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Supplementary material

JLab at 12 GeV

At 11 GeV γp → ηc(1S), J/ψ(1S), D0
Λ+

c , χc1(1P)...
Cross sections are low:
< 10 nb for D and < 1 nb for charmonia
The only detectable particle seems J/ψ(1S) - decays to
lepton pairs

Physics

Photoproduction of J/ψ(1S) close to threshold
Interaction of J/ψ(1S) - a long living particle - with matter

Can we use J/ψ(1S) as a probe for the nucleon/nucleus?
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J/ψ photoproduction at 10 GeV: Scales

ψγ

c Fll

L

nuclear radius

r⊥ ∼ 1
αs·mc

= 0.3 fm

At Eγ = 10 GeV:

`coh =
2Eγ

4m2
c+Q2 ≈ 0.4 fm

`F
∼= 2Eγ

m2
ψ′−m2

J/ψ
∼ 1 fm

• No coherent production on heavy nucleus: `coh � RA

• No shadowing effects: `coh, `F < RA

• VMD not applicable: `coh < 1 fm
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J/ψ photoproduction at 10 GeV: Dynamical models
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∆

GPD

H

• Partonic soft mechanism Frankfurt..2002..

• Well tested at high energies
• 10 GeV: gluons x1 6= x2 ∼ 1
|tmin| > 0.4 GeV/c

• 2-gluon formfactor:
dσγP→J/ψp

dt ∝ (1− t/1.0GeV 2)−4

• Hard scattering mechanism Brodsky.., 2001

• 10 GeV: Quark counting rules
• 2-gluon exchange ∝ (1− x)2

• 3-gluon exchange ∝ (1− x)0

Unique probe of small-size gluon configurations in proton
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J/ψ photoproduction at 10 GeV: Dynamical models
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Both models fit the data at
11-25 GeV:
• Frankfurt 2003
• Brodsky 2001: 2-gluon exchange

(red curve)

• Brodsky 2001: 3-gluon exchange
alone does not fit the data
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J/ψ photoproduction at 10 GeV: Dynamical models
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Subthreshold experiment E-03-008
No J/ψ observed
Spectral functions ⊗ σ not large
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Photoproduction on nucleons

1 Measure dσ
dt (E) for γ+p→J/ψ+p

close to threshold, at Eγ ∼ 8.5− 11 GeV
Low energy ⇒ sensitive to high-x gluons in the nucleon
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ψN Interaction: Physics

Small size color dipole r⊥ ∼ 1
αs·mc

= 0.3 fm
interaction ∝ color dipole moment ∝ rcc (small)
⇔ color transparency,
σψN

tot �σπN
tot ≈30 mb

Low energy: attractive potential (Luke,Manohar,Savage,1992)
similar to Van der Waals, Ebinding ∼ 8 MeV

Absorption: breakup to DD, ψ+N→Λ+
c D
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ψN Interaction: Signature for QGP

J/ψ suppression in AA collisions ⇒ signature for QGP

Range:
√

s ∼ 5− 400 GeV

deficiency found, using
experiment σψN

abs
SPS 4.18 mb
RHIC ∼ 3. mb

Interpretation: not resolved yet
mixture ψ, χc ...; regeneration at RHIC

F. Karsch et al. / Physics Letters B 637 (2006) 75–80 77

Fig. 3. J/ψ production in d–Au collisions at
√

s = 200 GeV.

In order to convert the rates RAu–Au into survival probabil-
ities, we have to know what would be expected if only normal
nuclear matter were present. At RHIC, this information is pro-
vided through d–Au studies [22]; the resulting nuclear modifi-
cation factor, specifying the production rate relative to scaled
p–p collisions, is shown in Fig. 3.

To quantify these RHIC results, with their presently rather
limited statistics, we adopt a description similar to that used
for SPS results and apply the well-known simplified absorption
form

(6)S � exp{−n0σdissL},
where L denotes the path of the cc̄ in the nuclear medium and
n0 = 0.17 fm−3 denotes normal nuclear density. A Glauber
analysis [23] provides the relation between impact parameter b

and the number of collisions Ncoll, and simple geometry gives
L = [R2

A − b2]1/2 in terms of b and the nuclear radius RA. A fit
of Eq. (6) to the data of Fig. 3 gives2

σdiss(y = 1.8) = 3.1 ± 0.2 mb,

σdiss(y = 0) = 1.2 ± 0.4 mb,

(7)σdiss(y = −1.7) = −0.1 ± 0.2 mb

for the corresponding J/ψ dissociation cross sections; for y =
−1.7, there are thus essentially no nuclear modifications. We
note that here, as for the SPS case, these cross sections are
just a global way to account for whatever nuclear effects can
arise. A more detailed analysis based on shadowing and ab-
sorption is given in [24]; an analysis based on the color glass
condensate approach has recently been performed in [25]. In
the latter approach, the factorization of the shadowing and ab-
sorption corrections does not occur; nevertheless, here we use
Eq. (6) just as a way to parameterize the data.

2 In the fit, we neglect the most peripheral point at Ncoll, which corresponds
to b > RAu and is thus due to nuclear surface rather than medium effects.

Fig. 4. Impact parameter relation between p–A and A–A collisions.

Fig. 5. J/ψ suppression as function of energy density.

For A–A collisions at RHIC energy, we make use of the
same simplified form (6). The geometry connecting the impact
parameter b and path length L in p–Au and Au–Au collisions
is illustrated in Fig. 4; the relation between b and Npart is again
given by a Glauber analysis [26]. We thus here obtain for the
survival probability

(8)SAA
i (y,Npart) = RAA(y,Npart)

exp{−n0[σdiss(y) + σdiss(−y)]L} ,

corresponding to the fact that for y �= 0 the charmonium state
passes one nucleus at rapidity y, the other at rapidity −y.

Applying Eq. (8) to the rates shown in Fig. 2 together with
the nuclear modification cross sections (7) provides the survival
probability as function of Npart. The corresponding energy den-
sities have been calculated in a Glauber analysis based directly
on the PHENIX ET data [27], and in Fig. 5 we compare the
RHIC results to those from the SPS.

It is seen that the two data sets are quite compatible, both in
the onset and in the flattening at about 50–60%. Concerning the
RHIC data, it should be emphasized that the choice of τ0 = 1 fm
is certainly debatable; a smaller value would move the RHIC
points to correspondingly larger ε values.

So far we have considered only symmetric (A–A) collisions.
We find, however, that the ψ ′ production measured in S–U in-
teractions at the SPS [28] also agrees quite well with the pattern
shown in Fig. 1. In contrast, the reported S–U J/ψ rates [28] do
not show an onset of suppression at the centrality at which it sets
in for In–In collisions. The reason for this is not clear, although
two special features have been pointed out. The centrality de-

JLab experiment - measure σψN
abs at lower energy

√
s ∼ 5 GeV,

in different conditions
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ψN Interaction: σψN Theoretical Calculations

Various models: VMD, exchange meson currents, etc.
authors model

√
s, GeV σψN , mb

Brodsky,Miller,1997 Van-der-Waals potential small 7
Kopeliovich...,1994 GVMD, wave functions 10–400 3–10
Gerland..., 1998 VMD, data for VM >7 3.6
Sibirtsev..., 2001 boson exchange >4 2.2

Lattice

1N→Lc1D̄ andJ/C1N→Lc1D̄* reaction channels.
The line~c! in Fig. 4 shows the parametrization from Ref.

@37#, explicitly given as

sJN52.5S 12
l

l0
D 6.5

, ~19!

where the cross section is given in millibar,l05mN1e0
with e0 being the Rydberg energy and

l5
s2mJ

22mN
2

2mJ
. ~20!

Parametrization~20! provides a substantially smallerJ/C
dissociation cross section compared to our result.

Furthermore, theJ/C1N cross section can be evaluated
@38,39# using short-distance QCD methods based on the
operator-product expansion@40#. Within the first order cal-
culation, the cross section is given as@41#

sJN5
213p

34asmc
2 E

1/j

1 ~jx21!3/2

~jx!5

g~x!

x
dx, ~21!

where j5l/e0 , mc is the c quark mass,as is the strong
coupling constant, andg(x) denotes the gluon distribution
function, for which we take the form

g~x!52.5~12x!4. ~22!

Calculations with a more realistic gluon distribution func-
tion @42# only change theJ/C1N cross section slightly at
invariant collision energiesAs,20 GeV, as compared to that
obtained with function~22!. The differences associated with
various gluon structure functions can be predominantly ob-

served at highAs. The J/C1N cross section from the first
order calculations performed using short-distance QCD is
shown by line~b! in Fig. 4.

We note that the QCD results are in good agreement with
our hadronic model calculations at high invariant collision
energies, but substantially deviate from our predictions near
the threshold for endothermic reaction. We ascribe this dis-
crepancy to the contribution from theJ/C1N→Lc1D̄ and
J/C1N→Lc1D̄* reactions. The dashed line in Fig. 5
shows separate contribution to the totalJ/C1N cross sec-
tion from theJ/C1N→Lc1D̄ andJ/C1N→Lc1D̄* re-
actions, while solid line~a! again shows our result for the
total J/C dissociation by a nucleon. Solid line~b! in Fig. 5
indicates the QCD result given by Eq.~21!. It is clear that the
main difference between our prediction and the QCD calcu-
lation comes from theJ/C1N→Lc1D̄ andJ/C1N→Lc

1D̄* reaction channels, which contributes substantially at
low As.

VI. JÕC PHOTOPRODUCTION ON THE NUCLEON

Within the vector-dominance model, theJ/C photopro-
duction invariant amplitudeMgJ on a nucleon can be related
to theJ/C1N scattering amplitudeMJN as

MgJ~s,t !5
Apa

gJ
F~ t !MJN~s,t !, ~23!

where s is the squared invariant collision energy,t is the
squared four-momentum transfer,a is the fine-structure con-
stant, andgJ is the constant forJ/C coupling to the photon.
In Eq. ~23! F(t) stands for the form factor at theg2J/C

FIG. 4. The total cross section forJ/C dissociation by the
nucleon as a function of invariant collision energyAs. Line ~a!
shows our calculation with form factors. Line~b! indicates the first
order calculations based on a short distance QCD, while line~c!
shows the parametrization from Ref.@37#.

FIG. 5. The total cross section forJ/C dissociation by the
nucleon as a function of invariant collision energyAs. Solid line~a!
shows our calculations with form factors, while the dashed line

indicates the contribution from theJ/C1N→Lc1D̄ and J/C

1N→Lc1D̄* reaction channels only. Solid line~b! indicates the
first order calculation based on short-distance QCD.

CHARMONIUM ABSORPTION BY NUCLEONS PHYSICAL REVIEW C63 044906

044906-5
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ψN Interaction: Experimental Access

1 Calculated from photoproduction on nucleons using
VMD/GVMD
γN >20 GeV σψN

tot ∼ 2.8 - 4.1 mb model dependent

2 Nuclear absorption: from A-dependence, Glauber model

γA 20 GeV σψN
abs = 3.5± 0.9 mb clean interpretation

poor accuracy

pA >100 GeV σψN
abs = 4.2± 0.4 mb not ψN:

`coh, `F � RA
contamination χc , ψ′

We use arguments from Farrar et al.,1990, Kharzeev et al, 2007
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ψN Interaction: Experiment at SLAC 1977

The cleanest method used so far: `coh, `F < RA

Large experimental uncertainties

• 20 GeV e− on Be and Ta targets
• Detecting only µ−, through iron
• The background was calculated

(decays, Bethe-Heitler)
• Nuclear coherence not measured

σ(Be)/σ(Ta) = 1.21± 0.7

⇒ σψN = 3.5± 0.8± 0.6 mb

Authors: syst. errors might be larger

JLab: we can do a much more accurate experiment!
E.Chudakov SRC Workshop, Jlab 2007 Photoproduction of J/ψ on Nuclei 11



Supplementary material

Photoproduction on Nuclei

1 Measure the A-dependence of σ(γ + A → J/ψ + X ),
extract σψN

abs at
√

s ∼ 5 GeV
Much improved accuracy and a cleaner interpretation.
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Program at JLab

PR12-07-106 for Hall C: conditionally approved.
Objectives:

1 Accurate measurement of J/ψ-nucleon cross-section
at
√

s = 5 GeV

Test theoretical ideas
(color dipole model, Van-der-Waals force)
Benchmark for future calculations
Interest for heavy ion physics.

2 Measurement of J/ψ photoproduction cross section
dσ
dt (Eγ) at Eγ ∼ 8.8− 11 GeV

Input for (1).
Probes large-x gluon GPD / small-size gluon configurations
in proton.
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ψN Interaction: Proposed Experiment

1 Measure the A-dependence of γA → J/ψX , extract σψN
abs

compared with SLAC 1977:
• low background for J/ψ
• no coherent production
• smaller effects from `coh,`F
• several targets used
• reconstructed kinematics of J/ψ

• steeper σ(Eγ) dependence ⇒ stronger effect from Fermi
motion (need σ(Eγ) to make correction)

2 Measure dσ
dt (E) for γp→J/ψp

• Provide Fermi-motion correction for the A-dependence
• Measurement in a new energy range

E.Chudakov SRC Workshop, Jlab 2007 Photoproduction of J/ψ on Nuclei 14
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Experiment: Setup

Use decays to e+e−(6%), µ+µ−(6%) to identify J/ψ mass

Standard Hall C equipment

High rate at various targets
Low background: < 2%, scaled from Cornell, SLAC
Reconstruction of Eγ , identification of γ+p→J/ψ+p

Hall C Spectrometers

• HMS: e−, µ− at θ > 20◦

• SHMS: e+, µ+ at θ < 20◦

• e+,e− Gas Cher., Shower
• µ+, µ− Gas Cher.

Beam and target

• Bremsstrahlung by 50 µA beam
• 6 targets A = 9− 197, 10% r.l. thick
• Each target: 3 plates ∼ 5 cm apart
• 20 cm LH2 with a 7% radiator
• 20 cm LD2 with a 7% radiator
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Experiment: γA – kinematics optimization

dσ
dt = C(Eγ) · eb·t , 2–gluon exchange, fit to data
t-slope b varied in 1.1-3.0 (GeV/c)−2 range
Decay distribution (1 + cos2 θCM)

Fermi motion - spectral functions for C, Fe and Au used
Beam energy 11 GeV

Acceptance optimized for γA

set HMS SHMS
θ P, GeV/c θ P, GeV/c

1 21.0◦ 4.20 15.0◦ 5.80
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Experiment: Rates on Nuclear Targets

Acceptance ε ≈ 0.03%

Internal Bremsstrahlung 1.6%

No nuclear absorption is assumed for the moment

1H 2H Be C Al Cu Ag Au
A 1 2 9 12 27 63.5 108 197
Z 1 1 4 6 13 29 47 79
T/TRL 0.022 0.027 0.10 0.10 0.10 0.10 0.10 0.10
J/ψ per h 170 340 560 370 208 112 78 55
Time∗, h 24 12 7 11 19 36 51 72

* – in order to detect 4000 events per target

200 hours on nuclear targets
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Experiment: Counting rates, Backgrounds

Rates

Single arm: < 250 kHz
Coincidence ∆t ∼ 100 ns:
∼ 200 Hz

Cornell

Resolutions

Mass 7.4 MeV/c2

For γ+p→J/ψ+p:

Photon energy 0.2%
t : σt ∼ 0.015 (GeV/c)−2

Backgrounds

Accidentals < 0.2 per hour

Physics: Bethe-Heitler dominated

Calculated
Scaled using Cornell, SLAC
< 2%
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Fermi motion Correction and Hydrogen Measurements

Fermi motion ⊗ σγN→ψX (Eγ) :
Au/C ≈ 1.10 sensitive to σ(Eγ)
Need to measure σ(Eγ)

Plan for σγp→ψp(Eγ) measurement

3 endpoints at 8.8, 10.2, 11.0 GeV
“Elastic” γp → ψp dominates
Use reconstructed photon energy Eγ
Eγ > Ee− − 0.3 GeV: pure “elastic”
Constraints from SLAC Eγ > 15 GeV
Simulation shows: δ(Au/C) < 0.01
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E photon (target nucleon at rest), GeV/c
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Measurements on LH2

< Eγ > GeV σψ(E) error
8.7 15%

10.0 3%
10.8 3%
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Experiment: Expected Results on σψN

Total error per target ∼3%

• beam flux ∼ 1%
• target thickness < 1.5%
• Fermi correction < 1.%

• statistics ∼ 1.5%
• acceptance: nearly cancels
• other ∼ 0.5%

Glauber model used to extract σψN

Expected transparencies TN(A) = σA/AσN

σψN A δ(σψN )
mb 9 12 27 63 108 197 mb
1.0 0.982 0.980 0.974 0.963 0.952 0.931 0.29

T 3.5 0.938 0.931 0.908 0.870 0.833 0.760 0.25
7.0 0.876 0.863 0.816 0.740 0.665 0.519 0.18

σψN≈ (3.5)± 0.12± 0.20 mb at
√

s ∼ 5 GeV
SLAC: 0.80± 0.60
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Experiment: Photoproduction

1 Main measurements on hydrogen
3 endpoints: 8.8,10.2 and 11.0 GeV
expected accuracy σψ ∼ 3% for 10.2 and 11 GeV

2 Additional measurements at 11 GeV
Increase the range of t to measure dσ

dt
Increase the range of θdecay to measure the absolute cross
section
LD2 - for isoscalarity correction

In total 290 hours are requested
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Request

Standard Hall C spectrometers
New nuclear targets
Radiators for cryo targets

beam
11.0 GeV standard 16 days
10.8 GeV non-standard 2 days

8.8 GeV standard 3 days
21 days
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Spectrometers

spectr. P range ∆P/P σP/P θin range ∆θin ∆θout ∆Ω σθin σθout

GeV/c mrad mrad msr mrad mrad
HMS 0.4–7.4 −10 + 10% 0.1% 10.5◦–90◦ ±24 ±70 8 0.8 1.0

SHMS 2.5–11. −15 + 25% 0.1% 5.5◦–25◦ ±20 ±50 4 1.0 1.0
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Settings for hydrogen measurements

HMS SHMS selection rate J/ψ
set θ P θ P 〈Pψ〉 〈P2

t 〉 〈 cos θCM〉 〈Eγ〉 per hour
GeV/c GeV/c GeV/c (GeV/c)2 GeV total elas.

Ee− = 11 GeV
1 21.0◦ 4.20 15.0◦ 5.80 9.7 0.08 -0.15 10.8 170 66
2 21.5◦ 4.00 16.3◦ 5.90 9.7 0.12 -0.15 10.8 106 17
3 28.0◦ 2.95 10.7◦ 7.50 9.7 0.08 -0.45 10.8 136 65
4 37.0◦ 1.90 8.0◦ 8.50 9.7 0.08 -0.65 10.8 72 40
5 23.4◦ 3.89 16.3◦ 5.30 8.9 0.08 -0.15 9.8 60

Ee− = 10.2 GeV
5 23.4◦ 3.89 16.3◦ 5.30 8.9 0.08 -0.15 10.0 60 30

Ee− = 8.8 GeV
6 28.1◦ 3.24 19.1◦ 4.50 7.3 0.08 -0.15 8.7 0.70 0.70
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Photoproduction measurements
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σψN Theoretical Calculations

Various models used ⇒ exchange meson currents, color dipole
interactions etc.

Low energy (Van-der-Waals):
σψN

tot ∼ 7 mb (Brodsky,Miller,1997),
falling with energy
Scaling from other VM:
σψN

abs∼ 3.6 mb (Gerland et al,1998)

GVMD, wave func, σψN
tot ∼ 3 mb

(Kopeliovich,Raufeisen,1994)
Exclusive reactions
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σψN Theoretical Calculations

Various models used ⇒ exchange meson currents, color dipole
interactions etc.

Low energy (Van-der-Waals):
σψN

tot ∼ 7 mb (Brodsky,Miller,1997),
falling with energy
Scaling from other VM:
σψN

abs∼ 3.6 mb (Gerland et al,1998)

GVMD, wave func, σψN
tot ∼ 3 mb

(Kopeliovich,Raufeisen,1994)
Exclusive reactions

Kopeliovich

101

102

101 102

√s [GeV]

σ 
(γ

 p
 →

 J
/ψ

 p
) 

nb
GBW

H1
E401
E516
ZEUS
BT
COR
LOG
POW

101 102

√s [GeV]

KST

H1
E401
E516
ZEUS
BT
COR
LOG
POW

E.Chudakov SRC Workshop, Jlab 2007 Photoproduction of J/ψ on Nuclei 26



Supplementary material

σψN Theoretical Calculations

Various models used ⇒ exchange meson currents, color dipole
interactions etc.

Low energy (Van-der-Waals):
σψN

tot ∼ 7 mb (Brodsky,Miller,1997),
falling with energy
Scaling from other VM:
σψN

abs∼ 3.6 mb (Gerland et al,1998)

GVMD, wave func, σψN
tot ∼ 3 mb

(Kopeliovich,Raufeisen,1994)
Exclusive reactions
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σψN Theoretical Calculations

Various models used ⇒ exchange meson currents, color dipole
interactions etc.

Low energy (Van-der-Waals):
σψN

tot ∼ 7 mb (Brodsky,Miller,1997),
falling with energy
Scaling from other VM:
σψN

abs∼ 3.6 mb (Gerland et al,1998)

GVMD, wave func, σψN
tot ∼ 3 mb

(Kopeliovich,Raufeisen,1994)
Exclusive reactions
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σψN Theoretical Calculations

Various models used ⇒ exchange meson currents, color dipole
interactions etc.

Low energy (Van-der-Waals):
σψN

tot ∼ 7 mb (Brodsky,Miller,1997),
falling with energy
Scaling from other VM:
σψN

abs∼ 3.6 mb (Gerland et al,1998)

GVMD, wave func, σψN
tot ∼ 3 mb

(Kopeliovich,Raufeisen,1994)
Exclusive reactions

Oh, Liu,Ko 2007 ψ+N→Λ+
c D

6
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FIG. 4: (Color online) Total cross section for (a) J/ψ + p→ D̄0 + Λc and (b) J/ψ + p→ D̄∗0 + Λc with κψΛcΛc

= −0.94 and
κD∗NΛc

= 2.65. In (a), the u-channel diagram dominates and the contributions from the other diagrams are suppressed and
cannot be seen. In (b), the dot-dash-dashed line is the contribution from the contact term. Other notations are the same as in
Fig. 2.

Λ (GeV) With the couplings in Eq. (9) With the couplings in Eq. (10)

(I) (II) (I) (II)

1.5 σ(J/ψ +N → D̄ + Λc) 0.86 mb 0.86 mb 0.3 mb 0.3 mb

RD/D∗ ∼ 225 ∼ 30 ∼ 38 ∼ 3

1.8 σ(J/ψ +N → D̄ + Λc) 7.5 mb 7.5 mb 1.6 mb 1.4 mb

RD/D∗ ∼ 30 ∼ 3 ∼ 8 ∼ 0.7

2.1 σ(J/ψ +N → D̄ + Λc) 20.5 mb 19.5 mb 6.6 mb 6.1 mb

RD/D∗ ∼ 12 ∼ 1.2 ∼ 1.4 ∼ 0.12

TABLE I: The peak values of the cross section for J/ψ+N → D̄+ Λc) and the ratio RD/D∗ for different choices of the D/D∗

coupling constants and for three different values of the cutoff parameter Λ. (I) is for κD∗NΛc
= 0, and (II) is for κD∗NΛc

= 2.65.
We use κψΛcΛc

= −0.94 for the both cases.

To match the quark-interchange model predictions of
Ref. [15] with those from our effective Lagrangian ap-
proach leads us to conclude that gDNΛc

must be larger
than gD∗NΛc

and κD∗NΛ must be small. The first con-
dition contradicts with the QCD sum-rule predictions of
Ref. [23] that prefers a similar strength for the two cou-
plings. Instead, the SU(4) symmetry relations satisfy this
condition. However, SU(4) symmetry gives a large value
for κD∗NΛ, and thus does not fulfill the second condi-
tion. Since SU(4) symmetry must be broken by the heavy
charm quark mass, it would be interesting to see how
badly the SU(4) symmetry relations for gDNΛc

, gD∗NΛc

,
and κD∗NΛc

are broken. Therefore, more rigorous stud-
ies on these couplings are required, which will eventually
help to reconcile the predictions of the quark-interchange

model and of the meson-exchange model. Neverthe-
less, the constraints used in this work, VMD and charm
vector-current conservation, are found to have a non-
trivial role to fill the gap between the quark-interchange
model and meson-exchange model predictions to some
extent.
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J/ψ photoproduction at 10 GeV: Dynamical models

S. Brodsky et al, 2001:
Quark counting rules at x =

sthresh−m2
p

s−m2
p

∼ 1
2-gluon exchange

dσ
dt = N2gv (1−x)2

R2M2 F1(
t
4)(s −m2

p)2

3-gluon exchange
dσ
dt = N3gv (1−x)0

R4M4 F1(
t
9)(s −m2

p)2

dσ
dt ∝ eb·t from experiments
Different energy dependencies for 2,3-gluons

Frankfurt, Strikman, Weiss 2002-2004

x � 1 dσγP→J/ψp
dt ∝ Hg(x ,t)2

Hg(x ,0)2

Hg(x , t) ∝ (1− t/m2
g)−2 2-gluon formfactor

dσγP→J/ψp
dt ∝ (1− t/1.0GeV 2)−4
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Spectra

Produced

Pψ Eγ

Detected
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