
p

q

f ij

soft matrix element
of twist-2  light-ray
operator

H

Hard blob

φM

M=  π,Κ,ρ,ππ,..

L
Local operator

Baryon (N, Δ,Λ,...)

γ∗
L

x x+p M+B:∗γ
1 1- x

QCD factorization theorem for DIS exclusive processes 
(Brodsky,Frankfurt, Gunion,Mueller, MS 94 - vector mesons,small x; 

general case Collins, Frankfurt, MS 97)

... )
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NO FACTORIZATION WITHOUT 
COLOR TRANSPARENCY 

we  also presented a 
simpler proof not so 
rigorous but more 

intuitive 



Vector meson diffractive production: Theory and HERA data

Space-time picture of Vector meson production at small x in the
target rest frame
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⇒ Similar to the π + T → 2jets + T process, A(γ∗
L + p → V + p) at pt = 0

is a convolution of the light-cone wave function of the photon Ψγ∗→|qq̄〉, the
amplitude of elastic qq̄ - target scattering, A(qq̄T ), and the wave function of
vector meson, ψV : A =

∫
d2dψL

γ∗(z, d)σ(d, s)ψqq̄
V (z, d).
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Since at larger x  pdf’s are smaller, σ is smaller. Maybe easier to 
satisfy conditions of factorization theorem. 

σ(qq̄N) =
π

3
d2αs(Q2

eff )
[
xNGN (xN , Q2

eff ) + 2/3xNSN (xN , Q2
eff )

]

In the kinematics relevant for Jlab





Q2

Extensive data on VM production from HERA support dominance of the  
pQCD dynamics. Numerical calculations including finite transverse size effects  
explain key elements of high      data. The most important ones are:Q2

Energy dependence of       production; absolute cross section 
of           production.

J/ψ

J/ψ,ϒ

Absolute cross section  and energy dependence of   ρ-meson 
production at                       . Explanation of the data at lower     is 
more sensitive to  the higher twist effects, and uncertainties of the 
low       gluon densities.

Q2 ≥ 20 GeV 2

Q2

●

●



Universal t-slope: process is dominated by the scattering of quark-antiquark pair in a small size 
configuration - t-dependence is predominantly due to the transverse spread of the gluons in 
the nucleon - two gluon nucleon form factor,         

  Onset of universal regime FKS[Frankfurt,Koepf, MS] 97. 

 

Convergence of the t-slopes, B  -                ),
 of  ρ-meson electroproduction to the slope of
  J/ψ photo(electro)production.  

●

rT ∝
1
Q

(
1
mc

)! rN

Transverse  distribution of gluons can be extracted from 
  
 

⇒

dσ
dt

= Aexp(Bt)

γ+ p→ J/ψ+N

3
4
5
6
7
8
9

10
11
12
13

0 5 10 15 20 25 30 35 40

ρ ZEUS (prel.)
ρ ZEUS

φ ZEUS (prel.)
φ ZEUS
J/ψ ZEUS
J/ψ H1

ρ H1

Q2 (GeV2)
B 

(G
eV

-2
)

ρ

J/ψ
FKS

6

Fg(x, t). dσ/dt ∝ F2g (x, t).



B slope data for ρ-meson production support importance of HT effects 
up to Q2~ 10 GeV2

Similar situation for the absolute cross sections. One can see this from the 
structure of energy denominators: 

1
Q2 + M2

→ 1
Q2

|LT

M2 > M2
V mass2 in the intermediate state

1
Q6
→ Q2

(Q2 + M2)4

For M2=1 GeV2 and Q2 =5 GeV2 reduction of   σ by factor > 2



(iv)  the ratio  !L/!T >> 1 at large Q2    for  " and #-meson  production

(v) at Q2 >  5 GeV2 for SU(3) symmetry is restored for #/" - ratio ~ 2/9

! Presence of small size  qq Fock componentss in light mesons is 
unambigously established

!

!

-

At  transverse  separations d ! 0.3 fm pQCD reasonably describes 
“small qq - dipole”- nucleon interaction for 10-4 < x < 10-2-

Color transparency is established for the interaction of small dipoles with 
nucleons and with nuclei (for x ~10-2 )

8

No difference in squeezing  for σL and  σT - 
Sudakov f.f. start at low Q?



Goal 1 - determination of transverse distribution of gluons for x~ 0.3

Transverse  distribution of gluons can be extracted from 
  
 

⇒
γ+ p→ J/ψ+N

Convergence of the t-slope of  ρ-
meson electroproduction to the 
slope of  J/ψ photo(electro)
production.  

γ + p J/ψ + p, <E  > = 100 GeVγ Theoretical analysis of       photoproduction 
at                                           corresponds 
to the two-gluon form factor of the nucleon 
for  

which is larger than e.m.  dipole  mass

m2e.m. = 0.7 GeV 2.

The difference is likely due to the chiral 
dynamics - lack of scattering off the pion 
field at x>0.05 (Weiss &MS 03)

(FS02)

Binkley et al 82 
J/ψ

100 GeV ≥ Eγ ≥ 10 GeV

0.03≤ x≤ 0.2, Q20 ∼ 3 GeV 2,−t ≤ 2 GeV 2

Fg(x,Q2, t) = (1− t/m2g)−2. m2g = 1.1 GeV 2



which is specific for hard processes arises due to a strong

dependence of the cross section on energy. At small x effec-

tive x in the scattering off the pion field become small, lead-

ing to a gradual disappearance of the suppression of the scat-

tering off the pion field. If we make a simplifying

assumption that at small x the suppression would completely

disappear the t dependence would be similar to that of the

nucleon electromagnetic form factor, that is !(x1!0.01,
x2!0.01, t"

2)#1/(1"t/m0
2)2, m0

2#0.7 GeV2. In the tran-
sitional interval of energies in the J/$ photoproduction this

effect would lead to the diffractive cone shrinkage with the

biggest effect at t%0 where scattering off the periphery

gives the largest contribution. Another effect is the Gribov

diffusion in the impact parameter space in the hard ladder

&1'. Both effects for fixed x1"x2 should become weaker

with increasing "2 (as implicitly discussed above). In the
region of large x1 ,x2→1 a qualitatively different regime is

expected when the form factor should become a very weak

function of x. This is because the transverse momentum is

shared between the partons in proportion to the longitudinal

fractions (this feature of the Lorentz kinematics plays a criti-
cal role in the Feynman mechanism for the nucleon form

factor). In practice this region is hard to reach experimentally
except very close to the photoproduction threshold (see dis-
cussion below).
One of the important predictions of the QCD factorization

theorems is that for processes dominated by the two-gluon

exchange in the t channel, the t dependence at large Q2 and

fixed x should reach a universal limit which is independent

of the flavor of the quark constituents of the meson &1'. The
mechanism for such universality is the transverse squeezing

of the meson wave function (rt*1/Q). Hence in this limit
the t dependence of the amplitude is given solely by the

two-gluon form factor of the nucleon. The extension of the

analysis of &1' in &7,8' to account for the finite transverse size
effects finds that for J/$ production the squeezing starts al-

ready from Q2%0. The difference of the t dependences of +
and J/$ production was calculated in &8' in the dipole cross
section approximation. In that case, for J/$ production the

meson size contributes ,B%0.3 GeV"2 at low Q2 and does

not change over to the experimentally covered range of Q2.

On the other hand, for + production the slope strongly de-

pends on Q2. The B+(Q
2)"BJ/$ difference observed at the

DESY ep collider HERA is in reasonable agreement with the

&8' prediction for Q2-3 GeV2 (see the comparison in &9').
Another prediction of &1' was that the rate of change of

the t-dependence with energy should decrease with an in-

crease of the hardness of the diffractive process due to a

suppression of the Gribov diffusion in the hard processes, at

least at moderate x. The HERA data appear to support this

expectation &10–12'. If one uses a Reggeon-type fit one finds
for the case of J/$ production &12':

B(W )#B0$2.!•ln(W/90 GeV)2, (4)

where

B0#4.30%0.08(stat)"0.41
$0.16(syst) GeV"2

.!#0.122%0.033(stat)"0.032
$0.012(syst) GeV"2.

(5)

Somewhat smaller values of .! were observed for electro-
production of + mesons &13'. .! in Eq. (5) is a factor of %2
smaller than .so f t! #0.25 GeV2 measured for the soft

FIG. 1. Comparison of the dipole parametrization of Eq. (6) of
the d/0$p→J/$$p/dt with the data of &16' at 1E02#100 GeV.

FIG. 2. Comparison of the dipole parametrization of Eq. (6) of
the d/0$p→J/$$p/dt with the data of &17' at E0#19 GeV.
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processes.1 Moreover, the J/!-production analysis of "14#
suggests that the magnitude of the observed $! can be ex-
plained qualitatively by the contribution of the large size

configurations to the production amplitude for which diffu-

sion is not suppressed.

Based on the above discussion it appears natural to use

the J/! photoproduction at energies E%&100 GeV where

Gribov diffusion effects are not important in the extraction of

the two-gluon form factor of the nucleon.

The important effect which we encounter here is that the t

dependence of the cross section which follows from Eq. '3(,

d)

dt
*+2'x1 ,x2 ,t ,,

2(!
1

'1"t/m2g
2 (4

, '6(

does not exactly match an exponential form. As a result we

expect that the effective exponential slope would depend on

the t interval used in the data analysis. This is especially true

for low energies where "tmin is not equal to zero.

If one defines the slope as the logarithmic derivative of

the cross section, then the fit to Eq. '6( becomes

Bef f' t (!
4

m2g
2 "t

. '7(

The slope of the exponential fit, B, corresponds roughly to

Bef f calculated for the average t of the experiment. In the

case of HERA data for the lowest end of the energy interval

the data give B-3 GeV"2. We checked that this corre-

sponds to

m2g.1 GeV. '8(

Since we neglected in Eq. '6( the contribution of the J/! size
which contributes /B.0.3 GeV"2 to the slope, we expect

the value of m2g
2 should be larger than the result of our fit by

about 0.1 GeV"2.

II. COMPARISON WITH THE DATA

Let us now check the consistency of Eqs. '6( and '8( with
the data obtained at lower energies. We want to emphasize

here that we do not feel that the accuracy of the data and

information available about the systematics justifies at that

stage performing a 02 fit. We simply fix the value of m2g and

check whether a reasonable description can be achieved.

First we consider the Fermilab data of Binkley et al. "16#
at 1E%2!100 GeV which appear to be the only data where
the recoil proton was detected. In other measurements the

elastic sample was contaminated 'especially at large !t!) by
the inelastic diffractive events. The comparison of the t de-

pendence is presented in Fig. 1. One can see that a good

agreement with the shape of these data is reached.

Next we consider the photoproduction data at energies

close to the threshold. In this case tmin is not negligible. If

the form factor t dependence is indeed a power law it would

result in a decrease of the slope of the exponential fits of the

form expB(t"tmin). Two experiments reported the t depen-

dence in this range. The SLAC data "17# at E%!19 GeV
correspond to "tmin!0.087 GeV

2. We find them in a good

agreement with Eq. '6(, see Fig. 2. The Cornell experiment

1A word of caution is in order here. At HERA $! was determined
by fitting $(t) over a large range of !t!. At the same time a number
of measurements of elastic hadron-hadron scattering indicate that

$so f t! decreases with an increase of -t .

FIG. 3. Comparison of the dipole parametrization of Eq. '6( of
the d)%#p→J/!#p/dt with the data of "18# at 1E%2!11 GeV.

FIG. 4. Comparison of the dipole parametrization of Eq. '6( of

the d)%*#p→3#p/dt with the data of "22# at 1W2
!2.3 GeV,1Q22!1 GeV2.
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Curves are the same dipole fit as at E=100 GeV.  At 
higher energies slope changes.

!18" measured J/# photoproduction at $E%&!11 GeV. Be-

cause "tmin!0.41 GeV
2, we expect a significant change of

the slope. The data presented in Fig. 3 indeed correspond to

a very weak t dependence.2 It is probably somewhat weaker

than the expectation based on Eq. '6(. However, one should
remember that in this case the value of the longitudinal light-

cone fraction transferred from the nucleon to J/#: x1"x2
!1"p f ,N

# /pi ,N
# becomes large 'it is equal to 0.48 for $E%&

!11 GeV).3 It was suggested in !19" that photoproduction
of charm near threshold is dominated by a three-gluon ex-

change with the nucleon rather than by a two-gluon ex-

change as at high energies. The observed connection of the t

dependence of J/# production at 11 GeV and at higher en-

ergies indicates that at least for 11 GeV the dominant contri-

bution remains a two-gluon exchange.

Hence we conclude that the current data are in a reason-

able agreement with the suggested form Eq. '6(. Clearly new,
much more accurate data close to threshold are necessary.

The planned SLAC experiment E160 !20" may contribute
here as well as the Jefferson Laboratory 'Jlab( 12 GeV up-
grade. Another critical test will be a measurement of the t

dependence of the ) photoproduction at HERA which

should be very close to the genuine two-gluon form factor.

Note in passing that the t slope of the elastic ) photoproduc-

tion entered in the calculation of the total cross section of the

%#p→)#p reaction in !21". Since at that time the data on
the energy dependence of the slope of J/# production did

not allow determination of *! for J/# we took it to be equal

to zero. Taking the two-gluon form factor from our current

analysis and taking into account that xi for the ) production

in the HERA kinematics are +0.02 leads to the renormal-

ization of our prediction in !21" by a factor of ,1.3. We also
notice that the contribution of the hard probe scattering off

the nucleon pion cloud which we discussed in Sec. I can

explain at least 50% of the increase of the B-slope observed

at HERA with the remaining part being due to the Gribov

diffusion in the hard ladder. It also should lead to a decrease

of *! with increase of "t.

It is natural also to ask the question whether a large part

of the variation of the t slope of the exclusive electroproduc-

tion of light vector mesons near threshold could be due to a

similar effect. The cleanest case is the --meson production
for which the quark exchange contribution is strongly sup-

pressed. Naturally in this case the size of the meson cannot

be as safely neglected as in the J/# case. At the same time

the threshold region corresponds to large values of x1"x2
.0.4 which work in the direction of slowing down the t
dependence of the cross section. Hence we performed a com-

parison of Eq. '6( with the most recent data on the electro-
production of the - meson which were reported in the Jlab

experiment !22" 'the Cornell data !23" are pretty similar(.
Surprisingly enough we find reasonable agreement with the

data—Fig. 4. This suggests a common origin of the dynam-

ics of the - meson and J/# electroproduction near threshold.
In conclusion, we have demonstrated that the current data

are consistent with the dipole dependence of the two-gluon

form factor with the mass scale m2g
2 .1 GeV2, which is a

lower bound due to the contribution of the finite J/# size

which is of the order 0.1 GeV2. This corresponds to a sig-

nificantly smaller radius of the distribution of the gluon field

in the nucleon than for the electromagnetic charge where

m2,0.7 GeV2. It is close to the mass scale in the axial form
factor which reflects the distribution of the valence quarks. A

more narrow space distribution at x+0.05, especially when
combined with a small value of *! for virtualities

+2 GeV2, has many implications for diffractive studies as

well as for modeling the structure of final states at high en-

ergies in pp collisions with high pt jets.

We thank K. Griffioen for useful comments and GIF and
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processes.1 Moreover, the J/!-production analysis of "14#
suggests that the magnitude of the observed $! can be ex-
plained qualitatively by the contribution of the large size

configurations to the production amplitude for which diffu-

sion is not suppressed.

Based on the above discussion it appears natural to use

the J/! photoproduction at energies E%&100 GeV where

Gribov diffusion effects are not important in the extraction of

the two-gluon form factor of the nucleon.

The important effect which we encounter here is that the t

dependence of the cross section which follows from Eq. '3(,

d)

dt
*+2'x1 ,x2 ,t ,,

2(!
1

'1"t/m2g
2 (4

, '6(

does not exactly match an exponential form. As a result we

expect that the effective exponential slope would depend on

the t interval used in the data analysis. This is especially true

for low energies where "tmin is not equal to zero.

If one defines the slope as the logarithmic derivative of

the cross section, then the fit to Eq. '6( becomes

Bef f' t (!
4

m2g
2 "t

. '7(

The slope of the exponential fit, B, corresponds roughly to

Bef f calculated for the average t of the experiment. In the

case of HERA data for the lowest end of the energy interval

the data give B-3 GeV"2. We checked that this corre-

sponds to

m2g.1 GeV. '8(

Since we neglected in Eq. '6( the contribution of the J/! size
which contributes /B.0.3 GeV"2 to the slope, we expect

the value of m2g
2 should be larger than the result of our fit by

about 0.1 GeV"2.

II. COMPARISON WITH THE DATA

Let us now check the consistency of Eqs. '6( and '8( with
the data obtained at lower energies. We want to emphasize

here that we do not feel that the accuracy of the data and

information available about the systematics justifies at that

stage performing a 02 fit. We simply fix the value of m2g and

check whether a reasonable description can be achieved.

First we consider the Fermilab data of Binkley et al. "16#
at 1E%2!100 GeV which appear to be the only data where
the recoil proton was detected. In other measurements the

elastic sample was contaminated 'especially at large !t!) by
the inelastic diffractive events. The comparison of the t de-

pendence is presented in Fig. 1. One can see that a good

agreement with the shape of these data is reached.

Next we consider the photoproduction data at energies

close to the threshold. In this case tmin is not negligible. If

the form factor t dependence is indeed a power law it would

result in a decrease of the slope of the exponential fits of the

form expB(t"tmin). Two experiments reported the t depen-

dence in this range. The SLAC data "17# at E%!19 GeV
correspond to "tmin!0.087 GeV

2. We find them in a good

agreement with Eq. '6(, see Fig. 2. The Cornell experiment

1A word of caution is in order here. At HERA $! was determined
by fitting $(t) over a large range of !t!. At the same time a number
of measurements of elastic hadron-hadron scattering indicate that

$so f t! decreases with an increase of -t .

FIG. 3. Comparison of the dipole parametrization of Eq. '6( of
the d)%#p→J/!#p/dt with the data of "18# at 1E%2!11 GeV.

FIG. 4. Comparison of the dipole parametrization of Eq. '6( of

the d)%*#p→3#p/dt with the data of "22# at 1W2
!2.3 GeV,1Q22!1 GeV2.

RAPID COMMUNICATIONS

TWO-GLUON FORM FACTOR OF . . . PHYSICAL REVIEW D 66, 031502'R( '2002(

031502-3

JLAB

processes.1 Moreover, the J/!-production analysis of "14#
suggests that the magnitude of the observed $! can be ex-
plained qualitatively by the contribution of the large size

configurations to the production amplitude for which diffu-

sion is not suppressed.

Based on the above discussion it appears natural to use

the J/! photoproduction at energies E%&100 GeV where

Gribov diffusion effects are not important in the extraction of

the two-gluon form factor of the nucleon.

The important effect which we encounter here is that the t

dependence of the cross section which follows from Eq. '3(,

d)

dt
*+2'x1 ,x2 ,t ,,

2(!
1

'1"t/m2g
2 (4

, '6(

does not exactly match an exponential form. As a result we

expect that the effective exponential slope would depend on

the t interval used in the data analysis. This is especially true

for low energies where "tmin is not equal to zero.

If one defines the slope as the logarithmic derivative of

the cross section, then the fit to Eq. '6( becomes

Bef f' t (!
4

m2g
2 "t

. '7(

The slope of the exponential fit, B, corresponds roughly to

Bef f calculated for the average t of the experiment. In the

case of HERA data for the lowest end of the energy interval

the data give B-3 GeV"2. We checked that this corre-

sponds to

m2g.1 GeV. '8(

Since we neglected in Eq. '6( the contribution of the J/! size
which contributes /B.0.3 GeV"2 to the slope, we expect

the value of m2g
2 should be larger than the result of our fit by

about 0.1 GeV"2.

II. COMPARISON WITH THE DATA

Let us now check the consistency of Eqs. '6( and '8( with
the data obtained at lower energies. We want to emphasize

here that we do not feel that the accuracy of the data and

information available about the systematics justifies at that

stage performing a 02 fit. We simply fix the value of m2g and

check whether a reasonable description can be achieved.

First we consider the Fermilab data of Binkley et al. "16#
at 1E%2!100 GeV which appear to be the only data where
the recoil proton was detected. In other measurements the

elastic sample was contaminated 'especially at large !t!) by
the inelastic diffractive events. The comparison of the t de-

pendence is presented in Fig. 1. One can see that a good

agreement with the shape of these data is reached.

Next we consider the photoproduction data at energies

close to the threshold. In this case tmin is not negligible. If

the form factor t dependence is indeed a power law it would

result in a decrease of the slope of the exponential fits of the

form expB(t"tmin). Two experiments reported the t depen-

dence in this range. The SLAC data "17# at E%!19 GeV
correspond to "tmin!0.087 GeV

2. We find them in a good

agreement with Eq. '6(, see Fig. 2. The Cornell experiment

1A word of caution is in order here. At HERA $! was determined
by fitting $(t) over a large range of !t!. At the same time a number
of measurements of elastic hadron-hadron scattering indicate that
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processes.1 Moreover, the J/!-production analysis of "14#
suggests that the magnitude of the observed $! can be ex-
plained qualitatively by the contribution of the large size

configurations to the production amplitude for which diffu-

sion is not suppressed.
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the J/! photoproduction at energies E%&100 GeV where

Gribov diffusion effects are not important in the extraction of
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The important effect which we encounter here is that the t

dependence of the cross section which follows from Eq. '3(,

d)

dt
*+2'x1 ,x2 ,t ,,

2(!
1

'1"t/m2g
2 (4

, '6(

does not exactly match an exponential form. As a result we

expect that the effective exponential slope would depend on

the t interval used in the data analysis. This is especially true

for low energies where "tmin is not equal to zero.

If one defines the slope as the logarithmic derivative of

the cross section, then the fit to Eq. '6( becomes

Bef f' t (!
4

m2g
2 "t

. '7(

The slope of the exponential fit, B, corresponds roughly to

Bef f calculated for the average t of the experiment. In the
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the data give B-3 GeV"2. We checked that this corre-
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m2g.1 GeV. '8(

Since we neglected in Eq. '6( the contribution of the J/! size
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dence in this range. The SLAC data "17# at E%!19 GeV
correspond to "tmin!0.087 GeV

2. We find them in a good

agreement with Eq. '6(, see Fig. 2. The Cornell experiment
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by fitting $(t) over a large range of !t!. At the same time a number
of measurements of elastic hadron-hadron scattering indicate that

$so f t! decreases with an increase of -t .
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Jlab data suggest that for 
intermediate energies 

squeezing  for φ maybe 
strong enough



Though transverse size remains not negligible for Q2=5 GeV2, transverse 
size is reduced to < 0.4 fm  

 ➡ separation into three blocks and onset of CT is possible (easier 

because the cross sections are smaller, but expansion effects are larger)

Encouraging evidence from two Jlab experiments

Goal 1I - comparing wave functions of different mesons 
and different baryons
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Preliminary results from L/T separation at Q2 =2.1 & 4.0(GeV/c)2 
on all targets suggests that data is consistent with the
quasi-free approximation.  

No evidence for increase of  σL /σT  with Q 



plation)(Data/Simu
lation)(Data/Simu T A=

Inner error bar are 
statistical uncertainties
outer error bar are the 
quadrature sum of 
statistical and pt. to pt. 
systematic uncertainties.

Al data from the dummy
target is not shown

Solid/Dashed lines are predictions with and without CT 
A. Larson, G. Miller and M. Strikman, nuc-th/0604022

`Pπ’ Dependence of Transparency



A  precocious  factorization into three blocks 
overlapping integral  between photon and meson wave functions, hard blob and gpd. 

⇒ precocious scaling of ratios at fixed x, t as a function of Q2:

spin asymmetries

ratios of different meson channels 

ratios of different baryon  channels  - nondiagonal 
bariobarionic gpds

☛

☛

☛

Eides & FS 98



Examples:

at large x
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The proof of the  factorization for the meson exclusive production (Collins, Frankfurt and MS) is 
essentially based on the observation that the cancellation of the soft gluon interactions is intimately 
related to the fact that the meson arises from a small size  quark-antiquark pair generated by the 
hard scattering.  Thus the pair starts as a small-size configuration and only substantially later grows 
to a normal hadronic size, to a meson.  Similarly, the  factorization theorem should be  valid for  the  
production of leading baryon

∫ 3
∏

i=1

dz−i exp[i
3

∑

i=1

xi (p·zi)]· 〈M(p−∆)|εabc ψa
j1

(z1) ψb
j2

(z2) ψc
j3

(z3)|N(p)〉
∣

∣

∣

z+

i
=z⊥

i
=0

=

= δ(1 − ζ − x1 − x2 − x3) Fj1j2j3(x1, x2, x3, ζ, t) ,Mesobaryonic GPDs

13 Oct 2005 18:17 AR AR257-NS55-10.tex XMLPublishSM(2004/02/24) P1: KUV

422 FRANKFURT ! STRIKMAN ! WEISS

Figure 7 Factorization of the ampli-
tude of hard exclusive meson produc-
tion (Equation 14).

the GPD’s coincide with the usual parton densities measured in inclusive DIS.
For recent reviews of the properties of GPD’s and their applications, see Ref-
erences (50, 51). Furthermore, φM is the distribution amplitude describing the
conversion of a qq̄ pair with relative longitudinal momentum fraction z to the
produced meson (or photon). Finally, Hi j denotes the amplitude of the hard par-
tonic scattering process, which is calculable in powers of αs(Q2). The indices
i, j label the different parton species. The contribution of diagrams in which
the hard scattering process involves more than the minimum number of par-
tons is suppressed by 1/Q2. An important consequence of factorization is that
the t-dependence of the amplitude rests entirely in the GPD. Thus, different
processes probing the same GPD at similar x and Q2 should exhibit the same
t-dependence.

4.2. Space-Time Picture of Hard Exclusive Processes

The physics of hard exclusive processes at small x becomes most transparent when
following the space-time evolution in the target rest frame. As in the case of inclu-
sive scattering, this approach allows one to expose the limits of the leading-twist
approximation, and to quantify power corrections related to the finite transverse
size of the produced meson.

In exclusive vector meson production, γ ∗
L + N → V + N , one can identify

three distinct stages in the time evolution in the target rest frame (21). The vir-
tual photon dissociates into a qq̄ dipole of transverse size d ∼ 1/Q at a time
τi = lcoh ≈ 1/(m N x) before interacting with the target (see Equation 5). The
qq̄ dipole then scatters from the target, and “lives” for a time τ f % τi before
forming the final state vector meson. The difference in the time scales is due to
the smaller transverse momenta (virtualities) allowed by the meson wave function
as compared to the virtual photon.
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Baryon distribution amplitude

Baryomesonic generalized  
parton distribution

Hard scattering process

B

For large enough x (x>0.3?) the 
configuration in the nucleon which is 
likely to give the dominant 
contribution is when virtual photon 
hits a highly localized three quarks. 
So the minimal Fock component in 
N which contributes is 4qq which is 
quite different from the reaction 
with leading meson.

-

Frankfurt, Polyakov, MS 2000
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Production of a fast baryon and recoiling mesonic system. 

In the Bjorken limit the light cone fraction of the slow meson satisfies condition: 

αM =
pM−

pN−

=
Eh − p3M

EN − pN3

=
EM − p3M

mN

= 1 − x

If the color transparency suppresses the final state interaction between the fast 
moving nucleon and the residual meson state early enough it would be natural to 
expect an early onset of the factorization of the cross section to a function 
which depends on αM,pt  and the cross section of the electron-nucleon elastic 
scattering:

dσ(e + N → e + N + M)

dαMd2pt/αM

= fM (αM , pt)(1 − αM )σ(eN → eN),

hence the cross section drops strongly with Q2 - will be possible to study at Jlab 
12 GeV machine.

20


