 GeV, the associativeLcD̄c production contributes for
71% to the total cross section of open charm photoprod
tion @3#.

The paper is organized as follows. Using the stand
parametrization of the spin structure for the matrix elem
of g1N→Yc1D̄c processes, in Sec. II we calculate th
single- and double-spin polarization observables in terms
four scalar amplitudes. Sections III and IV contain a descr
tion of possible nonperturbative mechanisms for exclus
associative charm photoproduction and the relativistic
rametrization of the corresponding matrix elements. In S
V we give three sets of parameters, corresponding to th
possible models forg1p→Lc

11D̄0, which describe the en
ergy dependence of the total cross section. Polarization p
nomena for the three models are discussed in Sec. VI.
expressions for the scalar amplitudesf i , corresponding to
the different diagrams, are given in the Appendix.

II. POLARIZATION OBSERVABLES FOR g¿N\YC¿D̄C

We consider here different polarization observables
associativeYcD̄c photoproduction, starting from the simple
single-spin asymmetrySB , induced by photons with linea
polarization, to the depolarization coefficientsDab , which
describe the dependence of the polarization of the produ
Yc hyperon on the nucleon target polarization.

A. Spin structure of the matrix element and differential cross
section

We will use the standard parametrization@31# of the spin
structure for the amplitude of pseudoscalar meson photo
duction on the nucleon:

M~gN→YcD̄c!5x2
†@ isW •eW f 11sW •qŴ sW •kŴ3eW f 21 ieW•qŴ sW •kŴ f 3

1 isW •qŴ eW•qŴ f 4#x1 , ~1!

where kŴ and qŴ are the unit vectors along the thre
momentum ofg and D̄c ; f i , i 51 –4, are the scalar ampli
tudes, which are functions of two independent kinemati
variables, the square of the total energys and cosq, whereq

is the D̄c-meson production angle in the reaction center
5-2
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mass~c.m.! with respect to the direction of the incident ph
ton, andx1 and x2 are the two-component spinors of th
initial nucleon and the producedYc baryon.

Note that the pseudoscalar nature of theD̄c meson has no
been experimentally confirmed up to now; therefore, we f
low here the prescription of the quark model for theP pari-
ties of D̄c andYc-charm particles.

The differential cross section when all particles are un
larized can be derived from Eq.~1!:

ds

dV
5

q

k

~E11m!~E21M !

64p2s
N0

and

N05u f 1u21u f 2u222 cosq Ref 1f 2* 1sin2qH 1

2
~ u f 3u21u f 4u2!

1Re@ f 2f 3* 12~ f 11cosq f 3! f 4* #J , ~2!

whereE1(E2) andm(M ) are the energy and mass ofN(Yc),

respectively,k5AE1
22m2, andq5AE2

22M2.

B. Charm photoproduction with linearly polarized photons

A linearly polarized photon beam on an unpolarized p
ton target may induce a beam asymmetrySB defined as

SB5
ds' /dV2ds i /dV

ds' /dV1ds i /dV
, ~3!

with

N0SB52
sin2q

2
@ u f 3u21u f 4u212 Ref 2f 3*

12 Re~ f 11cosq f 3! f 4* #, ~4!

whereds' /dV and ds i /dV are the differential cross sec
tions for the absorption of photons with linear polarizatio
which is orthogonal or parallel to the reaction plane.

The measurement of this observable for the processegW

1N→Yc1D̄c is important as these reactions constitute
possible background with respect to PGF,gW 1G→c1 c̄. For
all these processes,SB is the simplest polarization observ
able of T-even nature which does not vanish in the LO a
proximation. Moreover, forgW 1G→c1 c̄, it has a large sen
sitivity to the mass of thec quark, as it is proportional tomc

2

and it does not depend on the fragmentation functionc

→Dc(Lc)1X. In this approach,SB(gW N→cc̄X) is deter-
mined by the unpolarized gluon distributionG(x), which is
relatively well known, in comparison with the polarize
gluon distributionDG(x). So, in principle,SB(gW N→cc̄X)
can be predicted with better precision than the asymm
Az(gW NW →cc̄X) ~in the collision of circularly polarized pho
tons with a longitudinally polarized target! which is actually
considered the most direct way to accessDG(x).
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High-energy photon beams with linear polarization can
obtained at SLAC and at CERN. In the conditions of t
COMPASS experiment, the scattering of muon
p(m,m8D̄c)X, allows one, in principle, to measureSB even
for Q2Þ0. For this aim, it is necessary to study thef de-
pendence of the corresponding exclusive cross section,
ing into account that the cos 2f contribution is proportional
to SB ~where f is the azimuthal angle ofD̄c production,
with respect to the muon scattering plane!.

C. Collisions of circularly polarized photons with a polarized
proton target

Circularly polarized photon beams allow one to obta
additional dynamical information in comparison with ph
tons with linear polarization, in hadronic processes~photo-
production or photodisintegration!. The difference between
linear and circular photon polarizations is due to theP-odd
nature of the photon helicity (l561), which is the natural
characteristic of circularly polarized photons. Therefore,
any binary processg1a→b1c (a, b, and c are hadrons
and/or nuclei!, with circularly polarized photons, the asym
metry, in the case of unpolarized targets, vanishes, due to
P invariance of the electromagnetic interactions of hadro
In contrast, linearly polarized photons generally induce n
zero asymmetry, even in the case of unpolarized targets
unpolarized final particles. Circular polarization manifests
self only in double-spin~or more! polarization phenomena
such as, for example, the correlation polarization coefficie

of photon beams and proton targets,gW 1 p̄→LW c
11D̄c

0 , or the

polarization of the finalLc hyperon in gW 1p→LW c
11D̄c

0 .
Analysis of these processes is the object of the present pa
Note that in both cases the components of the target po
ization and theLc

1 polarization lie in the reaction plane, du
to theP invariance. Note also that all these polarization o
servables areT even; i.e., they may not vanish even if th
amplitudes of the considered process are real function
kinematical variables.

Another possible double-spin correlation coefficient w
circularly polarized photons for the processgW 1p→Lc

1

1D* 0 is the vector polarization of theDc* meson. In this
connection, however, it is necessary to stress that the ve
polarization of Dc* cannot be measured through its mo
probable decaysDc* →Dc1p, Dc* →Dc1g, Dc* →Dc1e1

1e2, which are induced byP-invariant strong and electro
magnetic interactions. The matrix elements for these dec
are characterized by a single-spin structure, which is ins
sitive to the vector polarization.

For completeness, let us mention two recent applicati
of high-energy circularly polarized photon beams. One is
experimental verification of the Gerasimov-Drell-Hearn su
rule @32#, which is determined by an integral over the diffe
ence of the totalgW NW cross section, with two possible tota
spin projections 3/2 and 1/2. Such a quantitys3/22s1/2 can
be measured in collisions of circularly polarized photo
with a polarized nucleon target. Measurements are going
at MAMI for Eg,800 MeV @33# and at JLab@34#.
5-3



n
o

-

th
g

s

a
va
y
th
r

-
o

.

t

-

a
a

the
s
re,

on
l

the
lar

v-

r ki-
te

alar
r-

ns
nel

is

s,

,

in-
y
w-
ay

tio
-

ne

E. TOMASI-GUSTAFSSON AND M. P. REKALO PHYSICAL REVIEW D69, 094015 ~2004!
In the general case, any reactiongW 1pW→Yc1Dc
0(D̄c* )

~with circularly polarized photons and polarized target! is
described by two different asymmetries, so the depende
of the differential cross section on the polarization states
the colliding particles can be parametrized as follows2 ~tak-
ing into account theP invariance of the electromagnetic in
teraction of charmed particles!:

ds

dV
~gW pW !5S ds

dV D
0

~12lTxAx2lTzAz!, ~5!

wherel561 is the photon helicity,Tx andTz are the pos-
sible components of the proton polarizationTW, andAx and
Az are the two independent asymmetries. As a result of
T-even nature of these asymmetries, they are nonvanishin
the ELA, where the photoproduction amplitudesf i are real.
These asymmetries are nonzero also for hard QCD proce
such as PGF,g1G→c1 c̄, for collisions of polarized pho-
tons and gluons with definite helicities@11#.

After summing over theYc polarizations, one finds the
following expressions for the asymmetriesAx and Az in
terms of the scalar amplitudesf i :

AxN05sinq Re@2 f 1f 3* 1 f 2f 4* 1cosq~2 f 1f 4* 1 f 2f 3* !#,
~6!

AzN05Re@ u f 1u21u f 2u222 cosq f 1f 2*

1sin2q~ f 1f 4* 1 f 2f 3* !#. ~7!

Note thatAx vanishes atq500 and q5p. Moreover,Az
51 for q500 and q5p for any photon energy. This is
model-independent result, which follows from the conser
tion of helicity in collinear kinematics. It is correct for an
dynamics of the process; its physical meaning is that
collision of g andp with parallel spins cannot take place fo
the collinear regime~Fig. 1!. This result holds for any pro
cess of pseudoscalar and scalar meson photoproduction
nucleon target~if the final baryon has spin 1/2!. Such inde-
pendence of theP parity of produced mesons is important

For qÞ0 andqÞp the results forAx andAz are model
dependent. The models of photon-gluon fusion predic
value for theAz asymmetry for the inclusivegW 1pW →Dc

0

1X process<30%, atEg.50 GeV, depending on the as
sumptions on the polarized gluon distributionDG(x). There-
fore, even a 10% contribution of the exclusive processgW

1pW →Lc
11Dc

0 to the inclusiveD̄c cross section can induce
large correction to the photon-gluon fusion asymmetry,

2Note that we consider here only double-spin correlations,
glecting in particular theT-odd analyzing power, induced by thePy

component of the target polarization.

FIG. 1. Conservation of helicity ingW 1pW→Lc1D0 in the col-
linear regime.
09401
ce
f

e
in

ses

-

e

n a

a

t

forward angles. This should be taken into account in
extraction of DG from the asymmetry in the proces
gW 1pW →Dc

01X. Evidently the processes considered he
g1p→Yc1Dc

0, do not contribute to theDc
0 production in

the inclusive reactiongW 1NW →Dc
01X.

D. Lc polarization in g¢ ¿N\L¢ c¿D̄c

In a similar way it is possible to analyze the polarizati
properties of the finalLc

1 hyperon induced by the initia
circular polarization of the photon. Again, due to theP in-
variance of the electromagnetic hadron interaction, only
Px andPz components do not vanish. In terms of the sca
amplitudes f i , defined above, the components of theLc

1

polarization can be written as

PxN05l sinq Re@22 f 1f 2* 2 f 1f 3*

1cosq~2u f 2u21 f 2f 3* 2 f 1f 4* !1~2 cos2q21! f 2f 4* #,

PzN05l Re@ u f 1u22~122 cos2q!u f 2u222 cosq f 1f 2*

1sin2q~ f 1f 4* 2 f 2f 3* 22 cosq f 2f 4* !#. ~8!

Comparing Eqs.~6!, ~7!, and~8! one can see that the obser
ablesAx and Az , on one side, andPx and Pz , on another
side, are independent in the general case of noncollinea
nematics and contain different physical information. No
also thatPz51, in case of collinear kinematics (cosq51),
independently of the model chosen to describe the sc
amplitudesf i . This rigorous result follows from the conse
vation of the total helicity ing1p→Lc

1(Sc
1)1D̄c

0 , which
holds in collinear kinematics. It means that only collisio
with particles with antiparallel spins in the entrance chan
are allowed~see Fig. 1!; i.e., the finalLc hyperon is polar-
ized along the direction of the spin of the initial photon. Th
result holds for anyYc1D̄c final state independently of theP
parity of theNLcDc system.

At q500 or q5p, the observablePx vanishes. This fol-
lows from the axial symmetry of the collinear kinematic
where only one physical direction can be defined~along the
z axis!. In such kinematical conditions thex andy axes are
arbitrary; therefore,Px5Ax50. It is a very general result
also independent of the relativeP(NLcDc) parity. Again, in
noncollinear kinematics, the behavior ofPx and Pz can be
predicted only in the framework of a model.

The measurement of theLc
1 polarization can be done

similarly to the strangeL0 hyperon, becauseLc
1 , being the

lightest charm baryon, can decay only through the weak
teraction. However, theLc

1 hyperon decays through man
channels with different branching ratios and analyzing po
ers. Let us mention, for example, the two-particle dec
Lc

1→L01p1, which has a large decay asymmetryA
50.9860.19, but a relatively small branching ratioB(Lp)
5(9.062.8)31023. The semileptonicLc

1 decayLc
1→L0

1e11nc is characterized by a larger branching ra
B(Len)5(2.160.6)% with relatively large decay asymme
try ~in absolute value! A520.8220.007

10.11 @35#. Note that the

-

5-4
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POLARIZATION PHENOMENA IN OPEN CHARM . . . PHYSICAL REVIEW D69, 094015 ~2004!
possibility to measure theLc
1 polarization has been exper

mentally confirmed in hadronic collisions@36#.
It is not the case for theSc hyperon. Its main decaySc

→Lc1p is due to the strong interaction. So whereas theLc
1

is a self-analyzing particle, theSc hyperon is similar, in this
respect, to any baryon resonance, with strong or electrom
netic decays.

E. Depolarization coefficients

Let us consider for completeness other double-spin po
ization observables, the coefficients of polarization trans
Dab , from a polarized proton target to aLc hyperon, which
can be defined as

N0Dab5
1

2
Tr FsW •aWF †sW •bW .

The indexa (a5m,n,k) refers to the component of the pro
ton polarization, whereas the indexb (b5m,n,k) refers to
the component of theLc polarization. The unit vectorsmŴ , nŴ ,
and kŴ are defined as follows:kŴ5kW /ukW u, nŴ 5kW3qW /ukW3qW u,
mŴ 5nŴ 3kŴ .

Only five among these coefficients are nonzero~for unpo-
larized photons!:

N0Dmm5
sin2q

2
Re@~2 sin2q21!u f 4u22u f 3u2121 f 1f 4*

22 f 2f 3* 22 cosq~2 f 2f 4* 2 f 3f 4* !#,

N0Dnn52
sin2q

2
Re@ u f 3u21u f 4u2

12~ f 1f 4* 1 f 2f 3* 1cosq f 3f 4* !#,

N0Dkk52ReH u f 1u21~122 cos2q!u f 2u212 cosq f 1f 2*

1
sin2q

2
[ u f 3u21~2 cos2q21!u f 4u2

12~ f 2f 3* 2 f 1f 4* 1cosq~2 f 2f 4* 1 f 3f 4* !#J ,

N0Dmk5sinq Re@sin2q~cosqu f 4u21 f 3f 4* !12 f 1f 2*

1 f 1f 3* 1~122 cos2q! f 2f 4*

1cosq~22u f 2u21 f 1f 4* 2 f 2f 3* #,

N0Dkm5sinq Re@sin2q~cosqu f 4u21 f 3f 4* !

1cosq~ f 1f 4* 2 f 2f 3* !1 f 1f 3*

1~122 cos2q! f 2f 4* #. ~9!

Note thatDkmÞDmk , because the processg1N→Yc1D̄c is
asymmetrical with respect to initial and final baryons,
09401
g-

r-
r

these coefficients contain different information about the a
plitudes f i and therefore about the reaction mechanisms.

Comparing Eqs.~4! and ~9! one can see thatSB5Dnn .
This relation is valid in the general case for any kinemati
condition and any choice of reaction mechanism. In the c
of positive relativeP parity of theDc meson with respect to
the NLc system,P(NLcDc)511, we find, instead,SB5
2Dnn . Therefore we can writeSB52P(NLcDc)Dnn and
suggest another possible and model-independent metho
measureP(NLcDc) through a test of the relative sign o
these two observables.

III. DISCUSSION OF THE REACTION MECHANISMS

The charm particle photoproduction and electroprod
tion at high energy is usually interpreted in terms of photo
gluon fusion,g1G→c1 c̄ @Fig. 2~a!#. Near threshold, an-
other possible mechanism, based on the subprocessq1q̄

→G→c1 c̄ @Fig. 2~b!#, should also be taken into account,
was done forpN collisions@37#. In the case of the exclusive
reactionsg1N→Yc1D̄c (D̄c* ), Yc5Lc ,Sc , the mecha-

nism in Fig. 2~b! is equivalent to the exchange of ac̄q sys-
tem, in thet channel@Fig. 2~c!#. The importance of the an
nihilation mechanism has been investigated in@38# to
explain the forward charge asymmetry ingp collisions. The
mesonic equivalent of such exchange is the exchange
pseudoscalarD̄c and~or! vectorD̄c* mesons, in thet channel
of the considered reaction.

To move further, one has to take into account the symm
try property of electromagnetic hadronic interactions, such
conservation of the electromagnetic current. This makes
principal difference betweengN and pN production of
charmed particles. If in the case ofDc* exchange ing1N

→Yc1D̄c the corresponding matrix element is gauge inva
ant, for any kinematical conditions and any values of t
coupling constants, as a result of the magnetic dipole tra
tion in the vertexDc* →Dc1g, it is not the case for the
pseudoscalarDc

2 exchange in the reactiong1p→Sc
11

1D2, for example. TheDc
2 exchange alone cannot satis

the gauge invariance; therefore, other mechanisms have
added, such as baryonic exchanges ins andu channels~Fig.
3!.

Note that only the sum ofs, t, andu exchanges gives a
gauge-invariant total matrix element forg1N→Yc1D̄c .
More exactly this holds for pseudoscalar interactions in
vertex N→Yc1D̄c . In case of the pseudovector verte
which can also be considered, gauge invariance is ensure
an additional contribution of the so-called ‘‘catastrophi
~contact! diagram~Fig. 4!, which has a definite spin structur
and a known coupling constantgNYcD̄c

.3

Following the equivalence theorem, both these a

3Note, in this respect, that direct estimation of this contact con
bution to the cross section of the processg1p→Sc

111Dc
2 @39#

results in a too large cross section in the near-threshold region
contradiction with the experimental data@40#.
5-5
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proaches result in the same matrix element for the ‘‘electr
interaction, induced by the electric charges of the particip
ing hadrons. But the magnetic moments of the nucleons
the Yc hyperons produce different results for pseudosca
and pseudovector interactions, showing the relevance of
mass-shell effects in the considered model.

Of course, the magnetic moments of baryons cannot
late the gauge invariance for any numerical value and in
kinematical condition.

To take into account the virtuality of the exchanged ha
rons, in this approach, form factors~FFs! are introduced in
the pole diagrams. For baryonic exchange the correspon
FFs can be parametrized as@41#

FN~s!5
LN

4

LN
4 1~s2m2!2

, FY~u!5
LY

4

LY
41~u2M2!2

,

~10!

FIG. 2. Feynman diagrams for associative charm productio
gN collisions: ~a! the subprocess of photon-gluon fusion,g1G

→c1 c̄; ~b! the subprocess ofq1q̄ annihilation,q1q̄→c1 c̄; ~c!

t-channel exchange byD̄c andD̄c* for g1N→Yc1D̄c(D̄c* ).

FIG. 3. Baryon exchanges in thes channel~a! andu channel~b!

for the processg1N→Yc1D̄c .
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whereLN and LY are the corresponding cutoff paramete
s5(k1p1)2, u5(k2p2)2, k, p1 , and p2 are the four-
momenta of the photon, the nucleon, and the hyperon,
spectively, andm ~M! is the nucleon~hyperon! mass.

For mesonic exchanges, another expression of FF
taken:

FD~ t !5
L1g

2 2mD
2

L1g
2 2t

L1
22mD

2

L1
22t

,

FD* ~ t !5
L2g

2 2mD*
2

L2g
2 2t

L2
22mD*

2

L2
22t

, ~11!

wheret5(k2q)25(p12p2)2, mD (mD* ) is the mass of the
D (D* ) meson,L1,2g are the cutoff parameters for the ele
tromagnetic vertex,g1DV(DV* )→D, with virtual D(D* )
mesons, andL1,2 are the cutoff parameters for the stron
vertexN→Yc1DV(DV* ). All these FFs are normalized suc
that FN(s5m2)5FY(u5M2)5FD(t5mD

2 )5FD* (t5mD*
2 )

51.
Only for the magnetic contributions do these expressi

of FFs not destroy the gauge invariance of the total ma
element. Once these FFs, which are different for differ
diagrams, are introduced, the other contributions, induced
the electric charges of the particles, will be rearranged
such a way that the gauge invariance is strongly violat
The simplest way to restore the gauge invariance is to m
tiply the complete matrix element~for s1t1u contributions!
by a common factor@41#:

1

3
@FN~s!1FY~u!1FD~ t !#, for g1N→Yc1Dc

2 ,

1

2
@FN~s!1FY~u!#, for g1N→Yc1Dc

0.

Such a term is a function of both independent kinemati
variables; therefore, it cannot be rigorously called a fo
factor, which must be, in general, a function of one varia
only.

in

FIG. 4. The catastrophic diagram forg1N→D̄c1Yc for the

pseudovectorNYcD̄c interaction.
5-6
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These terms decrease essentially the differential cross
tions at large values ofutu or uuu and, therefore, the tota
cross section, especially in the near-threshold region.
role of FFs is essential for such an approach, as has b
proved in the analysis of vector meson or strange part
production inNN andDN collisions @42#. Particularly large
effects appear for the processes of open charm productio
exclusive reactions, such asN1N→Yc1D̄c1N @43,44#.
But polarization phenomena are, in principle, less sensi
to FFs. Moreover, in the limiting case ofs1u1t(Dc) con-
tributions ~without Dc* ) or only vectorDc* exchange, one
can see that polarization observables are independent o
phenomenological FFs, for any kinematics. Such models
generate onlyT-even polarization observables, such asSB
asymmetry, induced by linearly polarized photons, orAx,z
asymmetries, induced by the collision of circularly polariz
photons with a polarized proton target.

Summarizing this discussion, one can note that appl
tion of the ELA to exclusive charm meson photoproducti
is based on an analogy with standard calculations on l
mesons~pions, kaons, . . . !. In this respect, one can note a
approximative scaling of the masses of the exchanged
sons,mK /mp.mD /mK , which are important quantities o
the model. But in the case of charm meson exchan
t-channel poles occur far from the physical region of kin
matical variables, and the model cannot be justified by
kind of arguments. The basis of the ELA model is a defin
set of pole diagrams~in s, t, andu channels! with effective
coupling constants and phenomenological form factors. Tt
exchange give poles located nearer to the physical regio
comparison withs andu channels. The choice of an adequa
mechanism forg1N→Yc1D̄c is dictated by the gauge in
variance of the electromagnetic interaction and the SU~4!
symmetry~which can be violated!. In the absence of othe
theoretical approaches, the ELA appears as a powerful
for the predictions of the physical observables, as long as
number of unknown parameters is limited or can be e
mated from other sources.

IV. MATRIX ELEMENTS FOR g¿N\YC¿D̄C , YcÄLc ,Sc

Let us consider in detail the matrix elements for the re
tions ofg1N→Yc1D̄c , Yc5Lc ,Sc , considerings, u, and
t(D̄c1D̄c* ) contributions:

M5Ms1Mu1Mt~D !1Mt~D* !.

For the pseudoscalarND̄cYc vertex, the matrix element fo
one-nucleon exchange in thes channel,Ms , can be written
as follows:

Ms5
egNYcD

s2m2
ū~p2!g5~p1̂1 k̂1m!S QNê2kN

ê k̂

2m
D u~p1!,

~12!

wherekN is the anomalous magnetic moment of the nucle
gNYcD is the coupling constant for the vertexN→Yc1Dc ,
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andQN is the electric charge of the nucleon. We assume
Eq. ~12! ~and later on in this paper!, that the relativeP parity
of the ND̄cYc system is negative, in agreement with th
quark model. In principle, thisP parity can be experimen
tally determined@45#.

The other matrix elements can be written as

Mu5
egNYcDc

u2m2
ū~p2!S QYc

ê2kYc

ê k̂

2M
D

3~p2̂2 k̂1M !g5u~p1!, ~13!

Mt~Dc!5
egNYcD

t2mD
2

QDū~p2!g5u~p1!2e•q,

Mt~Dc* !5 i
egNYcD*

t2mD*
2

gD* Dg

mD*

emnabemknJa~k2q!b ,

~14!

whereQYc
and QD̄c

are the electric charges of theYc hy-

peron and of theD̄c meson, so thatQN5QYc
1QD̄c

, en is the

four-vector of photon polarization, andJa is the vector cur-
rent for the vertexN→Yc1Dc* :

Ja5ū~p2!Fga~11kYc
!2kYc

p1a1p2a

m1M Gu~p1!, ~15!

wheregNYcD* andkYc
gNYcD* are the vector~Dirac! and the

tensor ~Pauli! coupling constants for the vertexDc* N→Yc

and gD* Dg is the coupling constant for the vertexDc*
→Dcg. The corresponding widthG(Dc* →Dcg) in terms of
gD* Dg can be written as follows:

G~Dc* →Dcg!5
a

24
mD* S 12

mD
2

mD*
2 D 3

gD* Dg
2 ,

a5
e2

4p
.

1

137
.

From the experimental data aboutDc*
1 decays@35#,

G~Dc*
1!5~9664622! keV,

Br~Dc* →Dcg!5~1.6860.4260.49!%,

one can findugD* 1D1gu51.03. The sign of this constant can
not be determined from these data. The situation with
couplinggD* 0D0g is less definite. Having the largest branc
ing ratio Br(Dc*

0→Dc
0g).40%, only the upper limit is ex-

perimentally known for the total width of neutralD* 0:
G(Dc*

0)<2.1 MeV @35#: i.e., G(Dc*
0→Dc

0g)<840
keV—i.e., very far from the theoretical predictions@46#, with
G(Dc*

0→Dc
0g)>10 keV.
5-7
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The expressions for the scalar amplitudesf i , correspond-
ing to the different matrix elements, Eqs.~12!–~15!, are
given in the Appendix.

V. DISCUSSION OF THE RESULTS

The main ingredients of the considered model, which
ter in the numerical calculations of the different observab
for the exclusive processg1N→Yc1D̄c , are the strong and
electromagnetic coupling constants and the phenomeno
cal FFs.

A. Electromagnetic coupling constants

The electromagnetic characteristics of the charmed
ticles, such as the magnetic moments of theYc hyperon and
the gD* Dg coupling constants~transition magnetic mo-
ments!, are not well known. Only the width of the radiativ
decayDc*

1→Dc
11g has been directly measured, which a

lows one to derive the corresponding coupling const
gD* 1D1g but not its sign. The magnetic moments of t
charmed hyperons and the transition magnetic mom
gD* 0D0g are not experimentally known.

Based on previous experience with the theoretical
scription of the magnetic moments of strange hyperons
of the transition magnetic moments of the decaysV→P
1g ~with vectorV5r, v, f, K* and pseudoscalarP5p,
h, K light mesons!, one can assume that predictions fro
symmetry considerations may work in this region of hadr
electromagnetic interactions.

We will use different theoretical approaches to extrapol
these quantities to charm particle electrodynamics, in p
ticular to the magnetic moments ofYc and to the amplitude
of the radiative decayDc* →Dc1g. Quark models, SU~4!
symmetry, QCD dispersion sum rules, and effective ch
theories with heavy quarks can also give useful guideline

The dependence of some observables for the reactiog

1N→Yc1D̄c on the magnetic moments of the charm
baryons has been studied in@9#. Here, for all the calculations
we take themLc

1 value from@47#, but for theSc hyperons
we take the U~4! predictions@8#:

m~Sc
11!5

2

3
mp , m~Sc

1!50, m~Sc
0!52

2

3
mp .

B. Strong-coupling constants

We call strong-coupling constants those which invo
one nucleonic vertex:gNYcD̄c

, gNYcD̄
c*
, andkYc

, Yc5Lc , or

Sc . Six coupling constants enter in the calculation of t
different observables~three for g1N→Lc1D̄c and three
for g1N→Sc1D̄c) and of theirEg and cosq dependences
for all the possible exclusive reactions of associative cha
particle photoproduction,g1N→Yc1D̄c .

Note that the same coupling constants enter in the
scription of charmed particle production inpN collisions
p1N→Yc1D̄c , NN collisionsN1N→N1Yc1D̄c , and in
the interaction of charmed particles with nuclei in heavy i
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collisions,Dc1N→Yc1P(V), Yc1N→N1N1Dc , etc.
The lack of experimental data about these processes

not allow one to fix these coupling constants. Therefore
typical way to estimate these couplings is to rely on SU~4!
symmetry and connect the necessary coupling constants
the corresponding constants for strange particle producti

gNL(S)K , gNL(S)K* , kNL(S)K* , ~16!

taking into account that the strange quark is the heavies
the three light quarks (u,d,s), and the charmed quark is th
lightest of the three heavy quarks (c,b,t).

The coupling constants~16! for strange particles have
been estimated from several experiments in photoproduc
and electroproduction of strange particle on nucleonsg
1N→L(S)1K and e21N→e21L(S)1K @48#. How-
ever, different models predict different sets of constants~16!,
which can take values in a wide interval.

This gives, nevertheless, a starting point of our analy
applying SU~4! symmetry. We have also to keep in mind th
SU~4! symmetry can be strongly violated, at least at the sc
of the difference in the masses of charmed and strange
ticles ~induced by the difference in the masses ofc and s
quarks!.

C. Phenomenological form factors

In order to determine the form factors, one has to cho
a convenient analytical parametrization and then numer
values for the cutoff parametersLN , L1,2, andL1,2g . Gen-
erally one takes a monopole, dipole, or exponential dep
dence on the momentum transfer. One possibility is
choose as argument of these FFs the four-momentum tran
squared, but one can also take the three-momentum tran
as well. In this last case, the corresponding reference fra
has to be indicated.

The numerical values of the cutoff parameters can be
termined from the previous experience in the interpretat
of other photoproduction and hadroproduction processes
the framework of the ELA approach. In the present calcu
tions we use the parametrizations for the corresponding F
following Eqs.~10! and ~11!.

D. Three possible scenarios

Summarizing the previous discussion, one can concl
that SU~4! symmetry gives some guidelines to fix the nece
sary parameters of the calculation~strong-coupling constant
andYc magnetic moments!. Note that not only the absolut
values of these couplings are important in our consideratio
but also their relative signs, due to the strong interfere
effects between the different contributions. The relative sig
of s, u, andt(D) contributions to the matrix element of an
exclusive processg1N→Yc1D̄c are uniquely fixed by the
requirement of gauge invariance. But it is not the case for
relative sign of theD* contribution, so one must make som
assumptions, such as the validity of SU~6! symmetry. It is
important to stress that such a symmetry consideration
reliable for the prediction of relative signs, but not for th
absolute values of the considered couplings.
5-8
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Any fitting procedure induces a strong correlation b
tween the cutoff parameters and the strong-coupling c
stants. Therefore there is no unique solution, and we
consider three possible scenarios.

~i! The strong-coupling constants are fixed by SU~4! sym-
metry, using the corresponding values for the stran
coupling constants~16!, found in the analysis of experi
mental data@48# on associative strange particles pho
production and electroproduction. Only the cutoff para
eters are fixed on the charm photoproduction data.
assume, for simplicity,

L15L25L1g5L2g[L, LY5LN .

~ii ! We assume that SU~4! symmetry is strongly violated fo
the strong-coupling constants. So we take for the c
plings~16! some arbitrary values, far from SU~4! predic-
tions, and both cutoff parametersL and LN are deter-
mined from charm photoproduction data.

~iii ! We assume that SU~4! symmetry is violated only for the
N→Lc1D̄c* vertex, but for the couplingsg1 andg2 we
take the SU~6! values of the corresponding couplin
constants for the vertexN→L1K* . Again the param-
etersLN andL are fixed from charm photoproductio
data atEg520 GeV.

Taking into account the limited experimental data ab
charm particle photoproduction, one cannot do a rigorou
for all the parameters of the model.

The model can predict the energy behavior of the to
cross section forg* 1N→Yc1Dc ~for proton and neutron
targets!, for each of the three versions. Therefore we norm
ize the total cross section forg1p→Lc

11D̄c
0 , which is the

largest from all the exclusive reactionsg1p→Yc1D̄c , to
the measured cross section of open charm photoproductio
Eg520 GeV @3#, where it was found that about 70% of th
total cross section can be attributed tog1p→Lc

11D̄c
0 .

This condition constrains very strongly the parameters for
three versions of the model, as this reaction has the lar
cross section.

The parameters are reported in Table I. We use the
lowing notation:g15gNLcD* , g25gNLcD* .

Our procedure is not a real fit, as we take into acco
only the low-energy point; therefore, we do not give anyx2

estimates of the quality of the model in its three versions
Once the parameters have been fixed, Table I, one

predict all polarization observables not only forg1p→Lc
1

1D̄c
0 but also for any exclusive reactiong1N→Yc

11D̄c .
For the reactions withSc production, we take the following
coupling constants: gNScD̄c

54.5, g1(NScD̄c* )5

2g2(NScD̄c* )5225, which correspond to the values
gNSK and gNSK* , obtained from a fit to the experimenta
data about g1p→L(S0)1K1 and e1p→e1L(S0)
1K1 @48#. For the cutoff parameters we took the valu
LN50.8 andL52.4 GeV, as for model I.

The energy dependence of the total cross section for
six exclusive processesg1N→Yc1D̄c is very different in
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the entire photon energy range, Fig. 5. ForEg>40 GeV, the
predicted energy dependence of the total cross section
comes flat, up toEg5250 GeV. One can conclude that,
this energy range, the simplest exclusive photoproduction
actionsg1N→Yc

11D̄c contribute less than 10% to the tot
cross section of open charm photoproduction. This estim
tion does not contradict the existing experimental data an
in agreement with the measuredL/Lc asymmetry~in sign
and value!.

It is interesting to note that we have very large isotop
effects—i.e., a large difference in the absolute values
behavior for the different channels with different charges
the participating hadrons. This is an expected property of
ELA, because the relative values ofs-, u-, and t-channel
contributions are different for the different channels. No
that the largest cross section on the neutron target belong
the processg1n→Sc

01D̄0, theD2 production being essen
tially suppressed. Moreover, theD2 production is also smal
in the gp interactiong1p→Sc

111D2, in agreement with
the experiment@4#. The total cross section as a function
the photon energy, for the reactiong1p→Lc

11D̄0, is
shown in Fig. 6 for the three sets of parameters. After a
increase near threshold, the cross section is quite flat

TABLE I. Parameters for models I, II, III; see text. The cuto
parametersLN andL are expressed in GeV.

Model gNLcD g1 g2 LN L

I 211.5 223 257.5 0.8 2.4
II 22. 22.5 26. 1.6 3.4
III 22. 26. 222. 0.6 2.7

FIG. 5. Eg dependence of the total cross section for the pho
production of charmed particles for model I. The curves corresp

to different reactionsg1p→Lc
11D̄0 ~solid line!, g1p→Sc

11

1D2 ~dashed line!, g1p→Sc
11D̄0 ~dotted line!, g1n→Lc

1

1D2 ~dot-dashed line!, g1n→Sc
11D2 ~thick solid line!, g1n

→Sc
01D̄0 ~thick dashed line!. The data correspond to the tota

charm photoproduction cross section from@1# ~reverse triangle!, @4#
~square!, @6# ~asterisk!, @5# ~star!, @2# ~triangles!, @3# ~circle!.
5-9
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Eg.50 GeV and represents about 10% of the total cr
section. Estimations of associative charm photoproduc
cross sections, which have been done from experim
@3–5#, are reported as open symbols in Fig. 6.

E. Contribution to D̄c ÕDc asymmetries

Our aim here is to have a realistic view of the gene
characteristics of the different reaction channels, for cha
photoproduction, in a region which is accessible by exp
ments. A large antiparticle/particle asymmetry, not expla
able in terms of perturbative QCD~PQCD! models, has been
reported in the literature.

The observation of theD̄c
0/Dc

0 or Lc/Lc asymmetry in
gN collisions is important in order to test the validity of th
photon-gluon fusion mechanism. The discussed asymme
are defined as

A5
N~ c̄!2N~c!

N~ c̄!1N~c!
,

whereN(c) @N( c̄)# is the number of corresponding char
particles (D or Lc) containingc@ c̄# quarks.

Note that the exclusive photoproduction of open charm
the processesg1N→Yc1D̄c D̄c* will result in D̄0/D0 and
Lc/Lc asymmetry ingN collisions ~with unpolarized par-
ticles!, increasing theD̄c production and decreasing theLc
production. Such asymmetries have been experimentally
served@49#. For example, the FOCUS experiment found
asymmetry forLc/Lc production of .2(0.1460.02) at
Eg.180 GeV, demonstrating thatLc

1 production is more
probable thanLc @50#. At similar energies the E687 exper

FIG. 6. Eg-dependence of the total cross section for the reac

g1p→Lc
11D̄c

0 for model I ~solid line!, II ~dashed line! and III
~dotted line!. Solid symbols as in Fig. 5, open symbols are from@3#
~open circle!, from @4# ~open square!, and from@5# ~open star!.
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ment finds enhancement ofD̄c overDc production@51#. Very
large ~in absolute value! charm asymmetries have been o
served also atEg520 GeV at SLAC@3#. Note also that the
SELEX Collaboration presented results on theLc/Lc asym-
metries for different hadronic processesp, p2, S21N→
Lc

61X @52#. Similar results have been presented by the F
milab E791 Collaboration@53#. This is in contradiction with
the model of photon-gluon fusion, which predicts symmet
Lc-Lc yields and can be considered as an indication of
presence of other mechanisms. The exclusive processg

1N→Yc1D̄c discussed in this paper explain naturally su
a asymmetry.

F. Differential cross section and polarization observables

The prediction of the cosq dependence of (ds/dV)0 ,
SB , Ax , Az , Px , andPz , for the six processesg1N→Yc

1D̄c (Yc5Lc
1 , Sc) on proton and neutron targets is show

in Figs. 7 and 8, for model I, atEg515 GeV.
Note that, for any version of the considered model,

asymmetrySB is positive in the whole angular region, i
contradiction with the predictions of PGF@10# and in agree-
ment with the SLAC data@3#.

At the same energy, for the same reactions, with sim
notation, the depolarization coefficientsDab are shown in
Figs. 9 and 10.

Polarization effects are generally large~in absolute value!,
characterized by a strong cosq dependence, which result
from a coherent effect of all the considered pole contrib
tions. Large isotopic effects~i.e., the dependence on the ele
tric charges of the participating hadrons! are especially vis-
ible in the cosq distributions for all these observables.

The dependence of these observables on the version o
model, atEg515 GeV, for the reactiong1p→Lc

11D̄0 is
shown in Fig. 11. For the same reaction, the cosq depen-
dence of the individuals, u, and t(D* ) contributions to the
differential cross section and to the considered polariza
observables is shown in Fig. 12. This behavior is the sa
for any version of the considered model, the difference
pearing in the interference of the various contributions.

Figure 13 shows, for model I, the energy dependence
the integratedAz(Eg) asymmetry, for gW 1p→W Lc

11D̄0,
which is defined as

Az~Eg!5

E
21

11

N0Az~Eg ,cosq!d cosq

E
21

11

N0d cosq

.

This asymmetry is large near threshold, taking its maxim
valueAz511 at threshold. It decreases with energy, due
the fact that the cross section increases with energy and
flattens, whereas thet(D* ) contribution becomes more im
portant. The interference of thet(D* ) channel withs andu
channels essentially decreases theAz(Eg) asymmetry, out-
side collinear kinematics, whereAz(Eg)511 for all contri-
butions.

n
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For comparison, predictions for this observable in inc
sive charm photoproduction are also shown. These pre
tions have been done in the framework of the standard Q
approach, assuming the PGF model~Fig. 2!, calculating the

ratio of the elementary cross sections forg1G→c1 c̄
folded with the gluon distributions:

FIG. 7. Differential cross section and polarization observab

SB , Ax , Az , Px , andPz , for the reactionsg1p→Lc
11D̄c

0 ~solid

line!, g1p→Sc
111Dc

2 ~dashed line!, and g1p→Sc
11D̄c

0 ~dot-
ted line!, calculated for model I.

FIG. 8. Differential cross section and polarization observab
SB , Ax , Az , Px , andPz , for the reactionsg1n→Lc

11D2 ~solid

line!, g1n→Sc
11Dc

2 ~dashed line!, and g1n→Sc
01D̄c

0 ~dotted
line!, calculated for model I.
09401
-
ic-
D

AgN
cc̄ ~Eg!5

DsgN
cc̄

sgN
cc̄

5

E
0

1

dxDs~ ŝ!DG~x!

E
0

1

dxs~ ŝ!G~x!

5

E
4mc

2

2MEg
dŝDs~ ŝ!DG~x!

E
4mc

2

2MEg
dŝs~ ŝ!G~x!

, ~17!

s

s

FIG. 9. Depolarization coefficientsDab for the reactionsg1p

→Lc
11D̄c

0 ~solid line!, g1p→Sc
111Dc

2 ~dashed line!, and g

1p→Sc
11D̄c

0 ~dotted line!, calculated for model I.

FIG. 10. Depolarization coefficientsDab for the reactionsg
1n→Lc

11D2 ~solid line!, g1n→Sc
11D2 ~dashed line!, andg

1n→Sc
01D̄0 ~dotted line!, calculated for model I.
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whereG(x) @D(G)(x)# is the unpolarized@polarized# gluon
distribution in an unpolarized@polarized# proton, ŝ is the
square of the invariant mass of the photon-gluon system,
mc is the charm quark mass.

Several parametrizations exist for theG(x) and DG(x),
but if the unpolarized distributionG(x) is quite well con-
strained from the deep inelastic scattering~DIS! data and,

FIG. 11. cosq dependence of the differential cross sectio
beam asymmetrySB , and polarization observablesAx , Az , Px ,

andPz , for the reactiong1p→Lc
11D̄0 for models I~solid line!,

II ~dashed line!, and III ~dotted line!.

FIG. 12. cosq dependence of the different contributions to t
total amplitude for the differential cross section, the beam asym
try SB , and the polarization observablesAx , Az , Px , andPz , s
channel~solid line!, u channel~dashed line!, and D* t channel
~dotted line!. The first contribution givesSB50 andAz51, in the
entire kinematical range, becausef 3,s5 f 4,s50.
09401
nd

therefore, different calculations give similar results, the p
larized gluon distributionDG is poorly known. For illustra-
tion, G(x) and DG(x) taken from @24# ~dashed line! and
from @26# model B~dotted line! and model C~dashed-dotted
line! are shown in Fig. 13.

The predictions of the asymmetryAgN
cc̄ (Eg) strongly de-

pend on the choice ofDG(x). Moreover, the results are ver
sensitive to the lower limit of the integral—i.e., tomc . The
value of the charm quark mass~so called the current mass! is
known from studies of the charmonium properties@35#,
mc5(1.15–1.35) GeV, but for the gluon distribution, valu
of mc in the rangemc5(1.5–1.7) GeV are more often use
In the calculations we have assumed that the fitting par
eters for the functionsG(x) and DG(x) have a weakmc
dependence, and we have taken for all calculationsmc
51.5 GeV.

As a result of the large value ofAz(Eg), we can conclude
that the exclusive process of associative particle product
g1p→Lc

11D̄0, has to be taken into account as possib
background for the extraction of the polarized gluon dis
butionDG(x,Q2) from the measurement of theAz asymme-
try in the inclusive processgW 1NW →charm1X. The impor-
tance of exclusive processesg1p→Yc

11D̄c , D̄c* in the
estimation of the asymmetryAz in open charm photoproduc
tion has been mentioned earlier@54,55#.

VI. CONCLUSIONS

We calculated the differential and total cross sections
the exclusive processesg1N→Yc1D̄c . We also calculated
a set ofT- andP-even polarization observables, such as
SB asymmetry, induced by a linearly polarized photon be

,

e-

FIG. 13. IntegratedAz(Eg) asymmetry for the reaction

gW 1pW→Lc
11D̄c

0 for the ELA ~solid line!, for model I. Predictions

for the asymmetryAgN
cc̄ (Eg) for inclusive charm photoproduction

calculated with Eq.~17!, takingG(x) andDG(x) from @24# ~dashed
line!, from @26# model B ~dotted line!, and from @26# model C
~dash-dotted line!, are also shown.
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POLARIZATION PHENOMENA IN OPEN CHARM . . . PHYSICAL REVIEW D69, 094015 ~2004!
on an unpolarized nucleon target, the asymmetriesAx and
Az , in the collisions of circularly polarized photons with
polarized nucleon target, in the reaction~i.e., xz! plane, the
Px andPz components of theYc polarization, in collisions of
circularly polarized photons with an unpolarized target, a
the depolarization coefficients, from the polarized target
the final hyperon, with an unpolarized beam.

In the framework of the effective Lagrangian approac
we suggested a model for these processes on proton
neutron targets. The gauge invariance of the charm par
electromagnetic interaction drove our choice of specific p
diagrams. The necessary parameters of the model, suc
the magnetic moments of theYc hyperons and the strong
coupling constants~for the verticesN→Yc1D̄c and N

→Yc1D̄c* ), have been determined from SU~4! symmetry.
The phenomenological FFs, which are essential ingredi
in this approach, have been taken in such a way to cons
the gauge invariance of the model, for any value of the c
pling constants and cutoff parameters, and for any kinem
cal conditions.

The parameters of the suggested model, in particular
cutoff parameters for the meson and baryon exchanges,
fixed in order to reproduce the value of the total cross sec
for g1p→Lc

11D̄c
0 , at Eg520 GeV ~the smallest energy

where open charm photoproduction has been measured!.
The existing experimental information does not allow o

to fix uniquely the necessary parameters. Therefore, we
sidered three versions of the suggested model, with diffe
sets of coupling constants and cutoff parameters, which
reproduce the cross section atEg520 GeV.

We predicted the cosq dependence of different polariza
tion observables, which are, in principle, accessible now
the running COMPASS experiment, for example.

Large isotopic effects in the energy and cosq dependence
of all these polarization observables, as well as large po
ization effects~in absolute value!, are a general property o
the considered model.

Knowledge of the coupling constants and of the cut
parameters, which have been used in this work, enter also
any future calculations of the electroproduction of cha
particles,e21N→e21Yc1D̄c , and for the photoproduc
tion and electroproduction of charmed vector mesonsg

1N→D̄c* 1Yc , e21N→e21D* 1Yc . The same con-

stants enter also in the estimation of theYcD̄c associative
production in neutrino-nucleon collisions, induced by neut
and weak currents@56#, and for the processesp1N→N

1Yc1D̄c(D̄c* ) andN1N→N1Yc1D̄c(D̄c* ). All these dif-
ferent processes can be calculated in the framework of
ELA, in particular in the near-threshold region.

Contributing for about 10% to the total cross section
open charm photoproduction on nucleons~for 40<Eg

<250 GeV), the exclusive processg1p→Lc
11D̄c

0 has to
be considered an important background in the interpreta
of possible polarization effects ing1N→X1charm pro-
cesses. This refers especially to theAz asymmetry ingW 1NW
→X1charm, which is considered as the most direct way
measure the gluon contribution to the nucleon spin.
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The smooth behavior of the total cross section as a fu
tion of the energy, forg1p→Yc1D̄c , results from the
spin-1 nature of theD* exchange. If one takes into accou
the high-energy Regge behavior of this exchange, the en
dependence of the differential cross section is modified a

ds

dt
.S s

s0
D 2[aD* (t)21]

,

whereaD* (t) is theD* Regge trajectory, ands0 is a param-
eter which defines the scale.

Taking a linear parametrizationaD* (t)5a(0)1a8t, one
can find, for the total cross section,

s.S s

s0
D 2[a(0)21]Y lnS s

s0
D .

Taking an oversimplified assumption@57# a(0)5aK* (0)
50.35, one findss.s21.3. One should expect an even fast
decreasing of the cross section with energy, in the case
strong violation of SU~4! symmetry.
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APPENDIX

Here we give the expressions for the scalar amplitudesf i ,
i 51 –4:

f i5 f i ,s1 f i ,u1 f i ,t~D !1 f i ,t~D* !,

where the indicess, u, and t correspond tos-, u-, and
t-channel contributions.

s channel:

f 1,s5gNYcD

e

W1m FQN2~W2m!
kN

2mG ,
f 2,s5gNYcD

e

W1m F2QN2~W1m!
kN

2mG uqW u
E21M

,

f 3,s5 f 4,s50.

u channel:

f 1,u5e
gNYcD

u2M2

3H QYc
~W2M !2

kc

2M
@ t2mD

2 1~W2m!~W2M !#J ,
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f 2,u52e
gNYcD

u2M2

uqW u

E21M
H QYc

~W1M !

1
kc

2M
@ t2mD

2 1~W1m!~W1M !#J W2m

W1m
,

f 3,u5e
gNYcD

u2M2
uqW u

W2m

W1m
F2QYc

1kc

W1m

M
G ,

f 4,u5e
gNYcD

u2M2
~E22M !F22QYc

1kc

W2m

M
G ,

whereW25s, E25(s1M22mD
2 )/(2W).

t channel (D contribution!:

f 1,t~D !5 f 2,t~D !50,

f 3,t~D !522eQD

gNYcD

t2mD
2

uqW u
W2m

W1m
,

f 4,u~D !52eQD

gNYcD

t2mD
2

~E22M !.

t channel (D* contribution!:
l.

09401
f 1,t~D* !5
e

2
N~g11g2!@ t2mD

2 12~W2m!~W2M !#

1
g2

m1M
@2tW1mmD

2 22~m1M !~W2m!

3~W2M !#,

f 2,t~D* !5eN~g11g2!
W2m

W1m

uqW u
E21M

3H 1

2
@ t2mD

2 12~W1m!~W1M !#1
g2

m1M

3@ tW1mmD
2 22~m1M !~W1m!~W1M !#J ,

f 3,t~D* !52eNuqW u~W2m!Fg11g22g2

W1m

W2mG ,
f 4,t~D* !52eN~W2m!~E21M !Fg11g21g2

W2m

W1mG ,
with

N5
gD* Dg

~ t2mD*
2

!

1

mD*
.
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