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Abstract

Charm photoproduction rates off nuclei below the nucleon threshold are estimated using the phenomenologicall
structure functions both forx > 1. The rates rapidly fall below the threshold from values∼ 10 pb for Pb close to the thresho
(at 7.5 GeV) to∼ 1 pb at 6 GeV.
 2004 Elsevier B.V.

1. Introduction

In view of the envisaged upgrade of the CEBAF facility up to 12 GeV it becomes important to have rel
secure predictions about the production rates of charm on nuclear targets below the threshold for the
target. This Letter aims at such predictions. We try to estimate the subthreshold production rate from th
distribution in the appropriate kinematical region. The latter will be related to the nuclear structure function
regionx > 1, for which we shall use the existing (scarce) experimental data. These data are only known atx quite
close to unity, so our procedure necessarily involves their extrapolation to higherx, which involves considerabl
uncertainty in view of poor knowledge of the slope inx. Also the relation between the structure function and gl
density depends on the assumptions made about the initial parton densities at the start of the DGLAP evolutio
which have not been studied forx > 1. Finally, as we shall see, in the low energy region the charm production
involves the gluon distribution not only inx (collinear factorization) but also in bothx andk2⊥ (k⊥ factorization). In
view of the approximate character of our calculations we shall use the simplest approximation about the s
of this combined distribution, assuming the dependence onx andk⊥ factorized. With all these uncertainties, w
hope to be able to predict the rates up to factor 2–3.2

From the start it has to be recalled that the dynamical picture of charm production at energies c
the threshold is much more complicated than at high energies. Due to smallness of the production ra
contribution to it may originate from such non-standard mechanisms as liberation of intrinsic charm. In this
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1 Permanent address: Department of High Energy Physics, St. Petersburg University, 198504 St. Petersburg, Russia.
2 Some crude estimates were earlier reported in[2]. Their order agrees with the present calculations at energies not too close to the thresho
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we do not discuss this latter mechamism. Estimates of intrinsic charm contribution are very uncertain but t
they lead to a rather small value (see, e.g.,[1]). Staying within the more common picture, in which charm
produced due to fusion of the photon with gluons of the target, the main problem is that in the immediate
of the threshold the standard fusion with a single gluon becomes overshadowed by multiple gluon excha[3]
and formation of colourless bound states with lower mass, as compared to open charm[4].

Assuming that the threshold value of the scaling variable for the producedcc̄ pair of massM is x = 1, one finds
that the relative weight of multigluon exchanges is measured by a factor

r = 1
/[

(1− x)2R2M2],
whereR ∼ 1/ΛQCD ∼ 1 fm [3]. Numerically this factor is∼ 1/[225(1− x)2], so that already at 1− x ∼ 0.1 each
new gluon exchange is damped by at least 1/2. In fact this damping is stronger due to the fact that such an exch
involves a smaller strong coupling constant, taken at the scaleM. So multiple gluon exchanges play their role on
quite close to the threshold. InAppendix A, on a simple example of a mesonic target, we find that, in term
energy of the reaction, already at distances around 0.3 GeV from the threshold multiple gluon exchanges giv
small contribution as compared to the single gluon exchange.

The same argument can be applied to nuclear targets. Take the deuteron and consider it as a bound
quarks. In terms ofx the threshold is now atx = 2. Obviously, in the interval 1< x < 2 the heavy quarks have
collect their longitudinal momenta from quarks belonging to different nucleons inside the deuteron. This
that in any case the two nucleons have to be located at a small distance of the order 1/M in the deuteron, which by
itself makes the production rate very small. Now consider the behaviour of this rate close to the deuteron t
x = 2 and compare contributions from a single and multiple gluon exchanges. Each new gluon exchange w
involve the same factorr relative to the single gluon exchange contribution. As a result, similar to the the nu
target case, already at small distances of the order 0.3–0.4 GeV from the deuteron threshold one may n
contribution from multiple gluon exchanges, at least for comparatively crude estimates.

This argument forms the basis of our treatment. We shall study charm production below the normal th
for the nucleon target but above the threshold for the deuteron target, at not too small distances from the th
where all effects due to multiple gluon exchanges are hopefully small. To be more concrete, taking the charm
quark massmc = 1.55 GeV, we have the threshold of open charm photoproduction on the proton target
incident photon energyEth

1 = 8.2 GeV and on the deuteron target atEth
2 = 5.6 GeV. As we shall argue (se

Appendix A), our treatment is hopefully valid at incident photon energiesE in the interval 6.0 < E < 7.8 GeV.
Closer to the thresholds multigluon exchanges and bound state formation may change our predictions considera

Neglecting multiple gluon exchanges, as mentioned at the beginning, subthreshold production will be
determined by the gluon distribution in the “cumulative” region (x > 1 at large energies or massless target). So
task will be to estimate this distribution from the experimental data on the nuclear structure function atx > 1. This
will be done using the standard DGLAP equations atx > 1 assuming certain initial distributions. We mostly re
on the assumption that at certain lowQ2 = Q2

0 the nucleons consist only of valence quarks, all other distribut
going to zero[5]. However, we also studied the influence of non-zero initial sea and gluon distributions. Inclusio
of a non-zero sea distribution does not change our results in any significant way. Inclusion of a non-zer
distribution enhances the rates without changing their form. In the limiting (improbable to our mind) case whe
the initial gluon distribution atx > 1 is equal to the valence one the rates are doubled.

2. Kinematics and cross-sections

2.1. The charm production cross-section

Consider the exclusive process

(1)γ + A → CC̄ + A∗,
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Fig. 1. The forward scattering amplitude corresponding to reaction(1). Heavy quarks are shown by double lines.

whereA is the target nucleus of massmA andA∗ is the recoil nuclear system of massm∗
A. We denote the total mas

of theCC̄ system asM. Obviously,M � 2mc, wheremc is the mass of theC-quark, which we take as 1.5 GeV. Th
inclusive cross-section for charm photoproduction is obtained after summing over all states of the recoil
system.

We choose a reference system in whichthe target nucleus with momentumAp is at rest and the incoming photo
with momentumq is moving along thez-axis in the opposite direction, so thatq+ = q⊥ = 0. The photoproduction
cross-section corresponding to(1) is then obtained via the imaginary part of the diagram inFig. 1as

(2)σA→A∗ = A

∫
d4k

(2π)3δ
(
(Ap − k)2 − m∗2

A

)
x

(
ΓAA∗(k2)

k2

)2

σg

(
M2, k2).

HereΓAA∗(k2) is the vertex for gluon emission from the target;σg(M2, k2) is the photoproduction cross-secti
off the virtual gluon of momentumk. We have also introduced the scaling variable for the gluon asx = k+/p+.
Due toq+ = 0 this is also the scaling variable for the observed charm. Note that this definition, which is st
at large energies and produced masses, is not at all standard at moderate scales. In particular, thisx does not go to
unity at the threshold for the nucleon target. Rather the limits for its variation converge to a common valu
For the nuclear targets withA � 1 its minimal value at the nucleon threshold is well below unity (∼ 0.64). One
should have this in mind when associating thisx with the gluon distribution: it follows that for a nuclear targ
for energies going noticeably below thenucleon threshold, the cumulative region (prohibited for the free nucleon
kinematics) includes not only values ofx above unity but also a part of the regionx < 1.

We use theδ-function to integrate overk− to obtain the cross-section(2) as

(3)σA→A∗ = A

∫
dx d2k⊥

2(A − x)(2π)3

(
ΓAA∗(k2)

k2

)2

σg

(
M2, k2).

In these variables we find

(4)M2 = xs1 + k2, s1 = 2pq,

(5)k2 = xAm2 − x

A − x
m∗2

A − A

A − x
k2⊥,

where we have putp2 = m2, the nucleon mass squared, neglecting the binding.
The limits of integration in(3) are determined by the conditionM2 � 4m2

c , which leads to

(6)x
(
s1 + Am2) − x

A − x
m∗2

A − A

A − x
k2⊥ − 4m2

c � 0.

Sincek2⊥ � 0, one gets

(7)x
(
s1 + Am2) − x

A − x
m∗2

A − 4m2
c � 0,
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from which one finds the limits of integration inx for the transitionA → A∗:

(8)xA→A∗
1 � x � xA→A∗

2 ,

where

(9)xA→A∗
1,2 = 1

2s

(
As − m∗2

A + 4m2
c ±

√[
As − (m∗

A + 2mc)2
][

As − (m∗
A − 2mc)2

])
ands = s1 + Am2. The limits of integration ink⊥ at a givenx are determined by(6).

Using(5) we may pass from the integration variablek2⊥ to |k2|. Summing over all states of the recoiling nucle
A∗ we get

(10)σA =
x

(A)
2∫

x
(A)
1

x dx

xs1−4m2
c∫

|k2|min

d
∣∣k2

∣∣σg

(
xs1 − ∣∣k2

∣∣, k2)ρ(
x,

∣∣k2
∣∣),

where

(11)ρ
(
x,

∣∣k2
∣∣) = π

2(2π)3

∑
A∗

(
ΓAA∗(k2)

k2

)2

,

(12)
∣∣k2

∣∣
min = A

A − x
x2m2,

andx
(A)
1,2 determined by(9) with m∗

A put to its minimal valuem∗
A = mA = Am.

The threshold energy corresponds tox
(A)
1 = x

(A)
2 or As = (Am + 2mc)

2. In terms of the photon energyE we
haves1 = 2mE and the threshold energy is found to be

(13)Eth
A = 2mc

(
1+ 1

A

mc

m

)
.

It steadily falls withA from the nucleon target threshold. Withmc = 1.55 GeV we find (in GeV):

(14)Eth
1 = 8.2, Eth

2 = 5.6, Eth
3 = 4.8, Eth

12 = 3.5, Eth
207= 3.1.

2.2. High-energy limit

To interpreteρ in Eq. (10)it is instructive to study its high-energy limit, which corresponds to takings1 � m2
c

and both quantities much greater than the nucleon mass. Assuming that the effective values of the gluon
are limited (and small) one then gets for the nucleon target (A = 1)

(15)σ1 =
1∫

4m2
c/s1

x dx σg(xs1)

xs1∫
0

d
∣∣k2

∣∣ρ(
x,

∣∣k2
∣∣).

Here we also neglect the off-mass-shellness of the cross-section off the gluon, considering|k2| � 4m2
c . The

obtained formula is precisely the standard collinear factorization formula with the identification

(16)xg
(
x,M2) =

M2∫
0

d
∣∣k2

∣∣xρ(
x,

∣∣k2
∣∣).

Thus the quantityρ(x, |k2|) obviously has a meaning of the double distribution of gluons inx and|k2|.
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3. The gluon distribution ρ(x, |k2|)

To find the double distribution of gluons inx and|k2| one may be tempted to use(16) and simply differentiate
xg(x,M2) in M2 = |k2|. However,(16) is only true forx � 1. At finite x the derivativedg(x,m2)/dM2 is not
positive and cannot be interpreted as the double gluonic distribution.

To avoid this problem, we choose a different, somewhat simplified approach. We assume a simple fac
form for the double densityρ(x, |k2|) and choose the|k2|-dependence in accordance with the perturbation theory
with an infrared cutoff in the infrared region:

(17)ρ
(
x,

∣∣k2
∣∣) = a(x)

|k2| + Λ2
.

Functiona(x) can be obtained matching(17) with the observedxg(x,M2) at a particular pointM2
0. Since we are

interested in the threshold region, we takeM0 = 2mc to finally obtain

(18)ρ
(
x,

∣∣k2
∣∣) = g(x,4m2

c)

ln(4m2
c/Λ

2 + 1)

1

|k2| + Λ2 .

The recipe(18) amounts to taking in(16) ρ dependent also onM2, with the latter dependence factorized. O
calculations show that the results are rather weakly dependent of the infrared cutoff chosen in the inter
0.7 GeV.

For the nuclei in the cumulative region

(19)x
(A)
1 < x < x

(A)
2 outside x

(1)
1 < x < x

(1)
2 ,

the gluon distribution may be estimated using, first, the existing data for the nuclear structure functions
region and, second, the hypothesis that at sufficiently lowQ2 = Q2

0 the sea and gluon distributions vanish a
hadrons become constructed exclusively of valence quarks. Then one can find the gluon distribution at
Q2 from the standard DGLAP evolution equation with the quark distributions determined from the experi
data on the structure functions atx > 1 and evolved back toQ2 = Q2

0. In practice we took the initial valenc
distributions in carbon atQ2 = Q2

0 in the form

(20)u
(
x,Q2

0

) = d
(
x,Q2

0

) = ae−bx

and the rest of the distributions equal to zero. Then we calculated the carbon structure function atx > 1 andQ2

in correspondence with the data of[6] and chose the parametersa andb to fit the data. With thus chosena andb

we finally calculated the gluon distribution in carbon at the scale 4m2
c . Our obtained gluon distributions in carbo

for Q0 = 0.4 and 0.7 GeV/c are shown inFig. 2 for 1 < x < 2. As one observes, the dependence on the ch
of Q0 is very weak in this interval. The slopes result equal to 11.4 (Q0 = 0.4 GeV/c) and 11.2 (Q0 = 0.7). The
distribution for other nuclei was taken from theA-dependence, chosen in accordance with the experimental dat
for hadron production atx > 1 as∝ A1+0.3x [7].

The assumption that atQ2 = Q2
0 the sea and gluon distributiion vanish may appear to be too radical. S

studied the effect of non-zero sea and gluon distributions at the beginning of the evolution. Inclusion of a n
initial sea distribution of a reasonable size does not change our results in any way. Inclusion of a non-zero ini
gluon distribution enhances the gluon density at 4m2

c . Taking the initial gluon distribution of the same form(20)
with an extra coefficientκ we found the gluon density at 4m2

c enhanced by factor∼ (1 + κ). In Fig. 2 the upper
curve shows this gluon density for the caseκ = 1 (improbable to our mind). It is roughly doubled.

In the non-cumulative regionx(1)
1 < x < x

(1)
2 at low enoughx one could take the gluon distribution

gA(x,4m2
c) = Ag1(x,4m2

c), whereg1(x,Q2) is the gluon distribution in the proton (thus neglecting the EM
effect in the first approximation). However, this is obviously not satisfactory atx < 1 but close to unity. On the
thresholdx = 1 and in a certain interval ofx below unity the nuclear gluon density determined from the cumula
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Fig. 2. The cumulative (x > 1) gluon distributions in carbon atQ2 = 4m2
c . The two lower curves from bottom to top correspond

Q0 = 0.7(0.4) GeV/c. The upper curve corresponds to the case when the initial gluon distribution atQ0 = 0.4 GeV/c is equal to the valence
ones.

structure function by the procedure described above remains much greater thanAg1(x,4m2
c). Thus one has to us

this gluon density also in a part of the intervalx < 1 down to the value ofx at whichAg1(x,4m2
c) begins to

dominate. In fact all the integration region ofx < 1 in Eq. (10)lies inside this interval. So our calculations
not need the gluon distribution inside the proton at all and are totally based on the experimental nuclear s
functions at bothx > 1 andx < 1 but close to unity.

4. Numerical results

The cross-section (10) involves the photon–gluon fusion cross-sectionσg off mass shell. The integration ov
the gluon virtuality starts from|k2| ∼ m2. If one assumesm/M → 0 then the bulk of the contribution will com
from the region of small|k2| (with a logarithmic precision). In realitym/M is not so small. However, to simplif
our calculations, as a first approximation, we have taken the photon–gluon cross-section on the mass sh
it is known to be[8]

(21)σg

(
M2) = παemαse

2
c

1

M4

t2∫
t1

dt

[
t

u
+ u

t
+ 4m2

cM
2

tu

(
1− m2

cM
2

tu

)]
.

Hereec is the quark charge in unitse, u = −M2 − t and the limitst1,2 are given by

(22)t1,2 = −M

2

[
M ±

√
M2 − 4m2

c

]
.
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Fig. 3. The charm photoproduction subthreshold cross-sections off Pb for different choice of parametersΛ andQ0. Curves from bottom to top
correspond to(Λ,Q0) = (0.4,0.7), (0.7,0.7), (0.4,0.4) and(0.7,0.4) GeV/c. The uppermost curve corresponds to the case when the i
gluon distribution atQ0 = 0.4 GeV/c is equal to the valence ones (withΛ = 0.4 GeV/c).

Fig. 4. The charm photoproduction subthreshold cross-sections for different targets. Curves from bottom to top correspond toA = 12, 64 and
207.
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Fig. 5. The limits ofx-integration for different photon energies and nuclear targets. Curves from bottom to top correspond toA = 12, 64 and
207.

We take the strong coupling constantαs = 0.3.
Our gluon distribution depends on two parameters: the infrared cutoffΛ in (19) and the value ofQ0, at which

the sea and gluon distributions die out. The order of both is well determined, but still one can vary them t
degree. In our calculations we took bothΛ andQ0 equal to 0.4 or 0.7 GeV/c.

With these values for the parameters we obtain the cross-sections for charm photoproduction on Pb s
Fig. 3. As one observes, the dependence on bothΛ andQ0 is relatively weak: in the whole range of their variati
the cross-sections change by less than 30%. We have also shown the cross-section for the case when a
Q2 = Q2

0 there exists a non-zero gluon distribution of the same form and magnitude as the valence one (th
curve,Q0 = Λ = 0.4 GeV/c). As with the gluon density, the resulting cross-section is then roughly doubled

Fig. 4 illustrates theA-dependence of the cross-sections (withΛ = Q0 = 0.4 GeV/c). To have the idea of th
number of nucleons which have to interact together to produce charm at fixed energy below threshold we
limits of intergationx1 andx2 in Fig. 5.

As expected the cross-sections rapidly fall for energies below threshold. Their energy dependence can
with a simple exponential (in fact they fall faster than the exponential). As to the aboslute values, for Pb th
section fall from∼ 10 pb immediately below the threshold down to∼ 1 pb atE = 6 GeV. TheA-dependence i
close to linear.

5. Discussion

We have estimated charm photoproduction rates for nuclear targets below the nucleon target threshold
assumption and simplifications have been used.

The estimates require knowledge of the gluon distribution in bothx andk2⊥ in a wide region of the moment
including the confinement region. Our estimates were based on a simple factorization assumption and intr
of an infrared cutoff. However, the cutoff dependence was found to be weak for variations of the cuto
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reasonable interval. Another approximation has been to take the photon–gluon fusion cross-section on
shell. We are of the opinion that both these technical approximation are not very serious The second one c
be dropped for the price of considerable complication of the calculation. As to the first one, the corresp
double distributions are now widely discussed in the framework of the combined BFKL+ DGLAP evolution
equation[9] and in principle the results of this discussion can be used to somewhat improve our estimates

At the present stage we consider such an improvement preliminary, because there are three points which, in
our opinion, introduce much more uncertainty. These arepoor experimental knowledge of the nuclear struct
functions atx substantially larger than unity, certain arbitrariness in the choice of initial parton distributions f
DGLAP evolution and, finally, insecure estimates of the intrinsic charm contribution.From each of these points,
our opinion, one may expect a change in the rate up tp 100%. As a result we expect our rates to be true up
2–3. Note that both intrinsic charm and non-zero initial gluon distribution enhance the rate. So in this respect
estimates correspond to the lower bound for the cross-section.

In our study we assumed the standard mechanism of charm production via gluon–photon fusion (a single glu
exchange between light and heavy quarks). It can be shown that this mechanism dominates, provided o
too close to the threshold (seeAppendix A).
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Appendix A. Multiple gluon exchange

A.1. Kinematics and phase volume

To study the relative weight of multiple gluon exchange we consider a simplified picture with a mesonic
composed of a light quark and antiquark of massµ. We neglect the binding, so that the meson mass is justµ.
We shall compare contributions to heavy flavour production of the three amplitudesFig. 6(a)–(c). Amplitude (a)
corresponds to a single gluon exchange between light and heavy quarks, amplitudes (b) and (c) to double gluo
exchange. We use the light-cone variables and denoteki+ = zip+, pi+ = xip+, i = 1,2.

The phase volume for the reaction is given by

(A.1)dV = 1

16(2π)8

d3k1 d3p1 d3p2

z1z2x1x2
δ(Re − R),

where d3k1 = dz1 d2k1⊥, etc., and theδ function refers to conservation of the light-cone energy (the−”
component of the momentum). Its argument contains the external energyRe = 2pq + 4µ2 = 2µE + 4µ2, and
the energy of the produced particlesR = ∑2

i=1(m
2
c,i⊥/zi + µ2

i⊥/xi). The minimal value ofR determining the
production threshold occurs at

(A.2)zi = z0 = mc

mc + µ
, xi = x0 = µ

mc + µ
, ki⊥ = pi⊥ = 0, i = 1,2,

and is equal to minR = R0 = 2(mc + µ)2.
We shall study our amplitudes near the threshold, so thatxi will be small andzi will be close to unity. We pu

zi = z0 + ζi , xi = x0 + ξi , i = 1,2, and developR near the threshold keeping terms of the second order inζ ’s, ξ ’s
and transverse momenta. We present the differenceRe − R in the formRe − R0 = ∆R0, where dimensionless∆
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Fig. 6. Amplitudes for charm photoproduction off a meson with a single (a) and double (b), (c) gluon exchanges between light and h
quarks. The latter are shown with double lines. Vertical lines correspond to gluonic exchanges.

measures the distance from the threshold and is supposed to be small. Finally, we rescale our variables a

(A.3)ζi = ζ̃i

√
∆

z3
0R0

M2
, ξi = ξ̃i

√
∆

x3
0R0

m2
, ki⊥ = k̃i⊥

√
∆z0R0, pi⊥ = p̃i⊥

√
∆x0R0.

Obviously, new variables with tildes are dimensionless and of the order unity. Using this, one find
approximatelỹζ1 = −ζ̃2 andk̃2 = −k̃1. So the phase volume acquires the form

(A.4)dV = V0∆
7/2 dz̃1 dξ̃1 dξ̃2 d2k̃1⊥ dp̃1⊥ dp̃2⊥(

x0 + ξ̃1
√

2∆x0
)(

x0 + ξ̃2
√

2∆x0
)δ

(
1− 2ζ̃ 2

1 − ξ̃2
1 − ξ̃2

2 − 2k̃2
1⊥ − p̃2

1⊥ − p̃2
2⊥

)
,

whereV0 = m3M
√

z0/2/(2π)8.

A.2. Amplitudes

We use the Coulomb gauge for the interaction between quarks and neglect the contribution from the tr
momenta in it. Then the interaction depends only on the scaling variables, and for the transition between, s
quarksp1 + p2 → p′

1 + p′
2 is given by

(A.5)V (p1,p2|p′
1,p

′
2) = 4παs

(x1 + x ′
1)(x2 + x ′

2)

(x1 − x ′
1)

2
.

We shall assume that the initial light quarks have their momenta equal top, so that their scaling variable is equ
to unity. We omit the the common factor due to their binding into the initial target meson. Finally we co
photoproduction, so thatq2 = 0 and choose a system in whichq+ = q⊥ = p = 0.

The amplitude corresponding toFig. 6(a)is given by

(A.6)A(a) = V (p,p|2p − p2,p2)V (q − k1,2p − p2|k2,p1)

(µ2 − (2p − p2)2)(m2
c − (q − k1)2)

The two interactions near the threshold turn into 12παs and 2παs(z2 − z1), where we used the fact th
x1, x2 � 1 andz1, z2 
 1. For the same reason we find the two denominators asµ2 − (2p − p2)

2 
 2µ2
2⊥/x2
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ill be
andm2
c − (q − k1)

2 
 2pq . In our dimensionless variables we obtain

(A.7)A(a) = −2c1
√

2z0∆
ζ̃1

(
x0 + ξ̃1

√
2x0∆

)
µ2 + 2µ(mc + µ)∆p̃2

2⊥
, c1 = 6π2α2

s

pq
.

The amplitude corresponding toFig. 6(b)is

(A.8)A(b) = V (q − k1,p|q − k1 + p − p1,p1)V (q − k1 + p − p1,p|k2,p2)

(m2
c − (q − k1)2)(m2

c − (q − k1 + p − p1)2)
.

Near the threshold the interactions become−4παs and 4παs The new denominator is

(A.9)m2
c − (q − k1 + p − p1)

2 
 m2
c + 2(mc + µ)∆

(√
mc k̃1 + √

µp̃1
)2
⊥.

At ∆ � 1 we can drop the second term. So we get

(A.10)A(b) = −c2
1

m2
c

, c2 = 8π2α2
s

pq
.

Finally, we consider the amplitude ofFig. 6(c):

(A.11)A(c) = V (k1 − p + p1,p|k1,p1)V (k2 − p + p2,p|k2,p2)

(m2
c − (k1 − p + p1)2)(m2

c − (k2 − p + p2)2)
.

Near the threshold both interactions become approximately equal to 4παs and both denominators tom2
c . So the

amplitude becomes

(A.12)A(c) = 2c2
pq

m4
c


 2c2
1

m2
c

,

where we have used that near the thresholdpq 
 m2
c . So the amplitudes (b) and (c) have the same orde

magnitude.

A.3. Cross-sections

Now we can pass to our main goal: comparison of contributions of the three amplitudes to the total cross
for heavy flavour production. The first thing to note is that near the threshold amplitude (a) does not interfere w
(b) and (c), sinceA(a) is odd inζ1 andA(b,c) do not depend onζ1 at all. Second, sinceA(b) andA(c) are of the
same order and structure it is sufficient to compare the contributions ofA(a) andA(b). Finally, due to the fact tha
x0 is small, the magnitude of contributions depends on the relation between∆ andx0. We shall study two limiting
cases:∆ � x0 (region A) and∆ � x0 (region B).

Region A refers to the production immediately above the threshold. In this case we can takex1,2 
 x0. Then we
find the contribution of amplitude (a) to the cross-section as

(A.13)σ (a) = V0∆
7/2 1

x2
0

[
2c1

√
2∆

x0

µ2

2
]
I (a),

whereI (a) is a certain integral of the order unity. The contribution of the amplitude (b) to the cross-section w

(A.14)σ (b) = V0∆
7/2 1

x2
0

[
c2

1

m2
c

]2

I (b),

whereI (b) is another integral of the order unity. The ratio of these two cross-sections will have the order

(A.15)
σ (b)

σ (a)
∼ µ2(mc + µ)2

m4∆
∼ µ2

m2∆
∼ x2

0

∆
.

c c
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Thus immediately above the threshold the contribution from amplitudes (b) and (c) dominate. However w
growth of∆, in the regionx2

0 � ∆ (and� x0 to still remain in region A) the contribution of amplitudes of (b) a
(c) become suppressed by factorµ/mc.

In region B we can approximatex1,2 
 ξ̃1,2
√

2x0∆. To avoid logarithmic divergence iñξ1,2 we cutoff the
integration region from below at values of the order

√
x0/∆. We also note that the integral overp̃1⊥ appearing in

the contribution of amplitude (a) is well convergent at values ofp̃2
1⊥ ∼ x0/∆ so that we may neglect̃p2

1⊥ in the
argument of theδ-function and separate the integration overp̃1⊥ as a factor

(A.16)
∫

d2p̃1⊥
[µ2 + 2µ(mc + µ)∆p̃2

2⊥]2 = π

2µ3(mc + µ)∆
.

We find the cross-section fromA(a) as

(A.17)σ (a) = V0∆
5/2 1

2x0

[
2c12∆

√
x0

]2 π

2µ3(mc + µ)∆
J (a),

whereJ (a) is an integral of the order ln(x0/∆). The cross-section fromA(b) is found to be

(A.18)σ (b) = V0∆
5/2 1

2x0

[
c2

1

m2
c

]2

J (b)

with J (b) an integral of the order ln2(x0/∆).
The ratio of the two cross-section turns out to be of the same order up to a logarithmic factor

(A.19)
σ (b)

σ (a)
∼ µ2(mc + µ)2

m4
c∆

ln
∆

x0
∼ µ2

m2
c∆

ln
mc∆

µ
∼ x2

0

∆
ln

∆

x0
,

and so the contribution of amplitude (a) clearly dominates in region B, where∆ � x0. The suppression facto
for the contribution of the amplitudes (b) and (c) with double gluon exchange is found to bem2

c/(µ
2∆). With

mc/µ ∼ 5 it is of the order 25∆. Taking into account that double gluon exchange involves a coupling const
the heavy flavour mass scale will add a factor∼3 more. So in the end we find a suppression factor of the o
75∆, which implies that at a distance of 0.3 GeV from the threshold the contribution of the double gluon ex
drops by a factor∼3.

A.4. Bound states

One may wonder if the production cross-section is dominated by the formation of final bound stat
diagrams asFig. 7(a), which looks as quark rearrangement without any gluon exchange[4]. However, one ha
to recall that in the bound state of a light and a heavy quark (D-meson) the typical configuration requir
pi+/li+ = µ/mD andki+/li+ = mc/mD, where we neglect the binding takingmD = mc + µ. The initial light

(a) (b)

Fig. 7. Amplitudes for theDD̄ photoproduction off a meson. Diagram (a) is equivalent todiagram (b), which shows how the produced qua
aquire their momenta appropriatefor the binding. Notations are as inFig. 6.
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quarks have howeverpi+ = p+. So for their binding intoD-mesons, they have to diminish their longitudin
momenta by at least two hard gluon exchanges, as shown inFig. 2(b). But the process inFig. 2(b)contributes
actually a part of the cross-section generated by the amplitudeA(c) studied in the preceding subsection, wh
corresponds to the immediate binding of the open charm intoD-mesons. Above the threshold of the open cha
production its contribution can only be smaller than the total rate of open charm production. True, immediat
below this threshold, at distances of the order of the binding energy, this mechanism is obviously the o
that contributes, in agreement withthe estimates above for very small∆’s. However, as we have seen, with t
growth of ∆ the strength of multiple interactions between light and heavy quarks necessary to produce th
a state appropriate for their binding rapidly goes down. With them goes down also the correspondiing part of
cross-section due to immediate binding.
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