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Photoproduction of charmed vector mesons,g¿N\Bc¿D* , with BcÄLc or Sc
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The energy and the angular dependences of associative vector charmedD* -meson photoproduction,g1N
→Bc1D* , with Bc5Lc or Sc , have been predicted in the framework of the pseudoscalarD-meson exchange
model. The behavior of the cross section is driven by phenomenological form factors, which can be param-
etrized in terms of two independent parameters. The predicted values of the cross section are sizable enough to
be measured in the near threshold region.
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I. INTRODUCTION

It is well known that, due to the small mass differen
between the vectorD* (2.010)6, D* (2.007)0, and the pseu-
doscalarD6, D0 charmed mesons, the radiative decayD*
→D1g is very important for the neutralD0 (BR.40%)
where it is negligible for the chargedD* 6 (BR.1%), in
comparison with the pion decayD* 6→D1p. Therefore,
the absolute value of the transition magnetic moment~TMM !
for the decayD* →D1g allows us to determine the value o
the radiative widthG(D* →Dg) for the neutral and charge
vector mesons, and, consequently, to find the total width
the vectorD* meson. Only recently, the CLEO Collabor
tion measured the total width forD* 1 @1#:

G~D* 1!5~9664622! keV.

Using the known value for the branching ratio of the rad
tive decayG(D* 1)→D* 1g @2#,

BR~D* g!5~16.860.4260.4960.03!%,

one can find the widthG(D* 1→D* 1g) and the corre-
sponding TMM. In contrast, only the upper limit is know
for the total width of the neutralD* 0: G(D* 0)<2.1 MeV
@3#.

These TMM’s, which are generally different for th
quoted decaysD* 6→D61g and D* 0→D01g, are par-
ticularly interesting for testing the predictions of many the
retical approaches@4–19#, such as, for example, the qua
model, dispersion sum rules, or heavy quark effective the
~HQET!. Knowledge of these magnetic moments can a
allow us to predict the branching ratio for the conversi
decayD* →D1e11e2 @19#.

The standard method to determine the radiative wid
G(D* →Dg) through the Primakoff effect, which has bee
successfully used for the decaysr→p1g andA→pg, can-
not be applied here, due to the short decay time of theD
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meson@t(D).10213 s @3##. In order to study these TMM’s
a unique way is represented by the associative photopro
tion of charmed particles, for example, by the processg
1p→Lc (Sc)1Dc, near threshold. The large thresho
(Eg.9 GeV) will allow us to investigate these reaction
after the upgrade of the electron accelerator at the Jeffe
Laboratory~JLab! @20#.

The cross section for such processes, in the near thres
region, has been estimated in the framework of the effec
Lagrangian approach~ELA! and the predicted values are si
able enough to be experimentally accessible@21#. Moreover,
it was shown that the angular dependence of the differen
cross section and theS asymmetry~with linearly polarized
photons!, for the reactiong1p→Lc1Dc

0, are sensitive to
the value of the TMM of theLc hyperon.

The ELA has been used recently in other studies of cha

particle production, such asJ/c1p(r)→D1D̄(D* ) or

J/c1N→LC1D̄ @22–25#.
Our aim here is to consider the processes of associa

charm production of vector mesons and to study the se
tivity of the differential and total cross sections to the TM
in the D* →D vertex in the case of pseudoscalarD ex-
change.

II. D EXCHANGE IN g¿N\Bc¿D*

The processesg1N→Lc(Sc)1D* are the simplest two-
body reactions of photoproduction of the charmed vec
D* (2010) meson on nucleons. Their threshold is high:Eg
59.361 (10.144) GeV forLc (Sc) production.

In order to discuss the reaction mechanism for the re
tion g1N→Bc1D* ~with Bc5Lc or Sc) in the near thresh-
old region, we will proceed by analogy with other vect
meson photoproduction processes, such asg1N→N1V,V
5r,v,f, and g1N→K* 1L (S). In the case of neutra
vector meson photoproduction the diffractive mechani
dominates at large photon energies. It is characterized
specific properties such as an energy independent cross
tion and an exponential decrease of the differential cross

I,
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tion with momentum transfer squaredt. In the near threshold
region other mechanisms are more important: in the cas
v photoproduction the one-pion exchange domina
whereas in the case ofr photoproduction, due to the sma
rpg coupling constant, the scalars exchange@26# has to be
considered. Taking the coupling constantgrsg as a fitting
parameter, it is possible to reproduce thet dependence of the
differential cross section for the processg1p→p1r0 in the
near threshold region. However, a direct measurement o
r→s0g decay@27# gives an experimental value of thegrsg

constant smaller than the fitted value@26#, which is neces-
sary to reproduce the absolute value of the differential cr
section for the processg1p→p1r0 at Eg<2 GeV. One
could still reproduce the data by increasing the value of
coupling constant for thesNN vertex.

In the case ofr6- or K* -meson photoproduction, the dif
fractive mechanism is forbidden, for any kinematical con
tion. This applies also to the processg1N→Bc1D* . For
this last process we can conclude that the pseudoscalD
exchange has to dominate, in analogy withp or K exchange
for g1p→p1v or g1p→K* 1L (S).

In principle, in addition to meson exchange, other mec
nisms can occur. For example, nucleon resonancesN*
strongly contribute in the resonance region, for strange
ticle or vector meson photoproduction@28#. On the contrary,
the threshold for the processg1N→Bc1D* is so large that
there is no physical reason to include these processes.
might consider, forg1p→Lc1D* , the one-baryon ex-
change in thes and u channels as was done in@21# for the

photoproduction of pseudoscalarD mesons,g1N→Bc1D̄.
However, we will not include the calculation of these tw
diagrams in our model. The reason is that these contribut
contain at least two unknown coupling constants in the v
tex NBcD* @corresponding to the Dirac~vector! and Pauli
~tensor! interactions#, essentially decreasing the predictiv
power of the model. Moreover, previous experience w
similar diagrams in the case of the processesg1N→N
1r(v) showed that these contributions are not essentia
the differential and total cross sections.

III. PHOTOPRODUCTION OF VECTOR MESONS,
g¿N\Bc¿D* , WITH BcÄLc OR Sc

The TMM’s for D* →D1g decays determine the matri
element for the exclusive processg1N→Bc1D* , when
pseudoscalarD exchange@Fig. 1~a!# is considered in com-
plete analogy withp exchange for the processg1N→N
1V0, V05r or v. The pseudovectorD* -meson photopro-
duction seems preferable to the pseudoscalarD-meson pho-
toproduction for determination of the coupling consta
gD* Dg , because, in the first case, there is only one str
coupling constantgNBcD instead of two~for the processg

1N→Bc1D̄).
The matrix element forg1N→Bc1D* , in the frame-

work of D exchange, can be written in the following form
07402
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Mt~gN→BcD* !5
ie

mD*

gD* Dg

t2mD
2

gNBcDū~p2!

3g5u~p1!eabgdeakbUgqd , ~1!

whereUg(ea) is the four-vector of the producedD* -meson
~initial g) polarization,U•q50 (e•k50), k and q are the
four-momenta ofg and D* , t5(k2q)2, mD (mD* ) is the
mass of theD (D* ) meson, andgD* Dg (gNBcD) is the cou-

pling constant for the vertexD* →Dg (N→BcD).
After summing over the polarizations of the final particl

(D* and Bc) and averaging over the polarizations of th

FIG. 1. Feynman diagrams forD* photoproduction:~a! D ex-
change forg1N→Bc1D* ; ~b! s-channel proton exchange forg
1p→Lc

11D0* ; ~c! u-channel Lc
1 (Sc

1) exchange forg1p
→Lc

11D0* .
3-2



n

tr

ic

e

r
s

u
d

-

s
s

for
is

f the
ergy
the

tal
rm

ss

to
cou-

s
tor

per

on

PHOTOPRODUCTION OF CHARMED VECTOR . . . PHYSICAL REVIEW D 65 074023
initial particles (g andN) one finds the following expressio
for the differential cross section ofg1N→Bc1D* :

ds

dutu
5

a

16
gNB cD

2
gD* Dg

2

~s2m2!2

~M2m!22t

mD*
2

3S t2mD*
2

t2mD
2 D 2

F2~ t !,

wheres5(k1p1)2 andM (m) is theBc(N) mass. Following
the analogy with one-pion exchange, it is necessary to in
duce in the expression of the cross section at-dependent
form factorF(t), normalized to unity, fort5mD

2 :

F~ t !5
1

@12 ~ t2mD
2 !/L2#n

, ~2!

where n51 or 2 andL is a cutoff parameter. Such form
factors are necessary ingredients of this phenomenolog
model and are introduced in order to improve thet behavior
of the differential cross section, in the region of large valu
of utu. In numerical estimations we will use values ofL in
the range between 1 and 3 GeV.

The energy dependence of the total cross section is
ported in Fig. 2 forg1N→Lc

11D* . We see that this cros
section sharply increases at threshold and has a maxim
around 10 GeV. The position of this maximum depen
slightly on the choice of the form factor.

In the near threshold region,t is not a good physical vari
able, asutmin(cosq51)u.mD

2 .4 GeV2; therefore the differ-

FIG. 2. Energy dependence of the total cross sectionsT

5*s(q)dV, for the reactiong1p→Lc
11D* 0. Different curves

correspond to different values ofn and L: n51 andL52 ~solid
line!, n52 andL52 ~dashed line!, n51 andL53 ~dotted line!,
n52 andL53 ~dash-dotted line!.
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ential cross sectionds/dV is preferable. This observable i
reported in Fig. 3 forn52, considering two different value
for the parameterL, L52 and 3 GeV.

Note that in the framework of the considered model,
g1N→Bc1D* the absolute value of the cross section
determined by the productgD* DggNBcD of the electromag-
netic and strong coupling constants, whereas the shape o
t dependence of the differential cross section and the en
behavior of the total cross section are driven only by
parameters of the phenomenological form factors,n andL,
which can therefore be determined from the experimen
data, when available. Having determined the correct fo
factor, the product of the coupling constantsgD* DggNBcD can
be derived from the absolute value of the differential cro
section~for fixed values of cosu andEg). Finally, the ratio
of cross sections on proton and neutron targets will help
determine separately the electromagnetic and strong
pling constants:

ds~gn→D* 2Lc
1!

ds~gp→D* 0Lc
1!

5
gD* 2D2g

2

gD* 0D0g
2 . ~3!

The results of the SLAC experiment@29# concerning open
charm photoproduction atEg520 GeV constrain the value
of the coupling constants and the choice of the form fac
F(t). At this energy, it is found that the probability ofD*
production per charm event is 0.1760.11. The total cross
section for charm photoproduction being 56 nb, the up
limit for the cross section ofg1p→Lc

11D* 0 can be esti-
mated to be of the order of 10 nb.

FIG. 3. cosq dependence of the differential cross secti
s(q)[(ds/dV)/(gNB cD

2 gD* Dg
2 ) for the reaction g1p→Lc

1

1D* 0 at Eg511 GeV for L52 ~solid line! and L53 ~dashed
line!.
3-3
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So, from our calculation~see Fig. 3! we can estimate the
product of the strong and electromagnetic coupling c
stants,R5gD* 0D0g

2 gNLcD
2 , for different choices of the phe

nomenological form factorF(t): Rexpt<20 ~for n52 and
L53 GeV), andRexpt<100 ~for n52 and L52 GeV).
These numbers may be compared with some conserva
theoretical estimates for the valueR.

Taking into account that most theoretical predictio
@4–19# are consistent with the value of the radiative wid
G(D* 0→D0g)>10 keV, one can deduced a ‘‘theoretica
value for the ratioR, Rth>1300, i.e.,Rth@Rexpt, for any
parametrization of the form factorF(t). In particular the
valuen51 should be excluded; forn52 the smallest value
of the cutoff parameterl seems preferable. But even forn
52 andL52 GeV, we findgNLcD,1, in large disagree-

ment with SU(4), which predicts the same value for th
coupling constantsgNLcD and gNLK . This last constant ha
been estimated from analysis of the processes of photo
duction of strange particles on nucleons@30# to be in the
interval 13.2<ugNLKu<15.7. QCD sum rules@31# predict a
smaller value for this constant,gNLK56.762.1. Note that
most calculations for processes likeJ/c1N→Lc1D in
connection with the interpretation of the quark gluon plas
rely on SU(4) symmetry@32#.

Taking the form factor withn52 and L52 GeV, we
predict a maximal value of the cross section forg1p
→Lc

11D* 0 of 20 nb, in the near threshold region. The u
graded JLab, with a tagged photon beam of luminosityL
510229–10230 cm22 s21, can investigate such processes

In Fig. 4 we show the sensitivity of the backward-forwa
asymmetry toL, for n52.

In order to test the proposed model, polarization pheno

FIG. 4. Dependence of the backward-forward asymmetry for
processesg1p→Lc

11D* 0 ~solid line! and g1p→Sc
11D* 0

~dashed line! as a function ofL at Eg511 GeV.
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11D* 0 will be very useful. Polarization

effects can easily be predicted. For example, the beam as
metry S induced by linear polarization of the photon bea
vanishes, for any choice of the phenomenological form f
tors and for any values of the coupling constants, indep
dent of kinematical conditions. The polarization of the pr
ducedD* is characterized by a single nonzero element of
density matrix,r1151/2, with a sin2uD distribution for D*
→D1p, whereuD is the angle between the three-momen
of D and the initialg, in theD* rest frame system. Becaus
of the fact that theD-exchange amplitudes are real, allT-odd
polarization effects are identically zero. However, these
servables do not vanish, if one takes into account the str
final D* Lc interaction, which might play a role near th
reaction threshold. Another source ofT-odd effects is the
unitarity condition in thes channel, due to the large numbe
of possible intermediate states ing1p→Lc1D* , even in
the threshold region.

IV. ESTIMATION OF BARYON-EXCHANGE
CONTRIBUTIONS

The matrix elements for thes- andu-channel baryon ex-
change@Fig. 1~b! and Fig. 1~c!# for the processg1p→Lc

1

1D* 0 can be written in the following form:

Ms5
e

s2m2
ū~p2!S gVÛ1gT

Ûq̂

m1M
D

3~ f̂ 11m!S ê2kp

ê k̂

2m
D u~p1!, ~4!

Mu5
e

u2M2
ū~p2!S ê2kL

ê k̂

2M
D

3~ f̂ 21M !S gVÛ1gT

Ûq̂

m1M
D u~p1!, ~5!

where f 15k1p1 , f 25k2p2 , s5 f 1
2, u5 f 2

2, gV andgT are
the vector and tensor coupling constants for theNLcD* ver-
tex, andkp andkL are the anomalous magnetic moments
the proton andLc

1 hyperon. Note that the sum of these co
tributions, Ms1Mu , satisfies the gauge invariance of th
electromagnetic interaction for any values of the coupl
constantsgV andgT , and for any value ofkp andkL as well.

In theu channel another baryon exchange,Sc
1 @Fig. 1~c!#

is possible. This contribution to the total matrix element
determined by two additional combinations of fundamen
constants, namely,kLcSc

gV8 andkLcSc
gT8 , wheregV8 andgT8

are the vector and tensor coupling constants for theNScD*
vertex andkLcSc

is the magnetic moment of theLc→Sc

magnetic transition, the charm analogue of the well-kno
L0→S0 transition for strange hyperons.

So, generally, the baryon exchanges forg1p→Lc
1

1D* 0 are characterized by four unknown coupling co
stants,gV andgT for the NLcD* vertex andgV8 andgT8 for

e

3-4
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theNScD* vertex. In principle, SU~4! symmetry allows one
to relate these constants to the corresponding coupling
stants for strange particles:gpLK* andgpSK* . However, this
is meaningless, because, as we proved above, SU~4! symme-
try is strongly violated forgpLK and gpLcD̄ coupling con-

stants. Moreover, the coupling constants forgpLK* and
gpSK* vertexes are not well determined experimentally,
though their value can be estimated on the basis of mo
for strange particle photoproduction,g1p→Y1K, Y5L or
S.

Therefore, in order to simplify our estimation we wi
neglect theu-channelS1 exchanges~due to the relatively
small difference in masses of theLc

1 andSc
1 hyperons, it is

in principle possible to use an effective contribution, ren
malizing the product of the coupling constantskLgV and
kLgT), and we shall neglect the tensor contributions to
electromagnetic and strong vertices. Moreover, we will co
pare the relative roles of theD contribution and the baryon
contributions at the level of amplitudes~not of observables!.
This comparison can be done in exact form, in the thresh
region, where the final particles are produced in theS state.
The conservation of angular momentum andP parity allows
three multipole transitions:

E1→J P51/22 and 3/22, M2→J P53/22

with the following spin structure of the threshold matrix e
ement:

Mth5f2
†@F1eW•UW 1 iF 2sW •eW3UW 1 iF 3sW •eW3 k̂#f1 , ~6!

whereeW (UW ) is the three-vector of the photon (D* -meson!
polarization, k̂ is the unit vector along the photon thre
momentum,f1 andf2 are the two-component spinors of th
initial and finalLc

1 hyperons, andF1–F3 are the threshold
amplitudes, which are functions of the total energyW ~with
s5W2).

Note that the representation~6! is the most general mode
independent parametrization of the spin structure for

threshold matrix element of the processg1p→Lc
11D* 0̄.

Far from the threshold, the spin structure of the matrix e
ment for vector meson production on nucleons gener
contains 12 independent combinations of the vector polar
tionseW andUW and of the two-component spinorsf1 andf2.
Let us rewrite the expression~6! in terms of the spin struc
tures corresponding to the three multipole transitions:

Mth5f2
†@e1~eW•UW 2 isW •eW3UW !

1e3~2eW•UW 1 isW •eW3UW ! ~7!

1 im3~sW •eW3 k̂k̂•UW 1sW • k̂eW3 k̂•UW .!]f1 , ~8!

wheree1 ande3 are the multipole amplitudes correspondi
to the absorption of the electric dipoleg quantum, with pro-
duction of final particles in states withJ P51/22 and 3/22,
07402
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respectively, andm3 is the multipole amplitude for the ab
sorption of the magnetic quadrupoleg quantum, correspond
ing to aJ P53/22 final state.

Using the expressions~1!, ~4!, and~5! for the matrix ele-
mentsMt , Ms , andMu , one can find the following for-
mulas for the multipole amplitudese1 , e3, and m3 ~in the
framework of the model considered!:

e15
eg*

6
AM

WS W2m

mD*
1r

m13M

M D ,

e352
eg*

12
AM

WS W2m

mD*
1r

m13W

M D , ~9!

m35
eg*

4
AM

WS W2m

mD*
2r

m2W

M D ,

whereg* 5gD0* D0ggpLcD and r 52gv /g* . These formulas
explicitly show the spin structure of all considered diagra
at threshold. One can see also that these diagrams interfe
the differential cross section as well as in polarization
fects. Thes-channel diagram contributes to thee1 amplitude
only.

The main problem is the value of the parameterr, i.e., the
ratio of the coupling constants for theNLcD and NLcD*
vertices. In principle, the ratior could be estimated in the
framework of SU(4) symmetry, connecting the couplin
constants for theNLcD(D* ) and NLK(K* ) vertices, but
the existing estimations of the coupling constants for theK
(K* ) meson are strongly model dependent, and may t
values in a wide interval. Moreover, SU(4) symmetry is e
sentially violated. Therefore, any quantitative, rigorous e
mation of the baryon-exchange contributions to the differ
observables forg1p→Lc* 1D* 0 cannot presently be done

FIG. 5. Dependence ofA on the parameterr; see Eq.~10!.
3-5
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However, the parameterr can be experimentally deter
mined in future, from a study of the angular dependence
the decay products inD* →D1p (D* is a self-analyzing
particle!. Even in collisions of unpolarized particlesg1p
→Lc

11D* 0, D* is polarized near threshold. The norma
ized density matrix forD* , produced in theS state, can be
written in the following form:

rab5kakb1r~dab23k̂ak̂b!,

where the real dynamical parameterr determines the angula
dependence inD* →D1p:

W~uD!5r~11A cos2uD!

with

A5
123r

r
5211D, ~10!

andD can be written in terms of the multipole amplitudes

D52
ue12e32m3u2

ue112e3u21ue12e31m3u2
.

In the model considered, Eqs.~9!, A depends only on the
ratio r ~see Fig. 5! with an essential sensitivity tor, in par-
ticular in the region wherer is negative. Note that atr 50
~for D exchange only! we haveA521, i.e., the expected
sin2uD dependence.
.

u,

07402
f
V. CONCLUSIONS

We have calculated the differential and total cross secti
for associative charm photoproduction of vectorD* , through
a pseudscalarD-meson exchange model, in analogy wi
light vector meson (r,v) and strangeK* photoproduction.

We introduced phenomenological form factors with
larger cutoff parameter in comparison with the usual va
for r,v meson photoproduction. We found large sensitiv
of the differential and total cross sections forg1p→Lc

1D* to the value of the cutoff parameter.
Finally, we found sizable values for the cross section

the threshold region and predicted the energy dependenc
these reactions, which will be experimentally accessible
the near future. The existing experimental data on cha
photoproduction atEg520 GeV allow one to constrain th
value of thegNBcD coupling constant and the parameters

the phenomenological form factorF(t) as well.
The baryon contributions have also been estimated

terms of one parameterr, which can be experimentally de
termined through the measurement of the angular dep
dence of theD* -decay products.

ACKNOWLEDGMENTS

We thank P. Singer for interesting remarks and for dire
ing our attention to the recent results of the CLEO Collab
ration.
cl.

t,
@1# CLEO Collaboration, A. Anastassovet al., Phys. Rev. D65,
032003~2002!.

@2# CLEO Collaboration, J. Barteltet al., Phys. Rev. Lett.80,
3919 ~1998!.

@3# Particle Data Group, D.E. Groomet al., Eur. Phys. J. C15, 1
~2000!.

@4# E. Eichten, K. Gottfried, T. Kinoshita, K.D. Lane, and T.M
Yan, Phys. Rev. D21, 203 ~1980!.

@5# T.N. Phamet al., Phys. Rev. D25, 2955~1982!.
@6# V.L. Eletsky and Ya.I. Kogan, Z. Phys. C28, 155 ~1985!.
@7# G.A. Miller and P. Singer, Phys. Rev. D37, 2564~1988!.
@8# G. Burdman and J.F. Donoghue, Phys. Lett. B280, 287~1992!.
@9# A.N. Kamal and Q.P. Xu, Phys. Lett. B284, 421 ~1992!.

@10# P.J. O’Donnell and Q.P. Xu, Phys. Lett. B336, 113 ~1994!.
@11# P. Cho and H. Georgi, Phys. Lett. B296, 408 ~1992!; 300,

410~E! ~1992!.
@12# J.F. Amundsonet al., Phys. Lett. B296, 415 ~1992!.
@13# M.B. Wise, Phys. Rev. D45, 2188~1992!.
@14# L. Angeloset al., Phys. Rev. D45, R3021~1992!.
@15# H. Cheng, C. Cheung, G. Lin, Y.C. Lin, T. Yan, and H. Y

Phys. Rev. D49, 5857~1994!; 55, 5851~E! ~1997!.
@16# P. Colangelo, F. De Fazio, and G. Nardulli, Phys. Lett. B334,

175 ~1994!.
@17# T.M. Aliev, D.A. Demir, E. Iltan, and N.K. Pak, Phys. Rev. D

54, 857 ~1996!.
@18# H.G. Dosch and S. Narison, Phys. Lett. B368, 163 ~1996!.
@19# T.M. Aliev, E. Iltan, N.K. Pak, and M.P. Rekalo, Z. Phys. C64,
683 ~1994!.

@20# See the website http://www.jlab.org/gen/charm/.
@21# M.P. Rekalo and E. Tomasi-Gustafsson, Phys. Lett. B500, 53

~2001!.
@22# S.G. Matinyan and B. Muller, Phys. Rev. C58, 2994~1998!.
@23# K.L. Haglin, Phys. Rev. C61, 031902~R! ~2000!.
@24# Z. Liu and C.M. Ko, Phys. Rev. C62, 034903~2000!.
@25# Z. Lin, C.M. Ko, and B. Zhang, Phys. Rev. C61, 024904

~2000!.
@26# B. Friman and M. Soyeur, Nucl. Phys.A600, 477 ~1996!.
@27# M.N. Achasov et al., Pis’ma Zh. Éksp. Teor. Fiz.71, 519
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