
 J/ψ   exclusive photoproduction off protons and nuclei near threshold

Hence VDM underestimates genuine J/ψ-N   cross section, due to production of   J/ψ    
in small size configurations ~1/mc      FS85

σV DM
tot (J/ψN) ∼ 1 mb

σV DM
tot (Ψ�N)

σV DM
tot (J/ψN)

∼
m2

J/ψ

m2
Ψ�

though 

QCD:  what enters in the cross section is cross section of small “cc pair” -N interaction-

σtot(J/ψN) ∼ 3÷ 4mbConsistent with nuclear data

Mark Strikman,  PSU

Jlab, March 26, 2011

,Application of  VDM:

r2Ψ�

r2J/ψ
∼ 4
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pp

c

c
_γ J/ψ

x1 x2

DGLAP region:  x2 >0      ERBL region:  x2 <0      

αp = (1− x)

−tmin =
x2

1− x
m2

p

Analysis of the overlapping integral including Fermi motion of 
quarks in J/ψ (Koepf et al)

x1/x2 ∼ 2

pQCD motivated analysis - dipole cross section + realistic charmonium wave functions - a 
reasonable description of the HERA data - momenta of charm quarks are large: pc~ 1 GeV/c

x1 − x2 = x ≈
Q2 +m2

J/ψ

W 2

Threshold

xthr =
1

1 +mN/mJ/ψ

xthr−naive =
1

1 +m2
N/m2

J/ψ

Im A Re A

pQCD - 
factorization 

=0.77

=0.92
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Energy dependence

Naive expectation - color evaporation model (in contradiction with QCD)

σ ∝ xGN (x,Q2
0) ∝ (1− x)5 a reasonable fit

At high energies σ ∝ xG2
N (x,Q2

0) [xG(x1, x2)] ∝ xG2
N (x,Q2

0) ???

maybe rather natural if one considers lowest order large x diagrams (MS 98)
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Threshold is not kinematic limit for GPDs 
- xthr < 1.

Amplitude for fixed t → const near threshold. However a 
pretty strong effect due to  variation of tmin with Eγ

 0

 0.5

 1

 1.5

 2

 8  9  10  11  12  13  14

-t m
in

 (G
eV

2 )

E  (GeV)

0.6x= 0.50.75 0.4

x=0.6 - should be much easier 
to reach for x2< 0, than for 
x2 > 0 as in this case x1 ~1 

⇓
Re/Im  large in 

Jlab kinematics???

Is study of interference with BH doable?
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9.3 ≤ Eγ ≤ 10.4,σ = 0.94± 0.20

10.4 ≤ Eγ ≤ 11.1,σ = 1.10± 0.17

11.1 ≤ Eγ ≤ 11.8,σ = 0.60± 0.12

Tension between SLAC 
and Cornell data

Near threshold Data

Large extrapolation in t

Wrong extrapolation - 
could give a factor of 3 up

Saturday, March 26, 2011



Data require slow E dependence?
Saturday, March 26, 2011



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. (FS02)

Binkley et al 82 
J/ψ

100 GeV ≥ Eγ ≥ 10 GeV

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

detected recoil proton

0.03 ≤ x ≤ 0.4, Q2
0 ∼ 3 GeV 2,−t ≤ 2 GeV 2

Note - fit to the data uses F (t) = (1− t/M2)−2, M2 = 1.0 GeV 2

m2
g −M2 ≈ 0.1 GeV 2 correction due to the finite size of J/ψ 
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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+(Q2)"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 GeV2. 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(
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Cornell

Curves are the dipole parametrization - the same as for E=100 GeV
For exp fit B is a very strong function of energy

Warning: Cornell analysis cited B inconsistent with their plot of t-dependence

Use of the dipole extrapolation to t=0 would increase dσ/dt(t=0) by a factor ~ 3!!
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processes.1 Moreover, the J/!-production analysis of "14#
suggests that the magnitude of the observed $! can be ex-
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sion is not suppressed.
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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 GeV2. We find them in a good
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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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Comparison of the dipole parametrization with M2= 1GeV2 with the ϕ 
electroproduction data of CLAS.

Easier to  squeeze near threshold?

10
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FIG. 11: (Color online) Plot of dσ/dt′ along with an expo-
nential fit.

terms of the transverse size of the interacting configura-
tion, as described later when presenting results. In that
limit, the small value of the exponential slope implies the
interaction takes place at very short distances inside the
nucleon.

t′ (GeV2) dσ/dt′ (nb/GeV2)
0.1 9.4 ± 2.9
0.3 4.4 ± 1.9
0.5 3.1 ± 1.2
0.7 2.7 ± 1.2
0.9 4.0 ± 1.3
1.5 1.6 ± 0.4
2.8 0.5 ± 0.2

TABLE V: Differential cross section dσ/dt′ and kinematics of
each data point. t′ is the center of the bin, and corresponds
to an average value of ε = 0.47.

C. Differential Cross Section in t, dσ/dt

The differential cross section is easiest to compare with
theory if it is computed in terms of the Mandelstam vari-
able t. The cross section is given as

dσ

dt
=

σ(Q2)

∆t · Corr(t0)
, (10)

where ∆t is the bin size and Corr(t0) is a correction factor
to account for the fact that the kinematic limit t0(Q2, W )
varies across the bin. The yield was extracted over the
ranges of Q2 and W given in Table III in six bins in −t.
The kinematic threshold t0 varies between -0.09 and -
1.14 GeV2 for extreme values of Q2 and W . For the
bin corresponding to 0 ≤ −t ≤ 0.4 GeV2, the threshold
varies so much that corrections could not be modeled

reliably, so that bin was dropped. The first bin reported
contains a significant correction, but was included with
an increased systematic error. Subsequent bins had small
or no corrections. The values for the cross section in each
−t bin are given in Table VI.

−t (GeV2) dσ/dt (nb/GeV 2)
0.6 10.7 ± 3.1
1.0 0.8 ± 1.0
1.4 3.4 ± 1.0
1.8 1.0 ± 0.5
2.2 1.4 ± 0.5
3.0 0.5 ± 0.2

TABLE VI: Differential cross section dσ/dt and kinematics of
each data point. −t is the center of each bin at an average
value of ε = 0.47.

D. Differential Cross Section dσ/dΦ and test of
SCHC

The cross section dependence on the angle Φ between
the electron and hadron scattering planes takes the fol-
lowing form:

dσ

dΦ
=

1

2π

(

σ + εσTT cos 2Φ +
√

2ε(1 + ε)σLT cosΦ

)

,

(11)

where σLT and σTT are the interference terms between
the longitudinal and transverse contributions to the cross
section. If helicity is conserved in the s-channel (SCHC),
then both of these terms will vanish. The magnitude of
these interference terms can therefore be used as a test
for the validity of SCHC.

The differential cross sections in Φ were extracted in
the same manner as the other differential cross sections
(Eq. 8) after integrating over Q2, −t and W . The cross
section dσ/dΦ was extracted in six bins in Φ. The cross
sections, along with a fit to Eq. 11, are shown in Fig. 12.
The fit yields a value of σTT = −1.1± 3.1 nb and σLT =
2.2 ± 1.1 nb with a chi-squared per degree-of-freedom of
χ2/D.F. = 1.3. A fit of the dσ/dΦ distribution to a
constant, constraining the interference terms to be zero,
yields a χ2/D.F. = 1.6. The small change in the goodness
of fit between the two cases leads us to conclude that the
precision of this experiment is insensitive to violations of
SCHC for φ-meson production in our kinematic domain.

VIII. ANGULAR DECAY DISTRIBUTIONS

The angular decay distribution of the K+ in the φ
rest frame describes the polarization properties of the
φ-meson. The scattering amplitude for vector meson
electroproduction γ∗ + N → P + V can be expressed in

4.4
2.1

1.1
0.67

0.3

normaliz. point

CLAS 2008
CLAS 2001
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Space -time picture of J/ψ production for scattering off nuclei

lcoh =
2P

m2
Ψ� −m2

J/ψ

≈ 0.3fm · P/mJ/ψ

At Jlab 12 energies J/ψ produced in the interaction point 

Expansion effect is very small up to ~ 50 GeV (Farrar et al 1990)

Production of  J/ψ’s off nuclei
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SLAC A-dependence

Are errors bars realistic?
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Jlab12 

Complication as compared to SLAC 20 GeV  (x~ 0.25)

Effects related to nuclear parton structure (like EMC effect)

Bound nucleon gluon  GPD at large x

Recent development (Frankfurt & 
MS10) - practically no hadronic EMC effect 
at x < 0.55 - practically all effect is due to 
need to use correct Bj x and presence of 
Coulomb field in nuclei which carries finite 
fraction of the nucleus light cone 
momentum. Large x effect is proportional to 
<k2> mostly short-range correlations.

10

One can see from Fig.3 that deviation of the data from the dashed curves grows with increase of x

for x ≥ 0.6 indicating increasing importance of the ”hadronic EMC effect”. This is consistent with the

expectation that suppression of the EMC ratio due to the effect of the suppression of the point-like

configurations in bound nucleons should be maximal for quarks that carry a fraction of the light - cone

momentum of the bound nucleons close to 1 [9]. Since the Fermi motion effect is ∝ TA for 0.5 < x ≤ 0.7,

the compensating ”hadronic EMC effect ” should also be approximately proportional to TA. For the

realistic nuclear wave functions TA is dominated by the contribution of the short-range pn correlations

FIG. 3. The solid curve is the contribution to the EMC ration of the nucleus field of equivalent photons and

effect of proper definition of x calculated using Eq.22 which is applicable for x ≤ 0.7 only. The dashed curves

include also the effect of the Fermi motion estimated using Eq. 24. The data are from [19, 20]. Open circles

correspond to W <2GeV.
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momentum of the bound nucleons close to 1 [9]. Since the Fermi motion effect is ∝ TA for 0.5 < x ≤ 0.7,

the compensating ”hadronic EMC effect ” should also be approximately proportional to TA. For the

realistic nuclear wave functions TA is dominated by the contribution of the short-range pn correlations

FIG. 3. The solid curve is the contribution to the EMC ration of the nucleus field of equivalent photons and

effect of proper definition of x calculated using Eq.22 which is applicable for x ≤ 0.7 only. The dashed curves

include also the effect of the Fermi motion estimated using Eq. 24. The data are from [19, 20]. Open circles

correspond to W <2GeV.

red curves= Bj x + Coulomb
dashed curves= Bj x + Coulomb +Fermi motion

∍0.5 ÷ 0.75

Whether the same effects dominate for gluons for x < 0.55 is not clear.  In any 
case likely very different dynamics for ERBL and DGLAP regions.
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Is “coherent” (“collective”) production off light nuclei is possible / has a clear signature?

Example Eγ= 8.2 GeV

x(γp)=0.77,  pJ/ψ=6.2 GeV/c 

x(γ2H)=0.6,  pJ/ψ=7.4 GeV/c 
Sensitivity to Fermi motion and recoil

Thresholds for scattering involving  N nucleons

Eγ(1)= 8.2 GeV
Eγ(2)= 5.66 GeV
Eγ(3)= 4.8 GeV

To observe J/ψ in the Jlab 
experiment of P.Bosted et al, 

N=3 was necessary
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More work is necessary to figure out how to separate FSI and initial wave function 
(Fermi motion and nucleon deformation) effects

Worth exploring study of FSI through final states

J/ψ +N → J/ψ + X     ⇒  slower  J/ψ

J/ψ +N → D + Λc

_

Shift of the J/ψ momentum due to Fermi nucleon momentum/ 
coherent recoil

J/ψ +N → ψ’ + N ~ 10-3 J/ψ for A=200???

●

●

●

☀
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Conclusions

Jlab 12 is in a unique position to study near threshold dynamics for J/ψ .

Hard dynamics seems to dominate for J/ψ - window to gluon 
GPDs in extreme large x limit

Hard dynamics seems to be relevant  for ϕ at Q2~ 2GeV2

Worth doing in parallel φ electroproduction off nuclei 

 J/ψ photoproduction off nuclei 
☛use open geometry to probe momentum of struck nucleon - try to learn from 
this more about nuclear effects in the initial state (light nuclei)

☛ use heavy nuclei to look at modifications of J/ψ spectrum, production of ψ’ 

Complementary studies planned by PANDA
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