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Polarization phenomena in open charm photoproduction processes
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We analyze polarization effects in the associative photoproduction of pseudo§@)la:+(armed mesons in
exclusive processeg+N—Y .+ 50, Y.=AJ, 3. Circularly polarized photons induce nonzero polarization
of the Y, hyperon withx andz componentgin the reaction planeand nonvanishing asymmetriet, and A,
for polarized nucleon targets. These polarization observables can be predicted in a model-independent way for
the exclusiveD .-production processes in collinear kinematics. Theven components of thé.-polarization
and asymmetries for noncollinear kinematics can be calculated in the framework of an effective Lagrangian
approach. The depolarization coefficiemg,, characterizing the dependence of tig polarization on the
nucleon polarization, are also calculated.
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[. INTRODUCTION to clarify the physics of charm particle photoproduction.
Up to now, all charm photoproduction experiments have
The experimental study of the photoproduction ofbeen done with unpolarized particfe®olarization phenom-
charmed particles on nucleons through the exclusive and irena will be essential for the understanding of the reaction
clusive reactionsy+N—Y +D, (5:), Y.=A(3.), y Mmechanism, in particular of the importance of the main sub-

+N—N+D.+ EC, y+ N—>AC(A_C)+X, etc., started about Processy+G—c+c. For exampleT-even polarization ob-
20 years ago[1,2] in the photon energy range, servables such as ti¥; asymmetry{10], induced by a lin-
=20-70 GeV. Since then, several experiments have beegarly polarized photon beam, the asymmetries in collisions
devoted to this subjedt3—6], but up to now, the smallest of circularly polarized photons on polarized gludid], and
energy where data are available has bEgr-20 GeV[3],  the polarization of the quark have relatively large absolute
which is still relatively far from thresholdfor example, values, in the framework of this model and can be actually
En=8.7 GeV fory+ pHA:+5°)_ measured. The running COMPASS experimgh2], with
Charm particle photoproduction is usually interpreted aclongitudinally polarized muons and polarized targepsar
cording to the photon-gluon fusioPGH mechanismy  LiD), will access these polarization effects. _
+G—c+c [7], which can be considered as the simplest High-energy photon beams with a large degree of circular

Dh lled the leadi .~ polarization are actually available for physical experiments.
QCD hard procesgealled the leading ord¢t.0) approxima Complementary to the linear polarized photon beams, they

tion}. I ddress different i ing problems of had
Considering the corresponding fragmentation functiond®'OW One to address difierent interesting problems of hadron
— electrodynamics. Circularly polarized photon beams can be
forc—=D:+X, c—=Y.+X, c—=D.+X, ..., theobservables

obtained in different ways—for example, by backward scat-
. rlgring of a laser beam by high-energy electron beam with
nI'ongitudinal polarization. In JLab circularly polarized brems-
0s'trahlung photons were generated by polarized electrons
[13,14. The proton polarization in the process of deuteron
photodisintegrationy+d—p-+n [15], was investigated to
test QCD applicability 16], with respect to hadron helicity

: conservation in high-energy photon-deuteron interactions.
ture) should also be taken into account, such as, for exampleCoherent scattering of a longitudi .

i ] ) — i g of a longitudinally polarized electron
the diffractive production oD:D or A D pairs, through  peam by a diamond crystal results in a very particular beam
Pom(_aron exchange_. Different had_ronlc exchanges can alsg circularly polarized photongl7]. In the COMPASS ex-
contribute to the simplest exclusive processesN—Y.  periment [12], the high-energy longitudinally polarized
+D. (D¥) in the near-threshold regid®,9]. More experi- muon beam generates circularly polarized phot@aal and
mental and theoretical studies are certainly needed in ordesirtual) in a wide energy interval50—130 GeV.

The interest in a circularly polarized photon beam is re-

tal data on the total cross section for open charm photopr
duction, y+N—charmt+ X, the relative production oD°
andD™ mesons as well a4 hyperons can be explained
within this approach.

In principle, other mechanism&®f nonperturbative na-
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lated to the very actual question about how the proton spin i) the possibility to measure the electromagnetic properties
shared among its constituents8—21]. The determination of of charmed particles, such as the magnetic momentg,of
the gluon contributiod G to nucleon spin is the object of hyperons or the vectdd* meson;

different experiments with polarized beams and targetgii) a test of SW4) symmetry for the stron§! DY .-coupling
[22,23. constants;

In particular, the production of charmed particles in the(iii) determination of thé® parity of charmed particles;
collision of longitudinally polarized muons with a polarized (jv) explanation of the asymmetric ratd/D., AJ/A. in
proton target will be investigated by the COMPASS Collabo-open charm photoproduction reactions;
ration. In the framework of the photon-gluon fusion model(v) understanding of nonperturbative mechanisms for asso-
[7], ¥* + G—c+c (y* is a virtual photol the correspond- ciative charm photoproduction.
ing asymmetry(for polarizedup collisions is related to the The reactionsy+N— Y.+ D, (D¥) contribute to the to-
polarized gluon content in the polarized prot924-26. As  tal cross section, in particular in the near-threshold region,
a result of the future impact of such a result, it seems necessimilarly to the processes of vector meson productioand
sary to understand all other possible mechanisms which cag* production inN or NN collisions. For example, d,
contrib_ute to inclusive charm photoproduction, suchsas  _5q GeV, the associativACSC production contributes for
+p—D%+X, for example. One possible amadpriori impor- 719 to the total cross section of open charm photoproduc-
tant background, which can be investigated in detail, is thejon [3].
process of exclusive associative charm photoproduction, The paper is organized as follows. Using the standard
with pseudoscalar and vector charmed mesons in the finglarametrization of the spin structure for the matrix element

state,y+p— Y.+ D(Dg). The mechanism of photon-gluon of »+N—Y,+D, processes, in Sec. Il we calculate the

fusion, which successfully describes the inclusive spectra ofingle- and double-spin polarization observables in terms of

D andD* mesons at high photon energies, cannot be easilfour scalar amplitudes. Sections Il and IV contain a descrip-

applied to exclusive processes, at any energy. Threshold cofion of possible nonperturbative mechanisms for exclusive

siderations of such processes in terms of standard perturbassociative charm photoproduction and the relativistic pa-

tive QCD have been applied only to the energy dependenc@ametrization of the corresponding matrix elements. In Sec.

of the cross section of+p—p+J/¢ [27], as, in such ap- V we give three sets of parameters, corresponding to three

proach, polarization phenomena cannot be calculated Witho‘ﬁossible models foy+p— A +D°, which describe the en-

additional assumptions. _ ___ergy dependence of the total cross section. Polarization phe-
In this respect, the formalism of the effective Lagrangian,omena for the three models are discussed in Sec. VI. The

approachHELA) seems very convenient for the calculation of expressions for the scalar amplitudgs corresponding to

the exclusive associative_phgtoproduction of charmed parg, o gifferent diagrams, are given in the Appendix.

ticles, such asy+N— Y D(D¥) [8,9,28, at least in the

near-threshol_d region. Such an apprqach is also widely useql_ POLARIZATION OBSERVABLES FOR y+N—Yc+Dg

in the analysis of various processes involving charmed par-

ticles [29], such as, for examplel/¢ suppression in high- We consider here different polarization observables for

energy heavy ion collisions, in connection with quark-gluongssociativey.D,, photoproduction, starting from the simplest

plasma transition§30]. We analyzed earlier different exclu- single-spin asymmetr¥.g, induced by photons with linear

sive processes of_asiociative charm particles photoprodu&darizaﬁon' to the depolarization coefficiers,,, which

tion, y+N—Y +D¢(D%), in the threshold region, and in- describe the dependence of the polarization of the produced

dicated that polarization phenomena can be naturallyy, hyperon on the nucleon target polarization.

predicted for those reactions. In this paper we extend this

model to higher energies by including the_meChan'Sj@pf A. Spin structure of the matrix element and differential cross

exchange and apply the ELA to the collision of circularly section

polarized photons with an unpolarized and a polarized proton

target. We predict the angular and energy dependences of th(ta W(ta Wi”f usg]the St"’l‘,’t"d;rd ?aramgtrizatliM] of the Shpi'?
asymmetries iny+N— Y + D, processes and of the polar- 5 o ore 'of fhe ampitide of pseudoscalar meson photopro-

o N . b= duction on the nucleon:

izations of theY. hyperons, produced iy+N—Y_ +D,

with circularly polarized photonén a polarized targgtand

in y+ N—>Y§ + D, (with unpolarized photons on a polarized

target. _ | _ +iG-G6-Afalxs, &)
The exclusive reactiong+N—Y.+D. (D%), which are

the object of this paper, are important not only as possible > 5 .

background for experiments aiming at the measurement Ovyhere k and q are_the urut vectors along the thre-e-

the gluon contribution to the nucleon spin, but these promomentum ofy andD; f;, i=1-4, are the scalar ampli-

cesses have an intrinsic physical interest, in the understanéddes, which are functions of two independent kinematical

ing of charm particle electrodynamics. Let us mention some/ariables, the square of the total enesgpynd cos, where

important aspects: is the D.-meson production angle in the reaction center of

M(YN—Y Do) = xIiG-6f,+ G- Go-Kx &f y+ i6-Go- K
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mass(c.m, with respect to the direction of the incident pho-  High-energy photon beams with linear polarization can be

ton, andy, and y, are the two-component spinors of the obtained at SLAC and at CERN. In the conditions of the

initial nucleon and the produced; baryon. COMPASS experiment, the scattering of muons,
Note that the pseudoscalar nature of lhemeson has not  p(u,u’'D¢)X, allows one, in principle, to measuby; even

been experimentally confirmed up to now; therefore, we fol-for Q2+ 0. For this aim, it is necessary to study thede-

low here the prescription of the quark model for fAgari-  pendence of the corresponding exclusive cross section, tak-

ties of Bc andY_-charm particles. ing into account that the cogi2contribution is proportional
The differential cross section when all particles are unpoto Xz (where ¢ is the azimuthal angle ob. production,
larized can be derived from E¢l): with respect to the muon scattering plane

do g (Ex+m)(Ep+ M)

dQ  k 6472s 0 C. Collisions of circularly polarized photons with a polarized
proton target

and Circularly polarized photon beams allow one to obtain
1 additional dynamical information in comparison with pho-
No=|f1|?+|f,|?>—2 cosd Reflf’2‘+sin2ﬁ{_(|f3|2+|f4|2) tons with linear polarization, in hadronic procesgpkoto-
2 production or photodisintegratianThe difference between
linear and circular photon polarizations is due to Bredd
+Re f,f5+2(f,+ cosﬁfs)fj]J, (20 nature of the photon helicity\(= = 1), which is the natural
characteristic of circularly polarized photons. Therefore, in
any binary procesy+a—b+c (a, b, andc are hadrons

whereE,(E,) andm(M) are the energy and mass{Yc), and/or nucle), with circularly polarized photons, the asym-

: _ 2 2 _ 2 2 . . .
respectivelyk= VE7;—m?, andq= VE;—M~. metry, in the case of unpolarized targets, vanishes, due to the
P invariance of the electromagnetic interactions of hadrons.
B. Charm photoproduction with linearly polarized photons In contrast, linearly polarized photons generally induce non-

zero asymmetry, even in the case of unpolarized targets and
unpolarized final particles. Circular polarization manifests it-
self only in double-spirfor more polarization phenomena,

A linearly polarized photon beam on an unpolarized pro-
ton target may induce a beam asymmeiry defined as

do, /dQ—do)/dQ such as, for example, the correlation poIaEization coefficients
8 do, 1dQ+doy/dQ’ @ of photon beams and proton targegs; p— A} + D2, or the
_ polarization of the finalA. hyperon iny+p—A_+D?.
with Analysis of these processes is the object of the present paper.
Sir29 Note that in both cases the components of the target polar-
NoSg=— T[|f3|2+|f4|2+2 Ref,f% ization and the\ [ polarization lie in the reaction plane, due
to the P invariance. Note also that all these polarization ob-
+2 Re(f,+cosdf ) %], (4) servables ard even; i.e., they may not vanish even if the

amplitudes of the considered process are real functions of

wheredo, /dQ) anddo/dQ are the differential cross sec- kinematical variables. _ _ o _
tions for the absorption of photons with linear polarization, ~Another possible double-spin correlation coefficient with

which is orthogonal or parallel to the reaction plane. circularly polarized photons for the proce§s+ p—AJ

The measurement of this observable for the procegses +D*? is the vector polarization of th®¥ meson. In this
+N—Y.+D, is important as these reactions constitute aconnection, however, it is necessary to stress that the vector

possible background with respect to PGR; G—c-+c. For polarization of D} cannot be measured through its most
] . * * * +
all these processed, is the simplest polarization observ- Probable decay®c —D¢+m, D¢ —Dc+y, Dc—Dc+e

able of T-even nature which does not vanish in the LO ap-1€ » which are induced by-invariant strong and electro-
L - —. magnetic interactions. The matrix elements for these decays
proximation. Moreover, foy+G—c+c, it has a large sen-

sitivit_y to the mass of the quark, as it is propqrtional tcr_lg 2irt(iavghtgr?r$ ée\igggrbgofazlznag:gns_pm structure, which is insen
and it does not depend on the ffagme“ti“o” functions For completeness, let us mention two recent applications
—Dc(Ac)+X. In this approachXg(yN—ccX) is deter-  of high-energy circularly polarized photon beams. One is the
mined by the unpolarized gluon distributi@(x), which is  experimental verification of the Gerasimov-Drell-Hearn sum
relatively well known, in comparison with the polarized rule [32], which is determined by an integral over the differ-
gluon distributionAG(x). So, in principle Xg(yN—ccX)  ence of the totalyN cross section, with two possible total
can kze prEdicted with better precision than the asymmetrgpin projections 3/2 and 1/2. Such a quantity,— o1, can
A,(yN—ccX) (in the collision of circularly polarized pho- be measured in collisions of circularly polarized photons
tons with a longitudinally polarized targewhich is actually — with a polarized nucleon target. Measurements are going on
considered the most direct way to acc&ss(x). at MAMI for E, <800 MeV[33] and at JLalj34].
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A=1 h=-12 AMA =12 forward angles. This should be taken into account in the
—_— - = — extraction of AG from the asymmetry in the process
- - >, 2 N0 : .
FIG. 1. Conservation of helicity iy+p— A+ D in the col- vt p—>DC+L Evidently the processes considered here,

linear regime. y+p—Y.+D?, do not contribute to thé&? production in

o the inclusive reactiony+N—D2+ X.
In the general case, any reactightp— Y.+ DS(DZ)

(with circularly polarized photons and polarized tajgist
described by two different asymmetries, so the dependence
of the differential cross section on the polarization states of In @ similar way it is possible to analyze the polarization
the colliding particles can be parametrized as folowak- ~ properties of the finalA; hyperon induced by the initial
ing into account thé® invariance of the electromagnetic in- circular polarization of the photon. Again, due to tRein-
teraction of charmed patrticles variance of the electromagnetic hadron interaction, only the
P, and P, components do not vanish. In terms of the scalar
amplitudesf;, defined above, the components of th¢
polarization can be written as

D. A polarization in y+N—A+D,

do ..

do
qa(P)= (dQ) (A-NLANTA), (5

where\ = =1 is the photon helicityZ; and7, are the pos- PxNo=\sind Re —2f,f5 —f,f3

sible components of the proton polarizatign and A, and +cos(2|f 2+ fof 5 — %)+ (2 cod9—1)f,f5],
A, are the two independent asymmetries. As a result of the

T-even nature of these asymmetries, they are nonvanishing i _ 2 4 2 *

the ELA, where the photoproduction amplitudisare real. Paho=) Rel[f1[?~(1=2 co$9)]f,[*~2 cosdf 3

These asymmetries are nonzero also for hard QCD processes +sirPO(f 5 — f,f% —2 cosdf,f3)]. (8)
such as PGFy+G—c+c, for collisions of polarized pho-
tons and gluons with definite heliciti¢&1]. Comparing Eqs(6), (7), and(8) one can see that the observ-

After summing over theY. polarizations, one finds the ables.A, and.A,, on one side, an@®, andP,, on another
following expressions for the asymmetrie§, and A, in side, are independent in the general case of noncollinear ki-

terms of the scalar amplitudds: nematics and contain different physical information. Note
_ . . . . also thatP,=1, in case of collinear kinematics (cfs-1),
ANo=sind Re — f1f5 + 53 +cosd(—f1f) +1,f3)], independently of the model chosen to describe the scalar

(6) amplitudesf; . This rigorous result follows from the conser-
B ) ’ N vation of the total helicity iny+p—A_(S)+D?, which
ANo=Re[[f1]*+|f2|*~2 cosdf,f3 holds in collinear kinematics. It means that onCIy collisions
+sirPO(f 5 +1,f%)]. (7)  Wwith particles with antiparallel spins in the entrance channel
are allowed(see Fig. 1 i.e., the finalA. hyperon is polar-
Note that.4, vanishes aty=0° and 9= . Moreover, A, ized along the direction of the spin of the initial photon. This
=1 for #=0° and 9= for any photon energy. This is a result holds for any .+ D, final state independently of tie
model-independent result, which follows from the conservaparity of theNA D, system.
tion of helicity in collinear kinematics. It is correct for any At 9=0° or 9=, the observabl@®, vanishes. This fol-
dynamics of the process; its physical meaning is that thgows from the axial symmetry of the collinear kinematics,
collision of y andp with parallel spins cannot take place for where only one physical direction can be defiriaibng the
the collinear regimeFig. 1). This result holds for any pro- z axis). In such kinematical conditions theandy axes are
cess of pseudoscalar and scalar meson photoproduction oragbitrary; thereforeP,=.4,=0. It is a very general result,
nucleon targetif the final baryon has spin 1)2Such inde-  also independent of the relati®NA D) parity. Again, in
pendence of th® parity of produced mesons is important. noncollinear kinematics, the behavior 8 and P, can be
For 9+#0 andd# 7 the results fotd, and.A, are model predicted only in the framework of a model.
dependent. The models of photon-gluon fusion predlct a The measurement of tha polarization can be done
value for the A, asymmetry for the inclusivey+ p—D? similarly to the strange\° hyperon, becausg_ , being the
+ X process<30%, atE,=50 GeV, depending on the as- lightest charm baryon, can decay only through the weak in-
sumptions on the polarized gluon distributia®G (x). There-  teraction. However, the’;: hyperon decays through many
fore, even a 10% contribution of the exclusive process channels with different branching ratios and analyzing pow-
+p—>A++D°to the inclusiveD, cross section can induce a €rs- Let us mention, for example, the two-particle decay

large correction to the photon-gluon fusion asymmetry, at\c ~A°+7", which has a large decay asymmetsy
=0.98+0.19, but a relatively small branching rat8{ A )

=(9.0=2.8)x 10 3. The semileptonic\; decayA; —A°
2Note that we consider here only double-spin correlations, ne-t€" + v is characterized by a larger branching ratio
glecting in particular th@-odd analyzing power, induced by tig, ~ B(Aev)=(2.1+0.6)% with relatively large decay asymme-
component of the target polarization. try (in absolute valueA=—0.8 8:837 [35]. Note that the
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possibility to measure tha [ polarization has been experi- these coefficients contain different information about the am-
mentally confirmed in hadronic collisioj86]. plitudesf; and therefore about the reaction mechanisms.

It is not the case for th& . hyperon. Its main decay . Comparing Eqgs(4) and (9) one can see th&z=D,,.
— A+ 7 is due to the strong interaction. So whereasAfle ~ This relation is valid in the general case for any kinematical
is a self-analyzing particle, th&, hyperon is similar, in this condition and any choice of reaction mechanism. In the case
respect, to any baryon resonance, with strong or electromadf positive relativeP parity of theD . meson with respect to
netic decays. the NA . system,P(NA.D.)=+1, we find, instead} g=
—Dhn- Therefore we can writ& g=—P(NA.D.)D,, and
suggest another possible and model-independent method to

) ) measureP(NA.D.) through a test of the relative sign of
Let us consider for completeness other double-spin polakhese two observables.

ization observables, the coefficients of polarization transfer

Dap, from a polarized proton target to/g hyperon, which ;' 5c1)5510N OF THE REACTION MECHANISMS
can be defined as

E. Depolarization coefficients

1 The charm particle photoproduction and electroproduc-
NODabZETr Fo.arte-b. tion at hlgh energy is usu_ally. interpreted in terms of photon-
gluon fusion,y+G—c+c [Fig. 2(a)]. Near threshold, an-

The indexa (a=m,n,k) refers to the component of the pro- other possible mechanism, based on the subprogesy

ton polarization, whereas the indéx(b=m,n,k) refers to —G—c+c [Fig. 2(b)], should also be taken into account, as
- . Ao was done forrN collisions[37]. In the case of the exclusive
the component of thd . polarization. The unit vecton®, 1, i —
o ) T T reactionsy+N—Y.+D. (D¥), Y.=A.,2., the mecha-
and k are defined as followsk=k/|k|, n=kxq/|kxq|, e e Fe A Fe ¢ e _
> . nism in Fig. Zb) is equivalent to the exchange ofcg sys-

m=nxk. . . .
. . tem, in thet channel[Fig. 2(c)]. The importance of the an-
Only five among these coefficients are nonzéan unpo- nihilation mechanism has been investigated [B8] to

larized photons explain the forward charge asymmetryyp collisions. The

it mesonic equivalent of such exchange is the exchange by
NoDm= TRe[(Z Sit 0 —1)|f 42— |f5|2+ 2+, f} pseudoscalab . and(or) vectorD? mesons, in thé channel
of the considered reaction.
—2f,f% =2 cosd(2f, % —f4f5)], To move further, one has to take into account the symme-

try property of electromagnetic hadronic interactions, such as

S conservation of the electromagnetic current. This makes the
NoDpn=— TR<a[|f3|2+|f4|2 principal difference betweeryN and 7N production of
charmed particles. If in the case Bff exchange iny+N
+2(ff5 + 1,13 +cosdfsf))], — Y+ D, the corresponding matrix element is gauge invari-

ant, for any kinematical conditions and any values of the
coupling constants, as a result of the magnetic dipole transi-
No’Dkk=—Rﬁ’|f1|2+(1—2 cog9)|f,|*+2 cosdf,f3 tion in the vertexD* —D.+y, it is not the case for the
pseudoscalaD, exchange in the reactio+p—3."
+D™, for example. TheD, exchange alone cannot satisfy
the gauge invariance; therefore, other mechanisms have to be
added, such as baryonic exchanges andu channelqFig.
3).

Note that only the sum of, t, andu exchanges gives a
gauge-invariant total matrix element for+ N—Y.+D,.
NoDm=sin 9 Re sir?9(cosd| f 4|2+ f5f5 )+ 2f 3 More exactly this holds for pseudoscalar interactions in the
vertex N—Y.+D.. In case of the pseudovector vertex,
which can also be considered, gauge invariance is ensured by

Sitd
+ T[|f3|2+(2 cog®—1)|f,?

+2(F,f% — 15 +costH(2f,f 5 + 41511,

+ 1,5 +(1—2 cog9)f,f}

+c0sO(— 2|52+ f, 5 —f,f%], an additional contribution of the so-called “catastrophic”
(contact diagram(Fig. 4), which has a definite spin structure
; — 3
NyDim=Sin 9 RE SirP9(cosd| f 42+ ff*) and a known coupling constagiy,p, -

Following the equivalence theorem, both these ap-
+cosd(fqfy —f,of5)+f.f3
+(1-2 co§ﬂ)f2fj]. ©) SNote, in this respect, that direct estimation of this contact contri-
_ bution to the cross section of the procegs p—3. " +D, [39]
Note thatDy,,# Dp, because the process- N—Y.+D.is  results in a too large cross section in the near-threshold region, in
asymmetrical with respect to initial and final baryons, socontradiction with the experimental déi0].

094015-5



E. TOMASI-GUSTAFSSON AND M. P. REKALO PHYSICAL REVIEW 39, 094015 (2004

N Yo

FIG. 4. The catastrophic diagram for+ NH5C+ Y. for the
pseudovectoNY_.D. interaction.

where Ay and Ay are the corresponding cutoff parameters,
s=(k+py)2 u=(k—p,)? k, p;, and p, are the four-
momenta of the photon, the nucleon, and the hyperon, re-
spectively, andn (M) is the nucleor(hyperon mass.

For mesonic exchanges, another expression of FFs is

taken:
NPD (o) YelAZo) AZ,—m3 A—m}
Fol="0e = ey
FIG. 2. Feynman diagrams for associative charm production in 1y 1
yN collisions: (a) the subprocess of photon-gluon fusiopi- G ) )
—c+c; (b) the subprocess af+q annihilation,q+q—c+c; (c) Aéy— me. A3—me,
t-channel exchange by, andD? for y+N—Y +D¢(D}). Fox ()= A2 —t A2—t (12)
2y 2

proaches result in the same matrix element for the “electric” )

interaction, induced by the electric charges of the participatWheret=(k—a)?=(py—p2)? mp (mp) is the mass of the

ing hadrons. But the magnetic moments of the nucleons an@ (D*) meson,A; ,, are the cutoff parameters for the elec-

the Y. hyperons produce different results for pseudoscalatromagnetic vertex;y+Dy(Dy)—D, with virtual D(D*)

and pseudovector interactions, showing the relevance of offnesons, and\, , are the cutoff parameters for the strong

mass-shell effects in the considered model. vertexN—Y.+Dy(Dy). All these FFs are normalized such
Of course, the magnetic moments of baryons cannot viothat Fy(s=m?) =Fy(u=M?)=Fp(t=m3)=Fpx(t= mZD*)

late the gauge invariance for any numerical value and in any 1

kinematical condition. Only for the magnetic contributions do these expressions
To take into account the virtuality of the exchanged had-of FFs not destroy the gauge invariance of the total matrix

rons, in this approach, form facto(EFs are introduced in element. Once these FFs, which are different for different

the pole diagrams. For baryonic exchange the correspondingiagrams, are introduced, the other contributions, induced by

FFs can be parametrized [a&l] the electric charges of the particles, will be rearranged in
. . such a way that the gauge invariance is strongly violated.
B Ay B Ay The simplest way to restore the gauge invariance is to mul-
Fn(s)= A%+ (s— m2)2’ Fy(u)= A% (u— MZ)Z' tiply the complete matrix elemeffor s+t -+ u contributions
N Y (10) by a common factof41]:
N 1 _
o 3[FN(S)+Fy(W)+Fp(t)], for y+N=Yc+Dc,
AYC 1 _0
E[FN(S)-FFy(U)], for y+N—Y.+D¢.
N "H
(b) Such a term is a function of both independent kinematical

variables; therefore, it cannot be rigorously called a form
FIG. 3. Baryon exchanges in tisehannel(@ andu channellb)  factor, which must be, in general, a function of one variable
for the processy+N—Y.+D;. only.

094015-6



POLARIZATION PHENOMENA IN OPEN CHARM . .. PHYSICAL REVIEW D69, 094015 (2004

These terms decrease essentially the differential cross seand Qy is the electric charge of the nucleon. We assume, in
tions at large values oft| or |u| and, therefore, the total Eq.(12) (and later on in this papgrthat the relative® parity

Cross Section, eSpeciaHy in the near'threshold region. Thgf the NBCYC System is negative, in agreement with the

role of FFs is essential for such an approach, as has begark model. In principle, thi® parity can be experimen-
proved in the analysis of vector meson or strange particlga|ly determined45].

production inNN and AN collisions[42]. Particularly large The other matrix elements can be written as
effects appear for the processes of open charm production in

exclusive reactions, such d$+N—Y,+D.+N [43,44. €0ny D ek
But polarization phenomena are, in principle, less sensitive M= ‘ Cu_(pz)( Qy c— Ky ——

to FFs. Moreover, in the limiting case sf-u+t(D.) con- u—m? ¢ °2M
tributions (without DY) or only vectorD} exchange, one R

can see that polarization observables are independent of any X (p2—k+M)ysu(py), 13
phenomenological FFs, for any kinematics. Such models can

generate onlyT-even polarization observables, suchs eOwv,p

asymmetry, induced by linearly polarized photons,Aqgr, My(Dy)= QpU(p2) ysu(py)2e-q,
asymmetries, induced by the collision of circularly polarized t— m%

photons with a polarized proton target.

Summarizing this discussion, one can note that applica- eOuY,0* gpsp
c *Dy

tion of the ELA to exclusive charm meson photoproduction M(D¥) =i ——— —— €, .56k, T (k—Q)

. . . . t c 2 nvaf va q B

is based on an analogy with standard calculations on light t—mg. Mpx

mesong(pions, kaons. . .). In this respect, one can note an (14)

approximative scaling of the masses of the exchanged me-

sons,my /m_=mp/my, which are important quantities of where QYC and Qgc are the electric charges of thé. hy-

the model. But in the case of charm meson exchange%

t-channel poles occur far from the physical region of kine- o [

matical variables, and the model cannot be justified by thifour-vector of photon polar|z*at|on, and, is the vector cur-

kind of arguments. The basis of the ELA model is a definite"®nt for the verteN— Y+ D¢ :

set of pole diagramén s, t, andu channelg with effective N

coupling constants and phenomenological form factors.FThe_ T.=U(p2)| a1+ Ky ) — icy PiaT P2a u(py), (15

exchange give poles located nearer to the physical region, in c ¢ m+M

comparison witts andu channels. The choice of an adequate )

mechanism fory+N—Y.+ D, is dictated by the gauge in- wheregyy o+ andky gny,o+ are the vectofDirac) and the

variance of the electromagnetic interaction and the4pU tensor(Paul) coupling constants for the verteRg N— Y,

symmetry(which can be violated In the absence of other and gp+p, is the coupling constant for the verteR;

theoretical approaches, the ELA appears as a powerful toekD.y. The corresponding width' (D} —D.y) in terms of

for the predictions of the physical observables, as long as thgn. ., can be written as follows:

number of unknown parameters is limited or can be esti-

mated from other sources. a m3 3
['(Df—D¢y)= ﬂmD* 1-——

eron and of théiTC meson, So the(DN:QYC+ Qac, €, is the

2

2| 9orpy

IV. MATRIX ELEMENTS FOR  y+N—Yc+D¢, Yc=A.,3. Mo«

Let us consider in detail the matrix elements for the reac- e? 1
tions of y+N—Y_.+D., Y.=A.,3., considerings, u, and O ax 137
t(D.+D}) contributions:
From the experimental data abddf * decayd35],
M= M+ M+ M(D)+ M(D*).
(DX *")=(96=4+22) keV,
For the pseudoscaldtD.Y, vertex, the matrix element for .
one-nucleon exchange in tisechannel, Mg, can be written Br(Dg —Dcy)=(1.68+0.42£0.49%,

as follows:

one can findgp« +p+,| = 1.03. The sign of this constant can-

|:
not be determined from these data. The situation with the
)U(pl) couplinggp+opo., is less definite. Having the largest branch-

ing ratio Br(D::“‘jv

. ek
Qne KNS

€0ny,D__ A
u(p2) ys(pytk+m)

M= .

—D2y)=40%, only the upper limit is ex-
(12) perimentally known for the total width of neutrdd*°:
r'(D*%<2.1Mev [35: ie, T(D*°-D2y)<840
wherexy, is the anomalous magnetic moment of the nucleonkeV—i.e., very far from the theoretical predictiof#6], with
Ony,p IS the coupling constant for the verték—Y.+D,,  I'(Df°—DJy)=10 keV.

S—m
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The expressions for the scalar amplitudescorrespond-  collisions,D .+ N—Y.+P(V), Y.+ N—=N+N+D¢, etc.

ing to the different matrix elements, Eq&l2)—(15), are The lack of experimental data about these processes does
given in the Appendix. not allow one to fix these coupling constants. Therefore the
typical way to estimate these couplings is to rely on(§U
V. DISCUSSION OF THE RESULTS symmetry and connect the necessary coupling constants with

the corresponding constants for strange particle production:
The main ingredients of the considered model, which en-

ter in the numerical calculations of the different observables ONA)K s INAR)K* s KNA(S)K*» (16)

for the exclusive procesg+N—Y .+ BC, are the strong and

electromagnetic coupling constants and the phenomenologi@king into account that the strange quark is the heaviest of
cal FFs. the three light quarksu,d,s), and the charmed quark is the

lightest of the three heavy quarks,b,t).

The coupling constant$l6) for strange particles have
been estimated from several experiments in photoproduction
The electromagnetic characteristics of the charmed pamnd electroproduction of strange particle on nucleops,

ticles, such as the magnetic moments of Yehyperon and  +N—A(2)+K and e +N—e +A(2)+K [48]. How-

the gp+p, coupling constants(transition magnetic mo- ever, different models predict different sets of const4hs,

mentg, are not well known. Only the width of the radiative which can take values in a wide interval.

decayD’ " —D_ + y has been directly measured, which al-  This gives, nevertheless, a starting point of our analysis,

lows one to derive the corresponding coupling constanapplying SW4) symmetry. We have also to keep in mind that

Op*+p+, but not its sign. The magnetic moments of the SU(4) symmetry can be strongly violated, at least at the scale

charmed hyperons and the transition magnetic momenif the difference in the masses of charmed and strange par-

dp+opo, are not experimentally known. ticles (induced by the difference in the massescoénd s
Based on previous experience with the theoretical deeguarks.

scription of the magnetic moments of strange hyperons and

of the transition magnetic moments of the decays-P C. Phenomenological form factors

+ v (with vectorV=p, o, ¢, K* and pseudoscald® = , )
7, K light meson one can assume that predictions from In orde_r to deterrr_nne the form .facyors, one has to chogse
symmetry considerations may work in this region of hadron@® convenient analytical parametrization and then numerical
electromagnetic interactions. values for the cutoff parametersN, Ao, andAyqp,. Gen-

We will use different theoretical approaches to extrapolaté€'@/ly one takes a monopole, dipole, or exponential depen-

these quantities to charm particle electrodynamics, in pardénce on the momentum transfer. One possibility is to
ticular to the magnetic moments ¥, and to the amplitude choose as argument of these FFs the four-momentum transfer

of the radiative decaP* —D.+y. Quark models, SU) squared, but one can also take the three-momentum transfer,

symmetry, QCD dispersion sum rules, and effective chira s well. In. thi_s last case, the corresponding reference frame
theories with heavy quarks can also give useful guidelines. as to be indicated.

The dependence of some observables for the reactions The numerical vaIueg of the CUI.Oﬁ parameters can be .de—
termined from the previous experience in the interpretation

+N—Y.+D. on the magnetic moments of the charmedyt gther photoproduction and hadroproduction processes, in
baryons has befn studied[BY. Here, for all the calculations, {he framework of the ELA approach. In the present calcula-
we take theuA ¢ value from[47], but for theX. hyperons  tions we use the parametrizations for the corresponding FFs,
we take the \4) predictions[8]: following Egs.(10) and (11).

A. Electromagnetic coupling constants

2 2 . .
Iu(g;r*): 3t M(g;)zo, M(Eg): ~3Mp- D. Three possible scenarios

Summarizing the previous discussion, one can conclude
_ that SU4) symmetry gives some guidelines to fix the neces-
B. Strong-coupling constants sary parameters of the calculatitstrong-coupling constants
We call strong-coupling constants those which involveand Y, magnetic momenjs Note that not only the absolute
one nucleonic vertexgyy o, INYDE andxy_, Yc=Ac, or values of the;e cou_pling_s are important in our considerations,
but also their relative signs, due to the strong interference
effects between the different contributions. The relative signs
of s, u, andt(D) contributions to the matrix element of any

exclusive procesy+N— Y.+ D, are uniquely fixed by the

i ) — rTr]equirement of gauge invariance. But it is not the case for the

particle photoproductiony+N— Y +Dg. relative sign of thed* contribution, so one must make some
Note that the same coupling constants enter in the dezssumptions, such as the validity of @Y symmetry. It is

scription of charmed particle production N collisions  jmportant to stress that such a symmetry consideration is

7+N—Y.+D,, NNcollisionsN+N—N+Y.+D,, andin reliable for the prediction of relative signs, but not for the

the interaction of charmed particles with nuclei in heavy ionabsolute values of the considered couplings.

3,.. Six coupling constants enter in the calculation of the
different observablegthree for y+N—A.+D. and three

for y+N—3.+D,) and of theirE,, and cos? dependences,
for all the possible exclusive reactions of associative char
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Any fitting procedure induces a strong correlation be- TABLE I. Parameters for models I, II, Ill; see text. The cutoff
tween the cutoff parameters and the strong-coupling conparameters\y andA are expressed in GeV.
stants. Therefore there is no unique solution, and we wilt

consider three possible scenarios. Model OnA D 01 92 Ay A

(i) The strong-coupling constants are fixed by(&Usym- | —-115 —-23 —57.5 0.8 24
metry, using the corresponding values for the strange !l -2 —25 —6. 1.6 3.4
coupling constant$16), found in the analysis of experi- i -2 —6. —22. 0.6 2.7

mental datd48] on associative strange particles photo-
production and electroproduction. Only the cutoff param-

eters are fixed on the charm photoproduction data. Wene entire photon energy range, Fig. 5. Ege=40 GeV, the

assume, for simplicity, predicted energy dependence of the total cross section be-
comes flat, up td,=250 GeV. One can conclude that, in
A=A=A, = A=A, Ay=Ay. this energy range, the simplest exclusive photoproduction re-

- ) ) actionsy+N—Y_ + D, contribute less than 10% to the total
(i) We assume that S4) symmetry is strongly violated for  ¢ross section of open charm photoproduction. This estima-
the strong-coupling constants. So we take for the coution does not contradict the existing experimental data and is
plings (16) some arbitrary values, far from $4) predic-  j, agreement with the measuréd A, asymmetry(in sign
tions, and both cutoff parameters and A\ are deter- gpq valug.
mined from charm photoproduction data. It is interesting to note that we have very large isotopic
(iii) We assume that 34) symmetry is violated only for the  effects—i.e., a large difference in the absolute values and
N— A +DgZ vertex, but for the couplingg; andg, we  behavior for the different channels with different charges of
take the SW6) values of the corresponding coupling the participating hadrons. This is an expected property of the
constants for the verted— A +K*. Again the param- ELA, because the relative values sf, u-, and t-channel
etersAy and A are fixed from charm photoproduction contributions are different for the different channels. Note
data atE,=20 GeV. that the largest cross section on the neutron target belongs to
Taking into account the limited experimental data abouthe procesy+ nﬂ22+ DO, theD "~ production being essen-
charm particle photoproduction, one cannot do a rigorous fifja|ly suppressed. Moreover, ti~ production is also small
for all the parameters of the model. in the yp interactiony+p—3/"+D", in agreement with

The model can predict the energy behavior of the totale experimenf4]. The total cross section as a function of
cross section fon* + N— Y.+ D, (for proton and neutron the photon ener for the reactiont p—A*+D°. is
targets, for each of the three versions. Therefore we normal- photon 9y, opTp c '

shown in Fig. 6 for the three sets of parameters. After a fast

ize the total cross section for+p—A¢ +D¢, which is the  jhcrease near threshold, the cross section is quite flat for
largest from all the exclusive reactionst p—Y.+D¢, to

the measured cross section of open charm photoproduction at
E,=20 GeV[3], where it was found that about 70% of the

total cross section can be attributed 4o+ p— A +DC.

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

The parameters are reported in Table I. We use the fol-
lowing notation:gl=gN,\cD*, 92=9NA D*-

Our procedure is not a real fit, as we take into account
only the low-energy point; therefore, we do not give gty
estimates of the quality of the model in its three versions.

Once the parameters have been fixed, Table I, one can
predict all polarization observables not only fer-p— A S

+DY but also for any exclusive reactiopt+ N— Y, +Dy.
For the reactions witft . production, we take the following

coupling  constants: gys 5. =45,  g1(NI.DF)=

P

j_+_“_'
—*_

_o (nb)

_ FIG. 5. E, dependence of the total cross section for the photo-
—g2(NXDg)=—25, which correspond to the values of production of charmed particles for model I. The curves correspond
Onsk and gysk, obtained from a fit to the experimental to different reactionsy+p—A; +D° (solid ling), y+p—3i+
data about y+p—A(X°)+K" and e+p—e+A(S°)  ip- (dashed ling y+p—3; +D° (dotted ling, y+n—A
+K™* [48]. For the cutoff parameters we took the valuesp- (dot-dashed ling y+n—S:+D" (thick solid ling, y+n

An=0.8 andA=2.4 GeV, as for model I. ) —3%+D° (thick dashed ling The data correspond to the total
The energy dependence of the total cross section for thg,arm photoproduction cross section fréti (reverse triangle [4]
six exclusive processeg+N— Y.+ D, is very different in  (square, [6] (asterisk, [5] (stap, [2] (triangles, [3] (circle).
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310"’, ment finds enhancement Bf, over D, production[51]. Very
E I [ — large (in absolute valugecharm asymmetries have been ob-
5 1 + served also aE,=20 GeV at SLAC[3]. Note also that the

SELEX Collaboration presented results on thg A . asym-
metries for different hadronic processps7 , 2>~ +N—

A, +X [52]. Similar results have been presented by the Fer-
milab E791 Collaboratiof53]. This is in contradiction with
the model of photon-gluon fusion, which predicts symmetric
Ac-A. yields and can be considered as an indication of the
presence of other mechanisms. The exclusive procegses
+N—Y.+D, discussed in this paper explain naturally such
a asymmetry.

F. Differential cross section and polarization observables

The prediction of the co8 dependence ofdo/d(Q),,
Se, Ay, A,, Py, andP,, for the six processeg+N—Y,

P IS TR TR T NN SO TR S TN NN SR SN TR SR NN T S T N |
S0 100 150 200 (Gf{,c; +D. (Yc=A, =) on proton and neutron targets is shown
7 in Figs. 7 and 8, for model |, &, =15 GeV.

FIG. 6. E,-dependence of the total cross section for the reaction Note that, for any version of the considered model, the

y+p—A¢ +D? for model | (solid line), Il (dashed lingand Il asymmetryZg is positive in the whole angular region, in
(dotted ling. Solid symbols as in Fig. 5, open symbols are fi@h  contradiction with the predictions of PGEO] and in agree-
(open circle, from [4] (open squarg and from[5] (open star. ment with the SLAC dat43].

At the same energy, for the same reactions, with similar

E,>50 GeV and represents about 10% of the total cros§otation, the depolarization coefficients,, are shown in
section. Estimations of associative charm photoproductioffi9s- 9 and 10. _
cross sections, which have been done from experiments Polarization effects are generally lar@e absolute valug
[3-5], are reported as open symbols in Fig. 6. characterized by a strong c@sdependence, which results
from a coherent effect of all the considered pole contribu-
_ tions. Large isotopic effects.e., the dependence on the elec-
E. Contribution to D./D. asymmetries tric charges of the participating hadroree especially vis-
Our aim here is to have a realistic view of the generalib|e in the cosy distributions for all these observables.
characteristics of the different reaction channels, for charm The dependence of these observables on the version of the
photoproduction, in a region which is accessible by experimodel, atE =15 GeV, for the reactiory+ p—As+D%is
ments. A large antiparticle/particle asymmetry, not explain-shown in Fig. 11. For the same reaction, the dadepen-
able in terms of perturbative QC®QCD models, has been dence of the individuas, u, andt(D*) contributions to the
reported in the literature. differential cross section and to the considered polarization
The observation of thﬁE/Dg or AJA. asymmetry in  Observables is shown in Fig. 12. This behavior is the same

yN collisions is important in order to test the validity of the for any version of the considered model, the difference ap-
photon-gluon fusion mechanism. The discussed asymmetrig¥aring in the interference of the various contributions.

are defined as Figure 13 erws, for model I, the energy depend_ence of
- the integrated A,(E,) asymmetry, for y+p—AJ+DP,
B N(c)—N(c) which is defined as
N(c)+N(c) =
J NoALE, ,cosd)d cost

— — -1
whereN(c) [N(c)] is the number of corresponding charm A(E,)= 1
particles O or A;) containingc[c] quarks. j l/\/od cosd

Note that the exclusive photoproduction of open charm in

the processeg+N—Y.+D. D¥ will result in D%D° and . . o .

A /A, asvymmetry invN collisions (with unpolarized par- This asymmetry is large near threshold, ta_klng its maximum
retite y ) y nyt ) P _ pa value 4,= +1 at threshold. It decreases with energy, due to
ticles), increasing theD production and decreasing the,  the fact that the cross section increases with energy and then
production. Such asymmetries have been experimentally Ok?rattens, whereas thgD*) contribution becomes more im-
served[49]. For example, the FOCUS experiment found anportant. The interference of th¢D*) channel withs and u
asymmetry forAc/A¢ production of =—(0.14-0.02) at  channels essentially decreases #gE.,) asymmetry, out-
E,=180 GeV, demonstrating that; production is more side collinear kinematics, wherd,(E )=+ 1 for all contri-
probable tham\ . [50]. At similar energies the E687 experi- butions.
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FIG. 7. Differential cross section and polarization observables
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ted line, calculated for model I.
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For comparison, predictions for this observable in inclu-
sive charm photoproduction are also shown. These predic-
tions have been done in the framework of the standard QCD
approach, assuming the PGF modeilg. 2), calculating the

ratio of the elementary cross sections fort+ G—c+c
folded with the gluon distributions:

(de/dQ) (E,b/sr)

N
3]

0 1
cos

_1_1

0 1
cos ¥

FIG. 9. Depolarization coefficient®,,, for the reactionsy+p
—Al+D? (solid ling, y+p—3f"+D, (dashed ling and y
+p—3.+D? (dotted ling, calculated for model I.
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4mC
= 2MEy R . ) (17)
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FIG. 8. Differential cross section and polarization observables

g, Ay, A,, Py, andP,, for the reactions/ + n~>A;+D7 (solid
line), y+n—37+D. (dashed ling and y+n—32+D? (dotted

line), calculated for model I.

0 1
cos

0 1
cos ¥

FIG. 10. Depolarization coefficient®,, for the reactionsy
+n—A}f+D" (solid ling), y+n—37+D~ (dashed ling andy

+n—>22+ D° (dotted ling, calculated for model I.
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FIG. 11. cosd dependence of the differential cross section,
beam asymmetr g, and polarization observables,, A,, Py,

andP,, for the reactiony+ pHA;’+5° for models I(solid line),
Il (dashed ling and Il (dotted ling.

whereG(x) [A(G)(x)] is the unpolarizedipolarized gluon
distribution in an unpolarizedipolarized proton, s is the
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FIG. 13. Integrated A(E,) asymmetry for the reaction
y+p—A. +DY for the ELA (solid ling), for model I. Predictions
for the asymmetryAS§(E,) for inclusive charm photoproduction
calculated with Eq(17), takingG(x) andAG(x) from [24] (dashed
line), from [26] model B (dotted ling, and from[26] model C
(dash-dotted ling are also shown.

therefore, different calculations give similar results, the po-
larized gluon distributiom G is poorly known. For illustra-

square of the invariant mass of the photon-gluon system, angon, G(x) and AG(x) taken from[24] (dashed ling and

m. is the charm quark mass.

Several parametrizations exist for tx) and AG(x),
but if the unpolarized distributiots(x) is quite well con-
strained from the deep inelastic scatterifi®jS) data and,
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FIG. 12. cosd dependence of the different contributions to the

total amplitude for the differential cross section, the beam asymme-

try 5, and the polarization observablek,, A,, Py, andP,, s
channel(solid line), u channel(dashed ling and D* t channel
(dotted ling. The first contribution give€g=0 and.A,=1, in the
entire kinematical range, becaukg="f,=0.

from [26] model B(dotted ling and model Qdashed-dotted
line) are shown in Fig. 13. B

The predictions of the asymmetA£y (E,) strongly de-
pend on the choice A G(x). Moreover, the results are very
sensitive to the lower limit of the integral—i.e., to,. The
value of the charm quark maéso called the current mass
known from studies of the charmonium propertig35],
m.=(1.15-1.35) GeV, but for the gluon distribution, values
of m; in the rangan,=(1.5—-1.7) GeV are more often used.
In the calculations we have assumed that the fitting param-
eters for the function&s(x) and AG(x) have a weakm,
dependence, and we have taken for all calculatioms
=1.5 GeV. o

As aresult of the large value of,(E,), we can conclude
that the exclusive process of associative particle production,

y+p—AZ+D° has to be taken into account as possible
background for the extraction of the polarized gluon distri-
bution AG(x,Q?) from the measurement of th, asymme-
try in the inclusive procesg+N—charm+X. The impor-
tance of exclusive processes+p— Y, +D., D} in the
estimation of the asymmeti, in open charm photoproduc-
tion has been mentioned earli&4,55.

VI. CONCLUSIONS

We calculated the differential and total cross sections for
the exclusive processest N— Y.+ D.. We also calculated

a set of T- andP-even polarization observables, such as the
2 g asymmetry, induced by a linearly polarized photon beam
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on an unpolarized nucleon target, the asymmetdgsand The smooth behavior of the total cross section as a func-

A, in the collisions of circularly polarized photons with a tion of the energy, fory+p—Y.+D,, results from the

polarized nucleon target, in the reacti@ire., x2 plane, the  spin-1 nature of thé®* exchange. If one takes into account

P, andP, components of th¥ . polarization, in collisions of  the high-energy Regge behavior of this exchange, the energy

circularly polarized photons with an unpolarized target, anddependence of the differential cross section is modified as

the depolarization coefficients, from the polarized target to

the final hyperon, with an unpolarized beam. do
In the framework of the effective Lagrangian approach, ats

we suggested a model for these processes on proton and

neutron targets. The gauge invariance of the charm particle . N _ .

electromagnetic interaction drove our choice of specific poleVNeréao«(t) is theD* Regge trajectory, ans is a param-

diagrams. The necessary parameters of the model, such S&r Which defines the scale. ,

the magnetic moments of thé, hyperons and the strong- __12King a linear parametrizatiomy« (t) = a(0)+ a't, one

. . — can find, for the total cross section,
coupling constantyfor the verticesN—Y.+D. and N
—Y.+Dg), have been determined from 8 symmetry. ( S)Z[a(o)l]/ S
o=|— In(—).

s ) 2[ap* () —1]

So

The phenomenological FFs, which are essential ingredients

in this approach, have been taken in such a way to conserve

the gauge invariance of the model, for any value of the cou-

pling constants and cutoff parameters, and for any kinematifaking an oversimplified assumptidi57] a(0)= ayx(0)

cal conditions. =0.35, one finder=s"13 One should expect an even faster
The parameters of the suggested model, in particular théecreasing of the cross section with energy, in the case of a

cutoff parameters for the meson and baryon exchanges, weféong violation of S4) symmetry.

fixed in order to reproduce the value of the total cross section

for y+p—A_+ Dg, at E,=20 GeV (the smallest energy ACKNOWLEDGMENT
where open charm photoproduction has been measured
The existing experimental information does not allow one
to fix uniquely the necessary parameters. Therefore, we coA
sidered three versions of the suggested model, with differerfomments.
sets of coupling constants and cutoff parameters, which all
reproduce the cross section&j=20 GeV. APPENDIX
We predicted the co8 dependence of different polariza- ) , .
tion observables, which are, in principle, accessible now by Here we give the expressions for the scalar amplitddes
the running COMPASS experiment, for example. I=1-4
Large isotopic effects in the energy and ébdependence

So So

We thank the members of the Saclay group of the COM-
SS Collaboration for interesting discussions and useful

of all these polarization observables, as well as large polar- fi=fistfiutfi(D)+fi(D*),
ization effects(in absolute valug are a general property of
the considered model. where the indicess, u, andt correspond tos-, u-, and

Knowledge of the coupling constants and of the cutofft-channel contributions.
parameters, which have been used in this work, enter also for s channel:
any future calculations of the electroproduction of charm

particles,e” + N—e™ + Y.+ EC, and for the photoproduc- e KN

tion and electroproduction of charmed vector mesops, fl,s:gNYcDm Qn— (W= m)ﬁ )
+N—D*+Y,, e +N—e +D*+Y,. The same con-

stants enter also i_n the estimation _of ﬂﬁgﬁc associative K |a|
production in neutrino-nucleon collisions, induced by neutral fZ'S:gNYcDm —Qn—(W+ m)m Eow
and weak current$56], and for the processes+N—N 2

+Y.+D¢(D}) andN+N—N+Y.+D.(D¥). All these dif-
ferent processes can be calculated in the framework of the f3s=145=0.
ELA, in particular in the near-threshold region.

Contributing for about 10% to the total cross section of u channel:
open charm photoproduction on nucleofior 40<E,
<250 GeV), the exclusive processt p— A + Dg has to
be considered an important background in the interpretatiory, =e
of possible polarization effects iy+N— X+charm pro- ’ u—Mm?2
cesses. This refers especially to the asymmetry in{/+ N «
— X+ charm, which is co_nsu_jered as the most dlr_ect way to X{ Qy (W—M)— _C[t_m’éJr(W_ m)(W—M)]¢,
measure the gluon contribution to the nucleon spin. ¢ 2M

Iny,D
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Ony.D |ﬁ|
foy=—e W+ M
2,u U—M2 E2+|\/| QYC( )
K¢ 5 W—-m
+ —[t—m5+(W+m)(W+M ,
ZM[ ot ( )( )] wem
Ony,p _W—m W+m
f3,u:eu_M2|Q|W+m ZQYC+KC )
Ony,D W-m
fou=e MZ(Ez_M) —2Qy * K¢ ;
u_

whereW?=s, E,=(s+M?—m3)/(2W).
t channel D contribution:

f14(D)="1,4(D)=0,

OnY,D _W—m

f(D)=—2e ,

3:(D) QDt—m2D|q|W+m
Iny,D

f4u(D)=2eQp > (Ex—M).

t channel D* contribution:

PHYSICAL REVIEW 39, 094015 (2004

e
f1:(D*) = SM@1+g2)[t— M3+ 2(W—m)(W—M)]

92

+
m+M

[ —tW+mng—2(m+M)(W—m)

X(W=M)],

e wW-m g
fo:(D )—E‘N(gﬁgz)m E,+ M

J2

X
m+M

%[t—m%+2(w+ m)(W+M)]+

X [tW+mmg —2(m+M)(W+ m)(W+M)]},

W+m
9:1t0> LwW_m

f3(D*)=—eN|qg|(W—m)

W—-m

f4:(D*)=—eNW-m)(E;+M) Wm

0:1t09>+09>

with

.~ Op*p, 1
T2 '
(t—mp«) Mpx

[1] D. Astonet al, Phys. Lett.94B, 113(1980.

[2] European Muon Collaboration, J.J. Aubettal, Nucl. Phys.
B213 31(1983; Phys. Lett.167B, 127 (1986.

[3] SLAC Hybrid Facility Photon Collaboration, K. Abet al,
Phys. Rev. D33, 1 (1986.

[4] Photon Emulsion Collaboration, M.I. Adamoviet al., Phys.
Lett. B 187, 437(1987.

[5] Tagged Photon Spectrometer Collaboration, J.C. Agjoal.,
Phys. Rev. Lett62, 513(1989.

[6] NA14/2 Collaboration, M.P. Alvareet al, Phys. Lett. B246,
256 (1990; 278 385(1992; Z. Phys. C60, 53 (1993.

[7] L.M. Jones and H.W. Wyld, Phys. Rev. Iv, 759 (1978 F.
Halzen and D.M. Scott, Phys. LetZ2B, 404 (1978; H.
Fritzsch and K.H. Strengipid. 72B, 385 (1978; V.A. No-
vikov, M.A. Shifman, A.l. Vainstein, and V.I. Zakharov, Nucl.
Phys.B136, 125(1978; Yad. Fiz.27, 771(1978; J. Babcock,
D.W. Sivers, and S. Wolfram, Phys. Rev.18, 162 (1978.

[8] M.P. Rekalo, Ukr. Phys. 22, 1602(1977).

[9] M.P. Rekalo and E. Tomasi-Gustafsson, Phys. LetbOB, 53
(2002.

[10] D.W. Duke and J.F. Owens, Phys. Rev. Ldd, 1173(1980.

[11] A.D. Watson, Z. Phys. A2, 123 (1982; P. Ratcliffe, Nucl.
Phys.B223 45(1983.

[12] COMPASS Collaboration, G. Baust al., Report No. CERN-
SPSLC-96-14.

[13] H. Ohlsen and L.C. Maximon, Phys. Red 0, 589 (1958.

[14] K. Aulenbacheret al, Nucl. Instrum. Methods Phys. Res. A
391, 498(1997.

[15] Jefferson Lab Hall A Collaboration, K. Wijesooriyet al.,
Phys. Rev. Lett86, 2975(2001.

[16] S.J. Brodsky and G.P. Lepage, Phys. Re24)2848(1981).

[17] V. Ghazikhaniaret al., SLAC Proposal No. E161, 2000, web-
site: http://www.slac.stanford.edu/exp/e161/

[18] Spin Muon CollaboratiotSMC), D. Adamset al., Phys. Lett.
B 329 399(1994); 339 332E) (1994.

[19] Spin Muon Collaboration, D. Adamet al., Phys. Lett. B357,
248 (1995.

[20] E143 Collaboration, K. Abeet al, Phys. Rev. Lett74, 346
(1995.

[21] SLD Collaboration, K. Abeet al, Phys. Rev. Lett.73, 25
(1994).

[22] FNAL E581/704 Collaboration, D.L. Adanet al, Phys. Lett.
B 336, 269(1994).

[23] G. Bunceet al,, Part. World3, 1 (1992.

[24] S.J. Brodsky, M. Burkardt, and I. Schmidt, Nucl. Phigg41,
197 (1995.

[25] M. Gluck, E. Reya, and A. Vogt, Eur. Phys. J5C461(1998;
M. Gluck, E. Reya, M. Stratmann, and W. Vogelsang, Phys.
Rev. D63, 094005(2001).

[26] T. Gehrmann and W.J. Stirling, Phys. Rev5B, 6100(1996.

[27] S.J. Brodsky, E. Chudakov, P. Hoyer, and J.M. Laget, Phys.
Lett. B 498 23 (2001).

094015-14



POLARIZATION PHENOMENA IN OPEN CHARM . ..

[28] M.P. Rekalo and E. Tomasi-Gustafsson, Phys. Rev6d)
014010(2002.

[29] Z.W. Lin and C.M. Ko, Phys. Rev. 2, 034903(2000 and
references therein.

[30] T. Matsui and H. Satz, Phys. Lett. B’8 416 (1986.

[31] G.F. Chew, M.L. Goldberger, F.E. Low, and Y. Nambu, Phys.

Rev. 106, 1345(1957.

[32] S.B. Gerasimov, Sov. J. Nucl. Phy%.430(1966; S.D. Drell
and A.C. Hearn, Phys. Rev. Left6, 908 (1967).

[33] J. Ahrenset al, Phys. Rev. Lett84, 5950(2000; 87, 022003
(2001.

[34] Jefferson Lab E94-010 Collaboration, R. Gilman, Nucl. Phys.

A689, 445 (2001).

[35] Particle Data Group, K. Hagiwarat al, Phys. Rev. D66,
010001(2002.

[36] A.N. Aleevet al, Sov. J. Nucl. Phys43, 395(1986; M. Jeza-
bek, K. Rybicki, and R. Rylko, Phys. Lett. B36, 175(1992.

[37] J. Smith and R. Vogt, Z. Phys. T5, 271(1997.

[38] SLAC Hybrid Facility Photon Collaboration, V. O'Deét al,,
Phys. Rev. D36, 1 (1987.

[39] H. Rubinstein and L. Stodolsky, Phys. Lett.78, 479 (1978.

[40] SLAC Hybrid Facility Photon Collaboration, K. Abet al,
Phys. Rev. D30, 694 (1984).

[41] H. Haberzettl, Phys. Rev. 86, 2041(1997); H. Haberzettl, C.

Bennhold, T. Mart, and T. Feustéhid. 58, 40 (1998.
[42] M.P. Rekalo and E. Tomasi-Gustafsson, Phys. Rev671C
044004(2003 and references therein.

PHYSICAL REVIEW D69, 094015 (2004

[43] A.M. Gasparyan, V.Y. Grishina, L.A. Kondratyuk, W. Cassing,
and J. Speth, nucl-th/0210018.

[44] M.P. Rekalo and E. Tomasi-Gustafsson, Eur. Phys.15,A575
(2003.

[45] M.P. Rekalo and E. Tomasi-Gustafsson, Phys. Rev67C
038501(2003.

[46] M.P. Rekalo and E. Tomasi-Gustafsson, Phys. Rev6d)
074023(2002 and references therein.

[47] M.J. Savage, Phys. Lett. B26, 303(1994.

[48] M. Guidal, J.M. Laget, and M. Vanderhagen, Nucl. Phys.
A627, 645 (1997).

[49] S. Bianco, hep-ex/9911034.

[50] K. Stenson, in Proceedings of 34th Rencontres de Moriond
QCD and Hadronic Interactions, Les Arcs, France, 1999.

[51] E687 Collaboration, P. Frabett al, Phys. Lett. B370, 222
(1996.

[52] SELEX Collaboration, F.G. Garciet al, Phys. Lett. B528 49
(2002.

[53] E791 Collaboration, E.M. Aital&t al,, Phys. Lett. B495 42
(2000.

[54] G.K. Mallot, J. Phys. &5, 1539(1999.

[55] M. Ryskin and E. Leader, J. Phys. 25, 1541(1999.

[56] CHORUS Collaboration, A. Kayis-Topakst al, Phys. Lett.
B 555 156 (2003; 539, 188(2002.

[57] K.G. Boresov and A.B. Kaidalov, Sov. J. Nucl. Phgg, 100
(1973.

094015-15



