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Diffractive factorisation breaking: an outlook

Incoming hadrons are not elementary — experience soft interactions dissolving  
them leaving much fewer rapidity gap events than in ep scattering

Sources of diffractive factorisation breaking: 

✓     soft survival (=absorptive) effects 

✓     interplay of hard and soft fluctuations in incoming  
        hadron wave function  

✓     saturated shape of the universal dipole cross section 
        for large dipole sizes

Jets, W, Z, b¯b, J/√ in diÆractive gap events at the Tevatron
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[%] Exp. observed
dijets CDF 0.75 ± 0.10
W CDF 1.15 ± 0.55
W DØ 1.08 +0.21

°0.19

b¯b CDF 0.62 ± 0.25
Z DØ 1.44 +0.62

°0.54

J/√ CDF 1.45 ± 0.25
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IP model tuned at HERA, i.e. qIP (x,Q2

) and gIP (x,Q2

) fitted to DIS FD
2

) factor ª 10 too large æ(hard diÆraction) at Tevatron

Model can be cured by IP flux ’renormalisation’, but . . .

G. Ingelman: ‘Hard diÆraction - 20 years later’, Lepton-photon symposium 2005 8

Any universal way consistently treating these effects?



Dipole description of diffractive Abelian radiation
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FIG. 1: The cross section of the diffractive DY process summed over all excitation channels at
fixed effective mass MX (left panel) corresponding to the Mueller graph in Regge picture (right

panel).

of small xγ1 → 0 and large zp ≡ p+4 /p
+
2 → 1 the diffractive DY cross section is given by

the Mueller graph shown in Fig. 1. In this case, the end-point behavior is dictated by the
following general result

dσ

dzpdxγ1dt
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t→0
∝

1

(1− zp)2αIP (t)−1xε
γ1

, (1.3)

where αIP (t) is the Pomeron trajectory corresponding to the t-channel exchange, and ε is
equal to 1 or 1/2 for the Pomeron IP or Reggeon IR exchange corresponding to γ∗ emission
from sea or valence quarks, respectively (see Fig. 1).

As an alternative to the factorization based QCD approach, the dipole description of the
QCD diffraction, was presented in Refs. [11] (see also Ref. [12]). It is based on the fact that
dipoles of different transverse size r⊥ interact with different cross sections σ(r⊥), leading to
the single inelastic diffractive scattering with a cross section, which in the forward limit is
given by [11],

σsd

dp2⊥
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∣
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∣

∣

p⊥=0

=
⟨σ2(r⊥)⟩ − ⟨σ(r⊥)⟩2

16π
, (1.4)

where p⊥ is the transverse momentum of the recoil proton, σ(r⊥) is the universal dipole-
proton cross section, and operation ⟨...⟩ means averaging over the dipole separation.

The color dipole description of Drell-Yan inclusive process first introduced in Ref. [13]
(see also Ref. [14]), treats the production of a heavy di-lepton like photon bremsstrahlung,
rather than q̄q annihilation. Such a difference is a consequence of Lorentz non-invariance of
the space-time description of the interaction, which varies with the reference frame. Only
observables must be Lorentz-invariant.

The dipole approach applied to diffractive Drell-Yan reaction in Ref. [5], led to the QCD
factorisation breaking, which manifests itself in specific features like a significant damping
of the cross section at high

√
s compared to the inclusive DY case. This is rather unusual,

since a diffractive cross section, which is proportional to the dipole cross section squared,
could be expected to rise with energy steeper than the total inclusive cross section, like it
occurs in the diffractive DIS process. At the same time, the ratio of the DDY to DY cross
sections was found in Ref. [5] to rise with the hard scale, M2. This is also in variance with
diffraction in DIS, which is associated with the soft interactions [15, 16].

The absorptive corrections affect differently the diagonal and off-diagonal terms in the
hadronic current [17], in opposite directions, leading to an unavoidable breakdown of the

3

superposition has a Good-Walker structure

Diffractive DIS vs diffractive DY

interplay between hard and soft 
fluctuations is pronounced!

SD DY/gauge bosons SD heavy quarks
   diffractive factorisation is 

      automatically broken  
   any SD reaction is a superposition  

       of dipole amplitudes 
   gap survival is automatically 

       included at the amplitude level on  
       the same footing as dip. CS 

   works for a variety of data  
       in terms of universal dip. CS
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FIG. 8: Cross section of diffractive production of heavy flavors
as function of energy. The experimental points are the results
of the E690 [44] and CDF [48] experiments.

cross section is integrated over xF > 0.85, and beauty
over xF > 0.9 (same for top). All the cross sections
steadily rise with energy. The cross sections of charm
and beauty production differ by about an order of mag-
nitude what confirms the expected leading twist behavior
1/m2

Q.
We also calculated the x1 distribution of a diffractively

produced charm quark by integrating over all other vari-
ables. x1 = p+

c /p+
p is the ratio of plus components of the

produced c-quark and the incoming proton. The results
are shown in Fig. 9 at RHIC and LHC energies.

Notice that to be compared with data (unavailable so
far) for production of charmed mesons, this result has
to be corrected for the fragmentation c → D which is
poorly known. The resulting behavior at x1 → 1 should
obey the end-point behavior dictated by Regge. There-
fore we expect it to be less steep than what is plotted in
Fig. 9. One may wonder: a convolution with the frag-
mentation function c → D may only result in a steeper
fall off at x1 → 1, how can it become less steep? The
answer is: the convolution procedure is incorrect, QCD
factorization badly fails at x1 → 1. The usual fragmen-
tation function measured, say, in e+e− annihilation, cor-
responds to a fast c-quark producing a jet and picking up
a slow light quark from vacuum to form a D-meson. In
hadronic collisions at large x1 hadronization occurs dif-
ferently: a fast projectile light quark picks up a slow c-
quarks produced perturbatively. Correspondingly, in the
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FIG. 9: The cross section of diffractive excitation of a proton
with charm production as function of fraction x1 of the initial
proton momentum carried by the charm quark. The cross
section is shown at the energies of RHIC and LHC.

case of diffractive production of a heavy flavored baryon
a leading projectile diquark can pick up the heavy quark.

Notice also that x1 has a bottom bound imposed by the
kinematics of diffraction, x1 > 4m2

Q/(1−xF )s, where xF

is the Feynman variable of the recoil proton in pp → Xp.
In order to comply with available data (see next section)
we integrate over xF > 0.85 for charm (also top), and
xF > 0.9 for beauty.

Our results for transverse momentum distribution of
diffractively produced quarks are presented in Figs. (10)-
(12) for different heavy flavors and energies.

There pT distributions hardly correlate with x1 of the
heavy quark, what is quite different from the usual sea-
gull effect. We remind, however, that this is not the
usual factorization based hadronization. In this case a
fast projectile quark-spectator picks up a slow heavy fla-
vor. Therefore, the transverse momentum of the pro-
duced heavy flavored meson is mainly controlled by the
transverse momentum of the light spectator.

To conclude this section, we should comment on the ac-
curacy of performed calculations. The main uncertainty
seems to be related to the absorptive (unitarity) correc-
tions. Comparing different models, the difference is not
dramatic, of the order of 10%, with a probability fac-
tor K = 0.14 at the Tevatron energy. However, all those
models may miss the specific dynamics of interaction dis-
cussed in Sect. VI and overestimate diffraction at the
LHC energy by much more than 10%. The next theoret-
ical uncertainty is related to the choice of heavy quark

BK et al 2006

We evaluate the absorptive correction (8.7) at the mean impact parameter ⟨b2⟩ = 2Bd and
for the Tevatron energy

√
s = 2TeV arrive at the negligibly small value Im fd(0, rd) ≈ 0.01.

However, the number of such dipole rises with hardness of the process,and may substan-
tially enhance the magnitude of the absorptive corrections. The gap survival amplitude for
nd projectile dipoles reads,

S(nd)
d =

[

1− Im fd(b, rd)
]nd. (8.8)

The mean number of dipoles can be estimated in in the double-leading-log approximation
to the DGLAP evolution formulated in impact parameters [43], the mean number of such
dipoles is given by

⟨nd⟩ =

√

12

β0
ln

(

1

αs(M2
G)

)

ln

(

(1− xF )
s

s0

)

. (8.9)

Here the values of Bjorken x of the radiated gluons is restricted by the invariant mass of
the diffractive excitation, x > s0/M2

X = s0/(1− xF )s. For the kinematics of experiments at
the Tevatron collider (see next section), 1− xF < 0.1,

√
s = 2TeV, the number of radiated

dipoles is not large, ⟨nd⟩ ! 6. We conclude that the absorptive corrections Eq. (8.8) to
the gap survival amplitude are rather weak, less than 5%, i.e. about 10% in the survival
probability. This correction is certainly small compared to other theoretical uncertainties of
our calculations. Notice that a similar correction due to radiation of soft gluons was found
in [44] for the gap survival probability in leading neutron production in DIS.

C. Comparison with data

Thus, our calculations effectively cover the gluon radiation, so the triple-Pomeron term
is included. This is important because this term dominates the diffractive cross section [46].
So we can compare with available data from the CDF experiment [9] on W and Z diffractive
production depicted in Fig. 10.

 0.001

 0.01

 0.1

 1

 1000  10000

di
ffr

ac
tiv

e 
/ i

nc
lu

si
ve

M2 (GeV2)

Tevatron, 1.96 TeV
CDF data on W and Z production

FIG. 10: The diffractive-to-inclusive ratio as function of the invariant mass squared of the produced
dilepton. The CDF data for W and Z production were taken at the Tevatron energy (

√
s = 1.96

TeV). The first CDF data point corresponds to the W production, M2 = M2
W , the second – to the

Z production, M2 = M2
Z .

However, in order to compare our results with CDF data, we have to introduce in our
calculations the proper experimental cuts, namely, 0.03 < ξ ≡ 1 − xF < 0.1 [9]. Since our

24

We see that the amplitude of diffractive gauge boson emission in the dipole-target scat-
tering (2.12) integrated over b⃗,

∫

d2bMqq (⃗b, R⃗ij , r⃗,α) ∝ α
σ0(s)

R2
0(s)

(r⃗ · R⃗ij) e
−R2

ij/R
2
0(s), (4.4)

is proportional to the product of the hard scale r ∼ 1/(1−α)M and the soft hadronic scale
Rij ∼ R0 ∼ 1/ΛQCD. This means that the single diffractive cross section depends on the
hard scale as σsd ∼ r2 ∼ 1/M2.

It is well-known that the cross section of diffractive Deep-Inelastic-Scattering (DDIS)
σDDIS ∼ r4 is dominated essentially by soft fluctuations at large r (for more details, see e.g.
Ref. [5]), as correctly predicted by the diffractive (Ingelman-Schlein) QCD factorisation.
This happens since the end-point qq̄ dipole fluctuations, driving the cross section at α → 0
or 1, have no hard scale dependence for light quarks mq ≪ Q2. In this case, the Q2-
dependence comes only into their weight as ∼ 1/Q2, even though it is of the higher twist
nature.

In opposite, the single diffractive gauge bosons production cross section behaves as ∼ r⃗·R⃗,
soft and hard fluctuations contribute in this process on the same footing, and their interplay
does not depend on the hard scale, similar to the inclusive gauge bosons production. Hence,
the forward diffractive abelian radiation turns out to be of the leading twist nature, and
the diffractive-to-inclusive production cross sections ratio can depend on the hard scale only
weakly through the x-dependence of the saturation scale, or more precisely R0(x2), and can
only increase (see below).

However, if one uses the conventional diffractive factorisation scheme [7] the single diffrac-
tive cross section, similarly to the DDIS process, one does not find any soft-hard interplay
as observed above, and the cross section turns out to behave as ∼ r4, providing the higher
twist nature of the single diffractive process. Correspondingly, this strongly affects the M2-
dependence of the diffractive-to-inclusive boson production cross sections ratio, such that it
decreases with M2, as opposite to our observation above.

Therefore, the fundamental interplay between the hard and soft interactions in the for-
ward diffractive Abelian radiation is the major reason for the diffractive QCD factorisation
breaking leading to quite unusual features of the corresponding observables (for a similar
discussion in the diffractive DY, see Refs. [15, 16]). As we have emphasized above, this
interplay is absent in the DDIS and in diffractive QCD factorisation-based approaches to
the diffractive DY (see e.g. Ref. [11]) leading to the energy and scale dependence of the
corresponding cross section which is completely opposite to the one predicted above by the
Color Dipole model.

Further, the integrations over R⃗12 and R⃗13 can be performed analytically leading to the
diffractive cross section (3.6) in the forward limit δ⊥ → 0,

d4σλG
(pp → pG∗X)

d2q⊥dx1 dδ2⊥

∣

∣

∣

δ⊥=0
=

a2

24π3

σ2
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R4
0(s)

1
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[ 2

(A2 − 4A1)2
+

A2
2

(A2
2 − 4A2

3)
2

]

× (4.5)

∑

q

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

∫

d2rd2r′ (r⃗ · r⃗ ′)ΨλG
V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′),

where

A1 =
2a

3
+

2

R2
0(s)

, A2 =
2a

3
, A3 =

2a

3
+

1

R2
0(s)

. (4.6)

11

RP, BK, IP 2011,12



Dipole elastic amplitude has eikonal form:

Diffractive amplitude is proportional to 

Absorption effect is automatically included into elastic amplitude  
at the amplitude level

Exactly the soft survival probability amplitude

vanishes in the black disc limit!

potential is nearly imaginary 
at high energies!

controlled by soft spectator partons
another source of QCD 
factorisation breaking

Elastic amplitude and gap survival

where r⃗i, xi
q/g are the transverse coordinates and fractional light-cone momenta of the va-

lence/sea quarks and gluons, we get the diffractive G∗ production cross section in the fol-
lowing form [15, 16]

d5σλG
(pp → pG∗X)

d2q⊥dx1 d2δ⊥
=

1

(2π)2
1

64π2

1

x1

∑

q=val, sea

∫

d2r1d
2r2d

2r3 d
2rd2r′ d2bd2b′ dxq

∏

i

dxi
qdx

i
g

×ΨλG

V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) |Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...

q }, {x2,3,...
g })|2

×∆(r⃗1, r⃗2, r⃗3; b⃗; r⃗,α)∆(r⃗1, r⃗2, r⃗3; b⃗
′; r⃗ ′,α) eiδ⃗⊥·(⃗b−b⃗ ′) ei⃗l⊥·α(r⃗−r⃗ ′) (3.6)

where Ψi is the proton wave function, the summation is performed over all valence/sea
quarks and gluons in the proton, and the light-cone fraction of the quark emitting the gauge
boson x1

q ≡ xq is fixed by the external phase space variables x1 and α due to the momentum
conservation, namely,

xq =
x1

α
, x1 =

q+

P+
1

(3.7)

where P1 is the 4-momentum of the projectile proton, q is the 4-momentum of the produced
gauge boson, and

∆ = −2Im fel(⃗b, r⃗1 − r⃗2) + 2Im fel(⃗b, r⃗1 − r⃗2 + αr⃗)

−2Im fel(⃗b, r⃗1 − r⃗3) + 2Im fel(⃗b, r⃗1 − r⃗3 + αr⃗) , (3.8)

is the properly normalized diffractive amplitude, where fel(⃗b, r⃗1 − r⃗2) is the partial elastic
amplitude for dipole of transverse size r colliding with a proton at impact parameter b
to be specified below. As expected, the diffractive amplitude ∆ is proportional to the
difference between elastic amplitudes for the dipoles of slightly different sizes. This difference
is suppressed by absorptive corrections, the effect sometimes called survival probability of
large rapidity gaps.

The amplitude Eq. (3.8) is the full expression, which includes by default the effect of
absorption and does not need any extra survival probability factor3. This can be illustrated
on a simple example of elastic dipole scattering off a potential. The dipole elastic amplitude
has the eikonal form,

Im fel(⃗b, r⃗1 − r⃗2) = 1− exp
[

iχ(r⃗1)− iχ(r⃗2)
]

, (3.9)

where

χ(b) = −
∞
∫

−∞

dz V (⃗b, z), (3.10)

and V (⃗b, z) is the potential, which depends on the impact parameter and longitudinal coor-
dinate, and is nearly imaginary at high energies. The difference between elastic amplitudes
with a shifted quark position, which enters the diffractive amplitude, reads,

Im fel(⃗b, r⃗1 − r⃗2 + αr⃗)− Im fel(⃗b, r⃗1 − r⃗2) = exp
[

iχ(r⃗1)− iχ(r⃗2)
]

exp
[

iα r⃗ · ∇⃗χ(r⃗1)
]

. (3.11)

3 Such a statement has already been made in a similar analysis of the diffractive heavy flavor production

performed in Ref. [14] and in our previous work on diffractive DY study [16].
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B. Forward diffractive radiation from a dipole

The amplitude of diffractive gauge boson radiation by a quark-antiquark dipole does
not vanish in forward direction, unlike the radiation by a single quark [13, 15]. This can
be understood as follows. According to the general theory of diffraction [1–4], the off-
diagonal diffractive channels are possible only if different Fock components of the projectile
(eigenstates of interaction) interact with different elastic amplitudes. Clearly, the two Fock
states consisting of just a quark and of a quark plus a gauge boson interact equally, if their
elastic amplitudes are integrated over impact parameter. Indeed, when a quark fluctuates
into a state |qG⟩ containing the gauge boson G, with the transverse quark-boson separation
r⃗, the quark gets a transverse shift ∆r⃗ = αr⃗. The impact parameter integration gives the
forward amplitude. Both Fock states |q⟩ and |qG⟩ interact with the target with the same
total cross section, this is why a quark cannot radiate at zero momentum transfer and,
hence, G is not produced diffractively in the forward direction. This is the general and
model independent statement. The details of this general consideration can be found in Ref.
[13] (Appendices A 1 and A 4). The same result is obtained calculating Feynman graphs in
Appendix B 4 of the same paper. Unimportance of radiation between two interactions was
also demonstrated by Stan Brodsky and Paul Hoyer in Ref. [17].

Notice that in all these calculation one assumes that the coherence time of radiation
considerably exceeds the time interval between the two interactions, what is fulfilled in our
case, since we consider radiation at forward rapidities.

The situation changes if the boson is radiated diffractively by a dipole. Then the quark
dipoles with or without a gauge boson have different sizes and interact with the target
differently. So the amplitude of the diffractive gauge boson radiation from the qq̄ dipole is
proportional to the difference between elastic amplitudes of the two Fock components, |qq̄⟩
and |qq̄G⟩[15], i.e.

Mq̄q (⃗b, r⃗p, r⃗,α) = −2ip01
√
4π

√
1− α

α2
Ψµ

γ∗q(α, r⃗)
[

2Im fel(⃗b, r⃗p)− 2Im fel(⃗b, r⃗p + αr⃗)
]

(2.12)

where r⃗p is the transverse separation of the qq̄ dipole. The partial elastic dipole-proton
amplitude is normalized to the dipole cross section, which is parameterized by the following
simple ansatz [34],

σq̄q(rp, x) =

∫

d2b 2 Imfel(⃗b, r⃗p) = σ0(1− e−r2p/R
2
0(x)), (2.13)

where σ0 = 23.03mb; R0(x) = 0.4 fm × (x/x0)0.144 and x0 = 0.003. This saturated form,
although is oversimplified (compare with [35]), is rather successful in description of exper-
imental HERA data with a reasonable accuracy. We rely on this parametrization in what
follows, and the explicit form of the amplitude fel(⃗b, r⃗), will be specified later.

The diffractive amplitude (2.12), thus, occurs to be sensitive to the large transverse
separations between the projectile quarks in the incoming proton. These distances are
controlled by a nonperturbative scale, which is one of the reasons for the breakdown of
diffractive QCD factorisation in the diffractive gauge bosons production (for more details,
see Refs. [15, 16]).
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∑

q=val, sea

∫

d2r1d
2r2d

2r3 d
2rd2r′ d2bd2b′ dxq

∏

i

dxi
qdx

i
g

×ΨλG

V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) |Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...

q }, {x2,3,...
g })|2

×∆(r⃗1, r⃗2, r⃗3; b⃗; r⃗,α)∆(r⃗1, r⃗2, r⃗3; b⃗
′; r⃗ ′,α) eiδ⃗⊥·(⃗b−b⃗ ′) ei⃗l⊥·α(r⃗−r⃗ ′) (3.6)

where Ψi is the proton wave function, the summation is performed over all valence/sea
quarks and gluons in the proton, and the light-cone fraction of the quark emitting the gauge
boson x1

q ≡ xq is fixed by the external phase space variables x1 and α due to the momentum
conservation, namely,

xq =
x1

α
, x1 =

q+

P+
1

(3.7)

where P1 is the 4-momentum of the projectile proton, q is the 4-momentum of the produced
gauge boson, and

∆ = −2Im fel(⃗b, r⃗1 − r⃗2) + 2Im fel(⃗b, r⃗1 − r⃗2 + αr⃗)

−2Im fel(⃗b, r⃗1 − r⃗3) + 2Im fel(⃗b, r⃗1 − r⃗3 + αr⃗) , (3.8)

is the properly normalized diffractive amplitude, where fel(⃗b, r⃗1 − r⃗2) is the partial elastic
amplitude for dipole of transverse size r colliding with a proton at impact parameter b
to be specified below. As expected, the diffractive amplitude ∆ is proportional to the
difference between elastic amplitudes for the dipoles of slightly different sizes. This difference
is suppressed by absorptive corrections, the effect sometimes called survival probability of
large rapidity gaps.

The amplitude Eq. (3.8) is the full expression, which includes by default the effect of
absorption and does not need any extra survival probability factor3. This can be illustrated
on a simple example of elastic dipole scattering off a potential. The dipole elastic amplitude
has the eikonal form,

Im fel(⃗b, r⃗1 − r⃗2) = 1− exp
[

iχ(r⃗1)− iχ(r⃗2)
]

, (3.9)

where

χ(b) = −
∞
∫

−∞

dz V (⃗b, z), (3.10)

and V (⃗b, z) is the potential, which depends on the impact parameter and longitudinal coor-
dinate, and is nearly imaginary at high energies. The difference between elastic amplitudes
with a shifted quark position, which enters the diffractive amplitude, reads,

Im fel(⃗b, r⃗1 − r⃗2 + αr⃗)− Im fel(⃗b, r⃗1 − r⃗2) = exp
[

iχ(r⃗1)− iχ(r⃗2)
]

exp
[

iα r⃗ · ∇⃗χ(r⃗1)
]

. (3.11)

3 Such a statement has already been made in a similar analysis of the diffractive heavy flavor production

performed in Ref. [14] and in our previous work on diffractive DY study [16].
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The first factor exp
[

iχ(r⃗1) − iχ(r⃗2)
]

is exactly the survival probability amplitude, which
vanishes in the black disc limit, as it should be. This proves that the cross section Eq. (3.6)
includes the effect of absorption. Notice that usually the survival probability factor is
introduced into the diffractive cross section probabilistically, while in Eq. (3.6) it is treated
quantum-mechanically, at the amplitude level.

All the elastic amplitudes in Eq. (3.8) implicitly depend on energy. They cannot be
calculated reliably, but but are known from phenomenology. Since large dipole sizes
|r⃗i − r⃗j | ∼ b ∼ Rp, i ̸= j (Rp is the mean proton size) are important in Eq. (3.8), the
Bjorken variable x is ill defined, and the collisions energy is a more appropriate variable. A
parametrization of the dipole cross section as function of s was proposed and fitted to data
in Ref. [13], and the corresponding partial dipole amplitude is given by [26–28]

Imfel(⃗b, r⃗p, s, xq) =
σ0(s)

8πB(s)

{

exp

[

−
[⃗b+ r⃗p(1− xq)]2

2B(s)

]

+ exp

[

−
[⃗b+ r⃗pxq]2

2B(s)

]

− 2 exp

[

−
r2p

R2
0(s)

−
[⃗b+ r⃗p(1/2− xq)]2

2B(s)

]}

, B(s) = R2
N(s) +R2

0(s)/8 , (3.12)

where xq is the quark longitudinal quark fraction in the dipole defined in Eq. (3.7), and

R0(s) = 0.88 fm (s0/s)
0.14 , R2

N(s) = Bπp
el (s)−

1

4
R2

0(s)−
1

3
⟨r2ch⟩π ,

σ0(s) = σπp
tot(s)

(

1 +
3R2

0(s)

8⟨r2ch⟩π

)

. (3.13)

Here, the pion-proton total cross section is parameterized as [31] σπp
tot(s) = 23.6(s/s0)0.08 mb,

s0 = 1000 GeV2, the mean pion radius squared is [33] ⟨r2ch⟩π = 0.44 fm2, and the Regge
parametrization of the elastic slope Bπp

el (s) = B0+2α′
IP ln(s/µ2), with B0 = 6 GeV−2, α′

IP =
0.25 GeV−2, and µ2 = 1 GeV2 can be used. We employ the s-dependent parametrization
(3.12) in what follows, because diffraction is essentially controlled by soft interactions.

Finally, we parameterize the proton wave function assuming the symmetric Gaussian
shape for the spacial valence quark distributions in the proton, as

|Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...
q }, {x2,3,...

g )|2 =
3a2

π2
e−a(r21+r22+r23)ρ(xq, {x2,3,...

q }, {x2,3,...
g })

× δ(r⃗1 + r⃗2 + r⃗3)δ(1− xq −
∑

j

xj
q/g), (3.14)

where sum is taken over all valence/sea quarks and gluons not participating in the hard
interaction, xq is defined in Eq. (3.7), a = ⟨r2ch⟩−1 is the inverse proton mean charge radius
squared; ρ is the valence quark distribution function in the proton. Notice that this dis-
tribution has a low scale, so the valence quark carry the whole momentum of the proton,
while gluons and the sea are included in the constituent valence quarks. The Gottfried sum
rule based on this assumption is know to be broken [32], but we neglect the related ∼ 20%
correction.

Integrating over the fractional momenta of all partons not participating in the hard
interaction we arrive at the single valence quark distribution in the proton, probed by the
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Example: diffractive Drell-Yan via dipoles

Fraction of diffractive events 
•    steeply falls with energy 
•    grows with the hard scale

Opposite to expectations from diffractive factorisation  
(conventional gap survival multipliers do not account 

for these effects properly!)

saturated shape of the dipole CS 
+ 

unitarity corrections

x1=0.5
x1=0.9

vanishes in the forward limit, 
higher twist effect!

leading twist effect!



Forward diffractive di-jet: “skeleton” diagrams

I. INTRODUCTION

II. DI-JETS FROM DIFFRACTIVE QUARK EXCITATION

x1 = 0.2

x1 = 0.5

A contribution to the diffractive di-jets production relevant at forward rapidities is given
by the diffractive gluon bremsstrahlung off the projectile quark as shown in Fig. 1 (for
diffractive Abelian bremsstrahlung, see Refs. [? ? ]).

q1

q2

q3

G

N

N N∗
8

N

FIG. 1: Diffractive quark excitation in NN collisions. Additional graphs come from q1 ↔ q2
and q1 ↔ q3 permutations. Large filled circle corresponds to three perturbative leading-order

contributions depicted in bottom line of Fig. 2.

The total single diffractive amplitude can be conveniently decomposed into three parts

Âq1,SD
l = Âq1,(I)

l + Âq1,(II)
l + Âq1,(III)

l (2.1)

with color index l of the radiated gluon G.
To start with, consider first three graphs in the upper line of Fig. 1 corresponding to the

amplitude Â(I)
l of diffractive gluon radiation in nucleon-nucleon scattering NN → (3q)8GN .

One of the t-channel gluons which couplies to a hard scale (large filled circle in Fig. 1) will
be called the “active” gluon, and there should be at least one more octet exchange between
any parton and the target which is called “screening” gluon. In what follows, we denote
the transverse momenta (relative to the projectile quark) of the final quark and gluon as
p⃗2 and p⃗, respectively, their total momentum as q⃗ = p⃗2 + p⃗, and the relative momentum as
κ⃗ = αp⃗2 − ᾱp⃗ in terms of the light-cone momentum fraction α carried by the gluon. The

2

Pomeron (and hence the final-state nucleon) transverse momentum is then equal to q⃗. For
every amplitude in Eq. () in impact parameter representation we therefore write

Â(⃗b, r⃗) =

∫

d2q⃗⊥
(2π)2

d2κ⃗

(2π)2
Â(q⃗⊥, κ⃗) e

−iq⃗⊥ ·⃗b−iκ⃗·r⃗ . (2.2)

The impact parameters of the projectile, ejectile quarks and the radiated gluon are

b⃗1 ≡ b⃗ , b⃗2 ≡ b⃗− αr⃗ , b⃗3 ≡ b⃗+ ᾱr⃗ , ᾱ = 1− α , (2.3)

such that r⃗ is the transverse separation of the qG system, and b⃗ is the distance between its
center of gravity and the target N .

FIG. 2: Leading-order hard processes contributing to the di-jets production.

The first hadron-level amplitude Â(I)
l in Eq. () is related to the amplitude of diffractive

gluon radiation in quark-nucleon qN → qGN scattering Âq
l as follows

Â(I)
l = −2i ⟨(3q)8|Âq

l |(3q)1⟩ΦN→(3q)1 , (2.4)

where ΦN→(3q)1 = ΦN→(3q)1(r⃗1, r⃗2, r⃗3;α1,α2,α3) in the nucleon wave function describing a
fluctuation of the projectile nucleon into a colorless system (3q)1 of three constituent quarks
i = 1, 2, 3 with transverse positions and light-cone momentum fractions {r⃗i} and {αi},
respectively.

At high energies, the diffractive amplitude is dominated by its imaginary part. So, using
the generalised optical theorem long a cut between the “active” and “screening” gluons
(dashed vertical lines in Fig. 1) and summing the corresponding contributions, we obtain

Âq
l =

i

2

∑

N∗
8

[

Â†
l (qGN → qN∗

8 )Â(qN → qN∗
8 )

+
∑

l′

Â†
ll′(qGN → qG′N∗

8 )Âl′(qN → qG′N∗
8 )
]

, (2.5)

where the first term corresponds to the first diagram in Fig. 1, while the second one – the
sum of second and third diagrams, with explicit summation over intermediate color index
of the G′ gluon l′ and nucleon remnant denoted as N∗

8 for which the completeness relation
holds

∑

⟨N∗
8 |N∗

8 ⟩ = 1.

3

leading twist effect!

“skeleton” contributions are subject for “dressing” with soft radiation

when the LO contributions get generalised to all-order results, ALL possible higher-order 
(perturbative+nonperturbative) corrections due to NON-RESOLVED emissions are 

AUTOMATICALLY resumed and accounted for by the dipole formula!

Pomeron (and hence the final-state nucleon) transverse momentum is then equal to q⃗. For
every amplitude in Eq. () in impact parameter representation we therefore write

Â(⃗b, r⃗) =

∫

d2q⃗⊥
(2π)2

d2κ⃗

(2π)2
Â(q⃗⊥, κ⃗) e

−iq⃗⊥ ·⃗b−iκ⃗·r⃗ . (2.2)

The impact parameters of the projectile, ejectile quarks and the radiated gluon are

b⃗1 ≡ b⃗ , b⃗2 ≡ b⃗− αr⃗ , b⃗3 ≡ b⃗+ ᾱr⃗ , ᾱ = 1− α , (2.3)

such that r⃗ is the transverse separation of the qG system, and b⃗ is the distance between its
center of gravity and the target N .

FIG. 2: Leading-order hard processes contributing to the di-jets production.

The first hadron-level amplitude Â(I)
l in Eq. () is related to the amplitude of diffractive

gluon radiation in quark-nucleon qN → qGN scattering Âq
l as follows

Â(I)
l = −2i ⟨(3q)8|Âq

l |(3q)1⟩ΦN→(3q)1 , (2.4)

where ΦN→(3q)1 = ΦN→(3q)1(r⃗1, r⃗2, r⃗3;α1,α2,α3) in the nucleon wave function describing a
fluctuation of the projectile nucleon into a colorless system (3q)1 of three constituent quarks
i = 1, 2, 3 with transverse positions and light-cone momentum fractions {r⃗i} and {αi},
respectively.

At high energies, the diffractive amplitude is dominated by its imaginary part. So, using
the generalised optical theorem long a cut between the “active” and “screening” gluons
(dashed vertical lines in Fig. 1) and summing the corresponding contributions, we obtain

Âq
l =

i

2

∑

N∗
8

[

Â†
l (qGN → qN∗

8 )Â(qN → qN∗
8 )

+
∑

l′

Â†
ll′(qGN → qG′N∗

8 )Âl′(qN → qG′N∗
8 )
]

, (2.5)

where the first term corresponds to the first diagram in Fig. 1, while the second one – the
sum of second and third diagrams, with explicit summation over intermediate color index
of the G′ gluon l′ and nucleon remnant denoted as N∗

8 for which the completeness relation
holds

∑

⟨N∗
8 |N∗

8 ⟩ = 1.

3

In the impact parameter representation, the scattering amplitudes read

Â(qN → qN∗
8 ) =

∑

a

τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ , (2.6)

Â†
ll′(qGN → qG′N∗

8 ) = δll′
∑

a

τa⟨N∗
8 |γ̂a(⃗b2)|N⟩ −

∑

a

ifll′a⟨N∗
8 |γ̂a(⃗b3)|N⟩ , (2.7)

Âl′(qN → qG′N∗
8 ) =

√
3

2

∑

a

[

τl′τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ − τaτl′⟨N∗

8 |γ̂a(⃗b2)|N⟩

−
∑

b

ifl′abτb⟨N∗
8 |γ̂a(⃗b3)|N⟩

]

Ψq→qG(r⃗,α) , (2.8)

Â†
l (qGN → qN∗

8 ) =

√
3

2

∑

a

[

τlτa⟨N∗
8 |γ̂a(⃗b1)|N⟩ − τaτl⟨N∗

8 |γ̂a(⃗b2)|N⟩

−
∑

b

iflabτb⟨N∗
8 |γ̂a(⃗b3)|N⟩

]

Ψq→qG(r⃗,α) , (2.9)

where Ψq→qG is the distribution amplitude for the qG Fock state (with transversely polarised
gluon) in the projectile quark,

Ψq→qG(r⃗,α) =
2√
3

√
αs

2π
χ†
f Γ̂χi K0(τ(α) r) , τ(α) = α2m2

q + (1− α)m2
g ,

Γ̂ = imqα
2 e⃗g · [n⃗× σ⃗] + α e⃗g · [σ⃗ × ∇⃗]− i(2− α) e⃗g · ∇⃗ , (2.10)

mg is the effective gluon mass, λa = 2τa are the Gell-Mann matrices, and γ̂a the effective
gluon-nucleon interaction amplitude GN → N∗

8 . In what follows, the following relations will
be useful:

τaτa =
4

3
, fll′afl′ab = 3δlb , −ifalbτbτa =

3

2
τl . (2.11)

Using the completeness of N∗
8 and averaging over the target nucleon degrees of freedom

as follows

⟨N |γ̂a(⃗bk)γ̂a′ (⃗bl)|N⟩ =
3

4
δaa′φ(⃗bk, b⃗l) , γ̂a = γ̂†

a , (2.12)

one arrives at the SD amplitude of qN → qGN process in terms of the scalar symmetric
function φ(⃗bk, b⃗l) = φ(⃗bl, b⃗k)

Âq
l =

3i
√
3

16
τl Ψq→qG(r⃗,α)

{4

3

(

φ(⃗b1, b⃗1)− φ(⃗b2, b⃗2)
)

+ 3
(

φ(⃗b2, b⃗3)− φ(⃗b3, b⃗3)
)}

(2.13)

which is infrared finite despite of divergent φ(⃗bk, b⃗l) and vanishes in the color transparecy
limit r⃗ → 0. The function φ(⃗bk, b⃗l) is directly related to the universal dipole cross section as
follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

φ(⃗b+ r⃗1, b⃗+ r⃗1) + φ(⃗b+ r⃗2, b⃗+ r⃗2)− 2φ(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.14)
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where the difference between transverse-plane positions of the gluon ρ⃗ and the projectile
quark which radiates it r⃗i. The first contribution then reads

Âq1,(I)
l = 2i ·

i
√
3

4
⟨(3q)8|τ (q1)l |(3q)1⟩ΦN→(3q)1 Ψq→qG(ρ⃗1,α) σ̃qq̄(ρ⃗1)

=
iflab√

3
⟨(3q)8|τ (q1)a τ (q1)b |(3q)1⟩ΦN→(3q)1 Ψq→qG(ρ⃗1,α) σ̃qq̄(ρ⃗1) , (2.29)

where q1 denotes the projectile quark radiating the gluon. We notice that the size of the
perturbative fluctuation q → qG for high-pT gluon controlled by the wave function Ψq→qG(ρ⃗i)
is typically much smaller than the interquark separation in the projectile nucleon given at
the nucleon size RN ∼ 1 fm, i.e.

|ρ⃗i| ≪ |r⃗ij| ∼ RN , i ̸= j , r⃗ij ≡ r⃗i − r⃗j . (2.30)

For the second contribution corresponding to the first diagram in the second row of
Fig. (1), we write

Âq1,(II)
l = 2⟨(3q)8|Â†(qN → qN∗

8 )Âl(qN → qGN∗
8 )|(3q)1⟩ΦN→(3q)1 , (2.31)

in terms of the corresponding amplitudes given in Eq. (2.8). In explicit form,

Âq1,(II)
l = 2 ·

3

4

√
3

2

[

⟨(3q)8|τ (q1)l τ (q1)a τ (q2)a |(3q)1⟩ φ(⃗b(1)1 , b⃗(2)1 )

− ⟨(3q)8|τ (q1)a τ (q1)l τ (q2)a |(3q)1⟩ φ(⃗b(1)2 , b⃗(2)1 )

− iflab⟨(3q)8|τ (q1)b τ (q2)a |(3q)1⟩ φ(⃗b(1)3 , b⃗(2)1 )
]

ΦN→(3q)1 Ψq→qG(ρ⃗1,α) (2.32)

= −
1√
3

[

⟨(3q)8|τ (q1)l τ (q1)a τ (q2)a |(3q)1⟩ σ̃qq̄(r⃗1 − r⃗2)

− ⟨(3q)8|τ (q1)a τ (q1)l τ (q2)a |(3q)1⟩ σ̃qq̄(r⃗1 − r⃗2 − αρ⃗1)

− iflab⟨(3q)8|τ (q1)b τ (q2)a |(3q)1⟩ σ̃qq̄(r⃗1 − r⃗2 + ᾱρ⃗1)
]

ΦN→(3q)1 Ψq→qG(ρ⃗1,α) . (2.33)

Introducing r⃗ij ≡ r⃗i − r⃗j, after some algebra, we get

Âq1,(II)
l =

{ iflab√
3
⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩

[

σ̃qq̄(r⃗12 + ᾱρ⃗1)−
1

2
σ̃qq̄(r⃗12)

−
1

2
σ̃qq̄(r⃗12 − αρ⃗1)

]

−
1√
3

〈

(3q)8
∣

∣

∣

(1

9
iflabτ

(q2)
a τ (q2)b +

1

2
dlabτ

(q2)
a τ (q1)b

)
∣

∣

∣
(3q)1

〉

×
[

σ̃qq̄(r⃗12)− σ̃qq̄(r⃗12 − αρ⃗1)
]}

ΦN→(3q)1 Ψq→qG(ρ⃗1,α) , (2.34)

and analogically for the last diagram in Fig. 1

Âq1,(III)
l =

{iflab√
3
⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩

[

σ̃qq̄(r⃗13 + ᾱρ⃗1)−
1

2
σ̃qq̄(r⃗13)

−
1

2
σ̃qq̄(r⃗13 − αρ⃗1)

]

−
1√
3

〈

(3q)8
∣

∣

∣

(1

9
iflabτ

(q3)
a τ (q3)b +

1

2
dlabτ

(q3)
a τ (q1)b

)
∣

∣

∣
(3q)1

〉

×
[

σ̃qq̄(r⃗13)− σ̃qq̄(r⃗13 − αρ⃗1)
]}

ΦN→(3q)1 Ψq→qG(ρ⃗1,α) , (2.35)
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in terms of the gluonic GG and 3-body Gqq̄ dipole cross sections

σGG(r⃗) ≡
9

4
σqq̄(r⃗) , σGqq̄(r⃗1, r⃗2) ≡

9

8

(

σqq̄(r⃗1) + σqq̄(r⃗2)
)

−
1

8
σqq̄(r⃗1 − r⃗2) , (2.20)

respectively, in terms of the dipole cross section in a saturated form given by

σqq̄(x, r⃗) = σ0

[

1− e
− r2

R2
0(x)

]

≃ σ0
r2

R2
0(x)

, r2 ≪ R2
0(x) (2.21)

where the color transparency limit r2 ≪ R2
0(x) is valid as long as the hard scale µ ≫ 1/R0(x)

is concerned. Integrating the cross section over κ⃗, we write then

dσincl(qN → qGX)

d(lnα)
=

∫

d2r |Ψq→qG(r⃗,α)|2Σq→qG
eff (r⃗, r⃗,α) ,

where in the small dipole size limit r ≪ R0(x2)

Σq→qG
eff (r⃗, r⃗,α) ≃

σ0

R2
0(x2)

·
[

α2 + ᾱ2 −
1

4

]

r2 . (2.22)

The inclusive hadronic NN → qG+X cross section reads

dσNN
incl

dY d(lnα)d2κ
= Q(x1, µ

2)
dσ(qN → qG+X)

d(lnα)d2κ
, (2.23)

where the projectile collinear quark distribution in the incoming nucleon is

Q(x1, µ
2) ≡ x1q(x1, µ

2) , x1,2 =
M√
s
e±Y , dx1 = x1dY (2.24)

at the hard scale µ being the invariant mass of the produced qG system defined as

µ2 ≃ M2 ≃
m2

q + κ2

αᾱ
, mq ≃ mG ≃ 400MeV . (2.25)

The fully differential cross section for the inclusive forward q+G production in this approx-
imation takes a very simple form

dσNN
incl

dΩ
≃ Kincl(x2,α) q(x1, µ

2)

∫

d2rd2r′ (r⃗ · r⃗ ′)Ψq→qG(r⃗,α)Ψ
†
q→qG(r⃗

′,α) , (2.26)

where the phase space volume element is dΩ = dx1 d lnα d2κ, and

Kincl(x2,α) =
σ0

R2
0(x2)

[

α2 + ᾱ2 −
1

4

]

, x2 =
M2

x1s
, (2.27)

Coming back to the hadron-level SD amplitude NN → (3q)8GN as defined in Eq. () we
define the impact parameters for a gluon radiation off ith projectile quark (i = 1, 2, 3) in
terms of its position r⃗i relative to the impact parameter b⃗ as follows

b⃗(i)1 ≡ b⃗+ r⃗i , b⃗(i)2 ≡ b⃗+ r⃗i − αρ⃗i , b⃗(i)3 ≡ b⃗+ r⃗i + ᾱρ⃗i , ρ⃗i = ρ⃗− r⃗i , (2.28)

6

Σα≪1
ij = σ̃qq̄(ρ⃗i) + σ̃qq̄(ρ⃗j)− σ̃qq̄(r⃗ij) , ∆α≪1

ij = 0 ,

Other two contributions corresponding to emissions off q2,3 read

Âq2,SD
l =

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3

(

− 2Σ22 +
2

9
∆23 − Σ23 +

1

9
∆22

)

+
dlab
2
√
3
∆23

]

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3

(

Σ22 −
1

9
∆23 + Σ23 −

1

9
∆22

)

−
dlab
2
√
3

(

∆22 −∆23

)]}

× ΦN→(3q)1 Ψq→qG(ρ⃗2,α)

Âq3,SD
l =

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3

(

Σ32 −
1

9
∆33 + Σ33 −

1

9
∆32

)

−
dlab
2
√
3

(

−∆32 +∆33

)]

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3

(

− Σ32 +
1

9
∆33 − 2Σ33 +

2

9
∆32

)

+
dlab
2
√
3
∆32

]}

× ΦN→(3q)1 Ψq→qG(ρ⃗3,α) .

As expected, the diffractive amplitude vanishes in the hard di-jet limit, i.e.

Σij → 0 , ∆ij → 0 , ρi → 0 . (2.38)

Assuming the saturated shape of the dipole cross section, up to the terms containing ρi ≪ rij,
we write

σ̃qq̄(ρ⃗i) ≃
9

8
σ0

ρ2i
R2

0(x)
, σ̃qq̄(r⃗ij − αρ⃗i) ≃ σ̃qq̄(r⃗ij)− α(ρ⃗i · r⃗ij)

9σ0(ŝ)

4R2
0(ŝ)

e−r2ij/R
2
0(ŝ) , (2.39)

so that to the leading order

Σij =
(

1−
5

18
α
)

(ρ⃗i · r⃗ij)
9σ0(ŝ)

4R2
0(ŝ)

e−r2ij/R
2
0(ŝ) +O(ρ2i /r

2
ij) , (2.40)

∆ij = α(ρ⃗i · r⃗ij)
9σ0(ŝ)

4R2
0(ŝ)

e−r2ij/R
2
0(ŝ) +O(ρ2i /r

2
ij) , (2.41)

giving rise to the leading-twist effect in the diffractive cross section.
The full SD amplitude is obtained by adding up three contributions (from emissions off

q1,2,3 quarks) together, i.e.

ÂSD
l ≡

3
∑

i=1

Âqi,SD
l =

9σ0(ŝ)

4R2
0(ŝ)

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3
F23 +

dlab
2
√
3
D23

]

(2.42)

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3
F32 +

dlab
2
√
3
D32

]}

ΦN→(3q)1 , (2.43)

where

Fij =
[(

1−
5

18
α
)

(ρ⃗1 · r⃗1i) e−r21i/R
2
0(ŝ) −

1

9
α(ρ⃗1 · r⃗1j) e−r21j/R

2
0(ŝ)

]

Ψq→qG(ρ⃗1,α)

−
[

1−
1

2
α
]

(ρ⃗i · r⃗ij) e−r2ij/R
2
0(ŝ) Ψq→qG(ρ⃗i,α)

−
[

1−
7

18
α
]

(ρ⃗j · r⃗ij) e−r2ij/R
2
0(ŝ) Ψq→qG(ρ⃗j ,α) , (2.44)

Dij = α (ρ⃗1 · r⃗1i) e−r21i/R
2
0(ŝ)Ψq→qG(ρ⃗1,α) + α (ρ⃗i · r⃗ij) e−r2ij/R

2
0(ŝ)Ψq→qG(ρ⃗i,α)

− α (ρ⃗j · r⃗ij) e−r2ij/R
2
0(ŝ) Ψq→qG(ρ⃗j ,α) , (2.45)

9

in terms of the gluonic GG and 3-body Gqq̄ dipole cross sections

σGG(r⃗) ≡
9

4
σqq̄(r⃗) , σGqq̄(r⃗1, r⃗2) ≡

9

8

(

σqq̄(r⃗1) + σqq̄(r⃗2)
)

−
1

8
σqq̄(r⃗1 − r⃗2) , (2.20)

respectively, in terms of the dipole cross section in a saturated form given by

σqq̄(x, r⃗) = σ0

[

1− e
− r2

R2
0(x)

]

≃ σ0
r2

R2
0(x)

, r2 ≪ R2
0(x) (2.21)

where the color transparency limit r2 ≪ R2
0(x) is valid as long as the hard scale µ ≫ 1/R0(x)

is concerned. Integrating the cross section over κ⃗, we write then

dσincl(qN → qGX)

d(lnα)
=

∫

d2r |Ψq→qG(r⃗,α)|2Σq→qG
eff (r⃗, r⃗,α) ,

where in the small dipole size limit r ≪ R0(x2)

Σq→qG
eff (r⃗, r⃗,α) ≃

σ0

R2
0(x2)

·
[

α2 + ᾱ2 −
1

4

]

r2 . (2.22)

The inclusive hadronic NN → qG+X cross section reads

dσNN
incl

dY d(lnα)d2κ
= Q(x1, µ

2)
dσ(qN → qG+X)

d(lnα)d2κ
, (2.23)

where the projectile collinear quark distribution in the incoming nucleon is

Q(x1, µ
2) ≡ x1q(x1, µ

2) , x1,2 =
M√
s
e±Y , dx1 = x1dY (2.24)

at the hard scale µ being the invariant mass of the produced qG system defined as

µ2 ≃ M2 ≃
m2

q + κ2

αᾱ
, mq ≃ mG ≃ 400MeV . (2.25)

The fully differential cross section for the inclusive forward q+G production in this approx-
imation takes a very simple form

dσNN
incl

dΩ
≃ Kincl(x2,α) q(x1, µ

2)

∫

d2rd2r′ (r⃗ · r⃗ ′)Ψq→qG(r⃗,α)Ψ
†
q→qG(r⃗

′,α) , (2.26)

where the phase space volume element is dΩ = dx1 d lnα d2κ, and

Kincl(x2,α) =
σ0

R2
0(x2)

[

α2 + ᾱ2 −
1

4

]

, x2 =
M2

x1s
, (2.27)

Coming back to the hadron-level SD amplitude NN → (3q)8GN as defined in Eq. () we
define the impact parameters for a gluon radiation off ith projectile quark (i = 1, 2, 3) in
terms of its position r⃗i relative to the impact parameter b⃗ as follows

b⃗(i)1 ≡ b⃗+ r⃗i , b⃗(i)2 ≡ b⃗+ r⃗i − αρ⃗i , b⃗(i)3 ≡ b⃗+ r⃗i + ᾱρ⃗i , ρ⃗i = ρ⃗− r⃗i , (2.28)
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Coming back to the hadron-level SD amplitude NN → (3q)8GN as defined in Eq. () we
define the impact parameters for a gluon radiation off ith projectile quark (i = 1, 2, 3) in
terms of its position r⃗i relative to the impact parameter b⃗ as follows
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The inclusive hadronic NN → qG+X cross section reads
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= Q(x1, µ

2)
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2) , x1,2 =
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e±Y , dx1 = x1dY (2.24)

at the hard scale µ being the invariant mass of the produced qG system defined as
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αᾱ
, mq ≃ mG ≃ 400MeV . (2.25)

The fully differential cross section for the inclusive forward q+G production in this approx-
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∫
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where the phase space volume element is dΩ = dx1 d lnα d2κ, and

Kincl(x2,α) =
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0(x2)

[

α2 + ᾱ2 −
1

4

]
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, (2.27)

Coming back to the hadron-level SD amplitude NN → (3q)8GN as defined in Eq. () we
define the impact parameters for a gluon radiation off ith projectile quark (i = 1, 2, 3) in
terms of its position r⃗i relative to the impact parameter b⃗ as follows

b⃗(i)1 ≡ b⃗+ r⃗i , b⃗(i)2 ≡ b⃗+ r⃗i − αρ⃗i , b⃗(i)3 ≡ b⃗+ r⃗i + ᾱρ⃗i , ρ⃗i = ρ⃗− r⃗i , (2.28)
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Forward diffractive di-jet: optical theorem

Pomeron (and hence the final-state nucleon) transverse momentum is then equal to q⃗. For
every amplitude in Eq. () in impact parameter representation we therefore write

Â(⃗b, r⃗) =

∫

d2q⃗⊥
(2π)2

d2κ⃗

(2π)2
Â(q⃗⊥, κ⃗) e

−iq⃗⊥ ·⃗b−iκ⃗·r⃗ . (2.2)

The impact parameters of the projectile, ejectile quarks and the radiated gluon are

b⃗1 ≡ b⃗ , b⃗2 ≡ b⃗− αr⃗ , b⃗3 ≡ b⃗+ ᾱr⃗ , ᾱ = 1− α , (2.3)

such that r⃗ is the transverse separation of the qG system, and b⃗ is the distance between its
center of gravity and the target N .

FIG. 2: Leading-order hard processes contributing to the di-jets production.

The first hadron-level amplitude Â(I)
l in Eq. () is related to the amplitude of diffractive

gluon radiation in quark-nucleon qN → qGN scattering Âq
l as follows

Â(I)
l = −2i ⟨(3q)8|Âq

l |(3q)1⟩ΦN→(3q)1 , (2.4)

where ΦN→(3q)1 = ΦN→(3q)1(r⃗1, r⃗2, r⃗3;α1,α2,α3) in the nucleon wave function describing a
fluctuation of the projectile nucleon into a colorless system (3q)1 of three constituent quarks
i = 1, 2, 3 with transverse positions and light-cone momentum fractions {r⃗i} and {αi},
respectively.

At high energies, the diffractive amplitude is dominated by its imaginary part. So, using
the generalised optical theorem long a cut between the “active” and “screening” gluons
(dashed vertical lines in Fig. 1) and summing the corresponding contributions, we obtain

Âq
l =

i

2

∑

N∗
8

[

Â†
l (qGN → qN∗

8 )Â(qN → qN∗
8 )

+
∑

l′

Â†
ll′(qGN → qG′N∗

8 )Âl′(qN → qG′N∗
8 )
]

, (2.5)

where the first term corresponds to the first diagram in Fig. 1, while the second one – the
sum of second and third diagrams, with explicit summation over intermediate color index
of the G′ gluon l′ and nucleon remnant denoted as N∗

8 for which the completeness relation
holds

∑

⟨N∗
8 |N∗

8 ⟩ = 1.

3
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l as follows
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3

The generalised optical 
theorem for a cut between  

“screening” and “active” 
exchanges provides: 

In the impact parameter representation, the scattering amplitudes read

Â(qN → qN∗
8 ) =

∑

a

τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ , (2.6)

Â†
ll′(qGN → qG′N∗

8 ) = δll′
∑

a

τa⟨N∗
8 |γ̂a(⃗b2)|N⟩ −

∑

a

ifll′a⟨N∗
8 |γ̂a(⃗b3)|N⟩ , (2.7)

Âl′(qN → qG′N∗
8 ) =

√
3

2

∑

a

[

τl′τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ − τaτl′⟨N∗

8 |γ̂a(⃗b2)|N⟩

−
∑

b

ifl′abτb⟨N∗
8 |γ̂a(⃗b3)|N⟩

]

Ψq→qG(r⃗,α) , (2.8)

Â†
l (qGN → qN∗

8 ) =

√
3

2

∑

a

[

τlτa⟨N∗
8 |γ̂a(⃗b1)|N⟩ − τaτl⟨N∗

8 |γ̂a(⃗b2)|N⟩

−
∑

b

iflabτb⟨N∗
8 |γ̂a(⃗b3)|N⟩

]

Ψq→qG(r⃗,α) , (2.9)

where Ψq→qG is the distribution amplitude for the qG Fock state (with transversely polarised
gluon) in the projectile quark,

Ψq→qG(r⃗,α) =
2√
3

√
αs

2π
χ†
f Γ̂χi K0(τ(α) r) , τ(α) = α2m2

q + (1− α)m2
g ,

Γ̂ = imqα
2 e⃗g · [n⃗× σ⃗] + α e⃗g · [σ⃗ × ∇⃗]− i(2− α) e⃗g · ∇⃗ , (2.10)

mg is the effective gluon mass, λa = 2τa are the Gell-Mann matrices, and γ̂a the effective
gluon-nucleon interaction amplitude GN → N∗

8 . In what follows, the following relations will
be useful:

τaτa =
4

3
, fll′afl′ab = 3δlb , −ifalbτbτa =

3

2
τl . (2.11)

Using the completeness of N∗
8 and averaging over the target nucleon degrees of freedom

as follows

⟨N |γ̂a(⃗bk)γ̂a′ (⃗bl)|N⟩ =
3

4
δaa′φ(⃗bk, b⃗l) , γ̂a = γ̂†

a , (2.12)

one arrives at the SD amplitude of qN → qGN process in terms of the scalar symmetric
function φ(⃗bk, b⃗l) = φ(⃗bl, b⃗k)

Âq
l =

3i
√
3

16
τl Ψq→qG(r⃗,α)

{4

3

(

φ(⃗b1, b⃗1)− φ(⃗b2, b⃗2)
)

+ 3
(

φ(⃗b2, b⃗3)− φ(⃗b3, b⃗3)
)}

(2.13)

which is infrared finite despite of divergent φ(⃗bk, b⃗l) and vanishes in the color transparecy
limit r⃗ → 0. The function φ(⃗bk, b⃗l) is directly related to the universal dipole cross section as
follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

φ(⃗b+ r⃗1, b⃗+ r⃗1) + φ(⃗b+ r⃗2, b⃗+ r⃗2)− 2φ(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.14)

4

Complete set of  
inelastic amplitudes:



From inelastic scattering to the dipole cross section

Elastic dipole amplitude:

In the impact parameter representation, the scattering amplitudes read

Â(qN → qN∗
8 ) =

∑

a

τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ , (2.6)

Â†
ll′(qGN → qG′N∗

8 ) = δll′
∑

a

τa⟨N∗
8 |γ̂a(⃗b2)|N⟩ −

∑

a

ifll′a⟨N∗
8 |γ̂a(⃗b3)|N⟩ , (2.7)

Âl′(qN → qG′N∗
8 ) =

√
3

2

∑

a

[

τl′τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ − τaτl′⟨N∗

8 |γ̂a(⃗b2)|N⟩

−
∑

b

ifl′abτb⟨N∗
8 |γ̂a(⃗b3)|N⟩

]

Ψq→qG(r⃗,α) , (2.8)

Â†
l (qGN → qN∗

8 ) =

√
3

2

∑

a

[

τlτa⟨N∗
8 |γ̂a(⃗b1)|N⟩ − τaτl⟨N∗

8 |γ̂a(⃗b2)|N⟩

−
∑

b

iflabτb⟨N∗
8 |γ̂a(⃗b3)|N⟩

]

Ψq→qG(r⃗,α) , (2.9)

where Ψq→qG is the distribution amplitude for the qG Fock state (with transversely polarised
gluon) in the projectile quark,

Ψq→qG(r⃗,α) =
2√
3

√
αs

2π
χ†
f Γ̂χi K0(τ(α) r) , τ(α) = α2m2

q + (1− α)m2
g ,

Γ̂ = imqα
2 e⃗g · [n⃗× σ⃗] + α e⃗g · [σ⃗ × ∇⃗]− i(2− α) e⃗g · ∇⃗ , (2.10)

mg is the effective gluon mass, λa = 2τa are the Gell-Mann matrices, and γ̂a the effective
gluon-nucleon interaction amplitude GN → N∗

8 . In what follows, the following relations will
be useful:

τaτa =
4

3
, fll′afl′ab = 3δlb , −ifalbτbτa =

3

2
τl . (2.11)

Using the completeness of N∗
8 and averaging over the target nucleon degrees of freedom

as follows

⟨N |γ̂a(⃗bk)γ̂a′ (⃗bl)|N⟩ =
3

4
δaa′φ(⃗bk, b⃗l) , γ̂a = γ̂†

a , (2.12)

one arrives at the SD amplitude of qN → qGN process in terms of the scalar symmetric
function φ(⃗bk, b⃗l) = φ(⃗bl, b⃗k)

Âq
l =

3i
√
3

16
τl Ψq→qG(r⃗,α)

{4

3

(

φ(⃗b1, b⃗1)− φ(⃗b2, b⃗2)
)

+ 3
(

φ(⃗b2, b⃗3)− φ(⃗b3, b⃗3)
)}

(2.13)

which is infrared finite despite of divergent φ(⃗bk, b⃗l) and vanishes in the color transparecy
limit r⃗ → 0. The function φ(⃗bk, b⃗l) is directly related to the universal dipole cross section as
follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

φ(⃗b+ r⃗1, b⃗+ r⃗1) + φ(⃗b+ r⃗2, b⃗+ r⃗2)− 2φ(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.14)
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The universal dipole cross section:

SD amplitude for diffractive 
gluon radiation off one
of the projectile quarks:

valid for arbitrary α. In case of small α ≪ 1, we recover much simpler expressions

Âq1,(II)
l

∣

∣

∣

α≪1
≃

iflab√
3
⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩

[

σ̃qq̄(ρ⃗2)− σ̃qq̄(r⃗12)
]

ΦN→(3q)1 Ψq→qG(ρ⃗1,α) ,

Â(III)
l

∣

∣

∣

α≪1
≃

iflab√
3
⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩

[

σ̃qq̄(ρ⃗3)− σ̃qq̄(r⃗13)
]

ΦN→(3q)1 Ψq→qG(ρ⃗1,α) ,

In what follows, we use the following relation

(τ (q1)a + τ (q2)a + τ (q3)a )|(3q)1⟩ = 0 (2.36)

and a more generic formula for cyclic permutations {q1, q2, q3} of products of τ (qj)-matrices
(

P q1P q2P q3 + P q2P q3P q1 + P q3P q1P q2
)

|(3q)1⟩ = 0 , P qj = τ qja τ
qj
b . . . , (2.37)

for any product of τ -matrices P qj along a quark line qj, j = 1, 2, 3 or unity. The latter
relation implies, in particular,

flabτ
(q2)
a τ (q3)b |(3q)1⟩ = flab

(

τ (q2)a τ (q1)b − τ (q3)a τ (q1)b

)

|(3q)1⟩ ,

flabτ
(q1)
a τ (q1)b |(3q)1⟩ = flab

(

τ (q2)a τ (q1)b + τ (q3)a τ (q1)b

)

|(3q)1⟩ ,

flabτ
(q2)
a τ (q2)b |(3q)1⟩ = flab

(

− 2τ (q2)a τ (q1)b + τ (q3)a τ (q1)b

)

|(3q)1⟩ ,

flabτ
(q3)
a τ (q3)b |(3q)1⟩ = flab

(

− 2τ (q3)a τ (q1)b + τ (q2)a τ (q1)b

)

|(3q)1⟩ ,

dlabτ
(q2)
a τ (q3)b |(3q)1⟩ = dlab

(

− τ (q2)a τ (q1)b − τ (q3)a τ (q1)b

)

|(3q)1⟩ ,

dlabτ
(q1)
a τ (q1)b |(3q)1⟩ = dlab

(

− τ (q2)a τ (q1)b − τ (q3)a τ (q1)b

)

|(3q)1⟩ ,

dlabτ
(q2)
a τ (q2)b |(3q)1⟩ = dlabτ

(q3)
a τ (q1)b |(3q)1⟩ ,

dlabτ
(q3)
a τ (q3)b |(3q)1⟩ = dlabτ

(q2)
a τ (q1)b |(3q)1⟩ ,

which allow us to represent the SD amplitudes in terms of two color structures τ (q2)a τ (q1)b and

τ (q3)a τ (q1)b only. So, for the total SD amplitude of diffractive radiation of a gluon off the quark
q1 we write in compact way

Âq1,SD
l =

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3

(

Σ12 −
1

9
∆13

)

−
dlab
2
√
3
∆12

]

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3

(

Σ13 −
1

9
∆12

)

−
dlab
2
√
3
∆13

]}

× ΦN→(3q)1 Ψq→qG(ρ⃗1,α)

where

Σij = σ̃qq̄(ρ⃗i) + σ̃qq̄(r⃗ij + ᾱρ⃗i)−
5

18
σ̃qq̄(r⃗ij)−

13

18
σ̃qq̄(r⃗ij − αρ⃗i) ,

∆ij = σ̃qq̄(r⃗ij)− σ̃qq̄(r⃗ij − αρ⃗i) ,

In the vanishing α ≪ 1 limit, we have
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In the impact parameter representation, the scattering amplitudes read

Â(qN → qN∗
8 ) =

∑
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τa⟨N∗
8 |γ̂a(⃗b1)|N⟩ , (2.6)

Â†
ll′(qGN → qG′N∗

8 ) = δll′
∑

a

τa⟨N∗
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8 ) =
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2
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where Ψq→qG is the distribution amplitude for the qG Fock state (with transversely polarised
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χ†
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q + (1− α)m2
g ,

Γ̂ = imqα
2 e⃗g · [n⃗× σ⃗] + α e⃗g · [σ⃗ × ∇⃗]− i(2− α) e⃗g · ∇⃗ , (2.10)

mg is the effective gluon mass, λa = 2τa are the Gell-Mann matrices, and γ̂a the effective
gluon-nucleon interaction amplitude GN → N∗

8 . In what follows, the following relations will
be useful:

τaτa =
4

3
, fll′afl′ab = 3δlb , −ifalbτbτa =

3

2
τl . (2.11)

Using the completeness of N∗
8 and averaging over the target nucleon degrees of freedom

as follows

⟨N |γ̂a(⃗bk)γ̂a′ (⃗bl)|N⟩ =
3

4
δaa′φ(⃗bk, b⃗l) , γ̂a = γ̂†

a , (2.12)

one arrives at the SD amplitude of qN → qGN process in terms of the scalar symmetric
function φ(⃗bk, b⃗l) = φ(⃗bl, b⃗k)

Âq
l =

3i
√
3

16
τl Ψq→qG(r⃗,α)

{4

3

(

φ(⃗b1, b⃗1)− φ(⃗b2, b⃗2)
)

+ 3
(

φ(⃗b2, b⃗3)− φ(⃗b3, b⃗3)
)}

(2.13)

which is infrared finite despite of divergent φ(⃗bk, b⃗l) and vanishes in the color transparecy
limit r⃗ → 0. The function φ(⃗bk, b⃗l) is directly related to the universal dipole cross section as
follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

φ(⃗b+ r⃗1, b⃗+ r⃗1) + φ(⃗b+ r⃗2, b⃗+ r⃗2)− 2φ(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.14)

4

The symmetry properties of φ(⃗bk, b⃗l), in particular, imply
∫

d2b
∑

i

Ciφ(d⃗i, d⃗i) = 0 for
∑

i

Ci = 0 , d⃗i = b⃗+ y⃗i

for any y⃗i such that in the forward diffractive scattering limit q⃗⊥ → 0 we finally have

Âq
l (q⃗⊥, κ⃗)

∣

∣

∣

q⊥→0
=

∫

d2bd2reiκ⃗r⃗ Âq
l (⃗b, r⃗) = −

9i
√
3

32
τl

∫

d2reiκ⃗r⃗ Ψq→qG(r⃗,α)σqq̄(r⃗) (2.15)

while the corresponding forward SD differential cross section has the following form

dσSD(qN → qGN)

d(lnα)d2q⊥

∣

∣

∣

q⊥→0
=

1

3

1

(2π)2

∫

d2κ

(2π)2

∑

l

Tr
[

Âq
l (q⃗⊥, κ⃗)Â

q†
l (q⃗⊥, κ⃗)

]
∣

∣

∣

q⊥→0

=
1

16π2

∫

d2r
∣

∣

∣
Ψq→qG(r⃗,α)σ̃qq̄(r⃗)

∣

∣

∣

2
, σ̃qq̄(r⃗) =

9

8
σqq̄(r⃗) ,(2.16)

where the factor 1/3 stands for averaging over colors of the projectile quark. The corre-
sponding inclusive qN → qGX process is found by the formula

dσincl(qN → qGX)

d(lnα)d2κ
=

1

3

1

(2π)2

∫

d2q⊥
(2π)2

∑

l′

Tr
[

B̂l′(q⃗⊥, κ⃗)B̂
†
l′(q⃗⊥, κ⃗)

]

, (2.17)

where

B̂l′(q⃗⊥, κ⃗) =

∫

d2bd2rei⃗bq⃗⊥eir⃗κ⃗Âl′(qN → qG′N∗
8 ) . (2.18)

in terms of the inclusive amplitude in impact parameter representation given in Eq. (2.8).
Taking the square and integrating over q⃗⊥ we obtain

dσincl(qN → qGX)

d(lnα)d2κ
=

1

(2π)2

∫

d2rd2r′ ei(r⃗−r⃗ ′)κ⃗Ψq→qG(r⃗,α)Ψ
†
q→qG(r⃗

′,α)Σq→qG
eff (r⃗, r⃗ ′,α)

where

Σq→qG
eff (r⃗, r⃗ ′,α) =

∫

d2b
{

φ(⃗b1, b⃗
′
1) +

1

8
φ(⃗b1, b⃗

′
2)−

9

8
φ(⃗b1, b⃗

′
3)

+
1

8
φ(⃗b2, b⃗

′
1) + φ(⃗b2, b⃗

′
2)−

9

8
φ(⃗b2, b⃗

′
3)

−
9

8
φ(⃗b3, b⃗

′
1)−

9

8
φ(⃗b3, b⃗

′
2) +

9

4
φ(⃗b3, b⃗

′
3)
}

,

and

b⃗′1 = b⃗1 ≡ b⃗ , b⃗′2 ≡ b⃗− αr⃗ ′ , b⃗′3 ≡ b⃗+ ᾱr⃗ ′ . (2.19)

Finally, the b-integration yields the effective dipole cross section

Σq→qG
eff (r⃗, r⃗ ′,α) =

1

2

{

σGqq̄

(

ᾱr⃗, ᾱr⃗ + αr⃗ ′
)

+ σGqq̄
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ᾱr⃗ ′, ᾱr⃗ ′ + αr⃗
)

− σqq̄

(

α(r⃗ − r⃗ ′)
)

− σGG

(

ᾱ(r⃗ − r⃗ ′)
)

}

,
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Light-cone wave function:



Forward diffractive di-jet: “off a quark” vs “off a hadron”

The symmetry properties of φ(⃗bk, b⃗l), in particular, imply
∫

d2b
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Ciφ(d⃗i, d⃗i) = 0 for
∑

i

Ci = 0 , d⃗i = b⃗+ y⃗i

for any y⃗i such that in the forward diffractive scattering limit q⃗⊥ → 0 we finally have

Âq
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∣

∣

q⊥→0
=

∫
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9i
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∫

d2reiκ⃗r⃗ Ψq→qG(r⃗,α)σqq̄(r⃗) (2.15)

while the corresponding forward SD differential cross section has the following form
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l (q⃗⊥, κ⃗)Â
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∣
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∣

∣

∣

2
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9

8
σqq̄(r⃗) ,(2.16)

where the factor 1/3 stands for averaging over colors of the projectile quark. The corre-
sponding inclusive qN → qGX process is found by the formula
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=
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8 ) . (2.18)

in terms of the inclusive amplitude in impact parameter representation given in Eq. (2.8).
Taking the square and integrating over q⃗⊥ we obtain
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′
2)−

9

8
φ(⃗b1, b⃗
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ᾱr⃗ ′, ᾱr⃗ ′ + αr⃗
)

− σqq̄

(

α(r⃗ − r⃗ ′)
)

− σGG

(
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higher twist effect! 

unlike to DDY, it does not  
vanish in the forward limit!

where a ≡ ⟨r2ch⟩−1
p is the inverse proton mean charge radius squared, R is the generalised par-

ton distribution function in the projectile nucleon. In the case of diffractive quark excitation
we obtain

∫

∏

j ̸=1

dxj
q

∏

k

dxk
g δ

(

1−
∞
∑

j=1

xj
q −

∞
∑

j=1

xj
g

)

R
(

{xq}, {xg}
)

= q(x1, µ
2) , (2.56)

in terms of the quark PDF q(x1, µ2) where the variable x1
q ≡ x1 is the projectile (valence or

sea) quark momentum fraction.
The forward diffractive di-jet production cross section NN → qGN finally reads

dσSD

d lnαd2q⊥

∣

∣

∣

q⊥→0
=

1

(4π)2

∫

d2r1d
2r2d

2r3
∏

i,j

dxi
qdx

j
g

∫

d2ρ
∑

ÂSD
l (ÂSD

l )† , (2.57)

where q2⊥ = −t. Then the total SD cross section can be computed as

dσSD

dx1 d lnα
≃

1

BSD(s)

dσSD

dx1 d lnα dt

∣

∣

∣

t→0
,

BSD(s) ≃ ⟨r2ch⟩p/3 + 2α′
IP ln(s/s1) , s1 = 1GeV2 (2.58)

where BSD(s) is the Regge-parameterised t-slope of the differential SD cross section with
α′
IP = 0.25 GeV−2. The momentum conservation leads to

∫

d2r1d
2r2d

2r3 e
−a(r21+r22+r23) δ(r⃗1 + r⃗2 + r⃗3) =

1

9

∫

d2r12d
2r13 e

− 2a
3 (r212+r213+r⃗12·r⃗13) (2.59)

Introducing R⃗1 = r⃗12, R⃗2 = r⃗13 and R⃗3 ≡ r⃗23 = r⃗13 − r⃗12, the corresponding integral reads

3a2

π2

1

9

∫

d2r12d
2r13 e

− 2a
3 (r212+r213+r⃗12·r⃗13)e−(R2

i+R2
j )/R

2
0 Rl

iR
m
j

=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

aR4
0 δlm

(4+aR2
0)

2 i = j = 1, 2 ,

− a3R8
0 δ

l
m

2(3+4aR2
0+a2R4

0)
2 i, j = 1, 2 , i ̸= j ,

3aR4
0 δlm

(12+aR2
0)

2 i = j = 3 ,

(2.60)

Finally, the fully differential cross section for the SD forward q +G production

dσSD

dΩ
≃ KSD(s, x1,α) q(x1, µ

2)

∫

d2ρd2ρ′ (ρ⃗ · ρ⃗ ′)Ψq→qG(ρ⃗,α)Ψ
†
q→qG(ρ⃗

′,α) , (2.61)

where dΩ = dx1 d lnα d2κ, and

KSD(s, x1,α) =
1

BSD(s)

9aσ0(ŝ)2

256π2

{

W0(ŝ) + αW1(ŝ) + α2W2(ŝ)
}

, ŝ = x1s , (2.62)

W0(ŝ) =
2

(4 + aR2
0)

2
+

6

(12 + aR2
0)

2
−

a2R4
0

2(3 + 4aR2
0 + a2R4

0)
2
,

W1(ŝ) = −
4

3(4 + aR2
0)

2
−

16

3(12 + aR2
0)

2
−

a2R4
0

3(3 + 4aR2
0 + a2R4

0)
2
,

W2(ŝ) =
14

27(4 + aR2
0)

2
+

86

27(12 + aR2
0)

2
+

13a2R4
0

54(3 + 4aR2
0 + a2R4

0)
2
, R0 = R0(ŝ) ,
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Diffraction off a quark

Diffraction off a nucleus

Σα≪1
ij = σ̃qq̄(ρ⃗i) + σ̃qq̄(ρ⃗j)− σ̃qq̄(r⃗ij) , ∆α≪1

ij = 0 ,

Other two contributions corresponding to emissions off q2,3 read

Âq2,SD
l =

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3

(

− 2Σ22 +
2

9
∆23 − Σ23 +

1

9
∆22

)

+
dlab
2
√
3
∆23

]

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3

(

Σ22 −
1

9
∆23 + Σ23 −

1

9
∆22

)

−
dlab
2
√
3

(

∆22 −∆23

)]}

× ΦN→(3q)1 Ψq→qG(ρ⃗2,α)

Âq3,SD
l =

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3

(

Σ32 −
1

9
∆33 + Σ33 −

1

9
∆32

)

−
dlab
2
√
3

(

−∆32 +∆33

)]

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3

(

− Σ32 +
1

9
∆33 − 2Σ33 +

2

9
∆32

)

+
dlab
2
√
3
∆32

]}

× ΦN→(3q)1 Ψq→qG(ρ⃗3,α) .

As expected, the diffractive amplitude vanishes in the hard di-jet limit, i.e.

Σij → 0 , ∆ij → 0 , ρi → 0 . (2.38)

Assuming the saturated shape of the dipole cross section, up to the terms containing ρi ≪ rij,
we write

σ̃qq̄(ρ⃗i) ≃
9

8
σ0

ρ2i
R2

0(x)
, σ̃qq̄(r⃗ij − αρ⃗i) ≃ σ̃qq̄(r⃗ij)− α(ρ⃗i · r⃗ij)

9σ0(ŝ)

4R2
0(ŝ)

e−r2ij/R
2
0(ŝ) , (2.39)

so that to the leading order

Σij =
(

1−
5

18
α
)

(ρ⃗i · r⃗ij)
9σ0(ŝ)

4R2
0(ŝ)

e−r2ij/R
2
0(ŝ) +O(ρ2i /r

2
ij) , (2.40)

∆ij = α(ρ⃗i · r⃗ij)
9σ0(ŝ)

4R2
0(ŝ)

e−r2ij/R
2
0(ŝ) +O(ρ2i /r

2
ij) , (2.41)

giving rise to the leading-twist effect in the diffractive cross section.
The full SD amplitude is obtained by adding up three contributions (from emissions off

q1,2,3 quarks) together, i.e.

ÂSD
l ≡

3
∑

i=1

Âqi,SD
l =

9σ0(ŝ)

4R2
0(ŝ)

{
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(2.42)

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√
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2
√
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D32

]}

ΦN→(3q)1 , (2.43)
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Fij =
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18
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0(ŝ) Ψq→qG(ρ⃗j ,α) , (2.45)
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0(ŝ) , (2.39)

so that to the leading order

Σij =
(

1−
5

18
α
)

(ρ⃗i · r⃗ij)
9σ0(ŝ)
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0(ŝ)

{

⟨(3q)8|τ (q2)a τ (q1)b |(3q)1⟩
[iflab√

3
F23 +

dlab
2
√
3
D23

]

(2.42)

+ ⟨(3q)8|τ (q3)a τ (q1)b |(3q)1⟩
[iflab√

3
F32 +

dlab
2
√
3
D32

]}

ΦN→(3q)1 , (2.43)

where

Fij =
[(

1−
5

18
α
)

(ρ⃗1 · r⃗1i) e−r21i/R
2
0(ŝ) −

1

9
α(ρ⃗1 · r⃗1j) e−r21j/R

2
0(ŝ)
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where a ≡ ⟨r2ch⟩−1
p is the inverse proton mean charge radius squared, R is the generalised par-

ton distribution function in the projectile nucleon. In the case of diffractive quark excitation
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in terms of the quark PDF q(x1, µ2) where the variable x1
q ≡ x1 is the projectile (valence or

sea) quark momentum fraction.
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where q2⊥ = −t. Then the total SD cross section can be computed as
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where BSD(s) is the Regge-parameterised t-slope of the differential SD cross section with
α′
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Introducing R⃗1 = r⃗12, R⃗2 = r⃗13 and R⃗3 ≡ r⃗23 = r⃗13 − r⃗12, the corresponding integral reads
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⎪
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Finally, the fully differential cross section for the SD forward q +G production
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Forward diffractive di-jet: SD-to-inclusive ratio

SD-to-inclusive ratio:

The SD-to-inclusive ratio accounting for differences in respective phase space volumes Ω′

and Ω take the following simple form

RSD/incl(s, x1,α) ≡
dσSD/dΩ

dσincl/dΩ
≃

KSD(s, x1,α)

Kincl(x2,α)
δ(M2, s) , x2 =

M2

x1s
, (2.62)

where KSD and Kincl are defined in Eqs. (??) and (??), respectively, and δ(M2, s) is an
additional suppression factor caused by an experimental cut on ξ ≡ 1−xF variable that has
been obtained earlier in Ref. [? ].
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SD: “large” hadronic  
dipoles

The first factor exp
[

iχ(r⃗1) − iχ(r⃗2)
]

is exactly the survival probability amplitude, which
vanishes in the black disc limit, as it should be. This proves that the cross section Eq. (3.6)
includes the effect of absorption. Notice that usually the survival probability factor is
introduced into the diffractive cross section probabilistically, while in Eq. (3.6) it is treated
quantum-mechanically, at the amplitude level.

All the elastic amplitudes in Eq. (3.8) implicitly depend on energy. They cannot be
calculated reliably, but but are known from phenomenology. Since large dipole sizes
|r⃗i − r⃗j | ∼ b ∼ Rp, i ̸= j (Rp is the mean proton size) are important in Eq. (3.8), the
Bjorken variable x is ill defined, and the collisions energy is a more appropriate variable. A
parametrization of the dipole cross section as function of s was proposed and fitted to data
in Ref. [13], and the corresponding partial dipole amplitude is given by [26–28]

Imfel(⃗b, r⃗p, s, xq) =
σ0(s)

8πB(s)

{

exp

[

−
[⃗b+ r⃗p(1− xq)]2

2B(s)

]

+ exp

[

−
[⃗b+ r⃗pxq]2

2B(s)

]

− 2 exp

[

−
r2p

R2
0(s)

−
[⃗b+ r⃗p(1/2− xq)]2

2B(s)

]}

, B(s) = R2
N(s) +R2

0(s)/8 , (3.12)

where xq is the quark longitudinal quark fraction in the dipole defined in Eq. (3.7), and

R0(s) = 0.88 fm (s0/s)
0.14 , R2

N(s) = Bπp
el (s)−

1

4
R2

0(s)−
1

3
⟨r2ch⟩π ,

σ0(s) = σπp
tot(s)

(

1 +
3R2

0(s)

8⟨r2ch⟩π

)

. (3.13)

Here, the pion-proton total cross section is parameterized as [31] σπp
tot(s) = 23.6(s/s0)0.08 mb,

s0 = 1000 GeV2, the mean pion radius squared is [33] ⟨r2ch⟩π = 0.44 fm2, and the Regge
parametrization of the elastic slope Bπp

el (s) = B0+2α′
IP ln(s/µ2), with B0 = 6 GeV−2, α′

IP =
0.25 GeV−2, and µ2 = 1 GeV2 can be used. We employ the s-dependent parametrization
(3.12) in what follows, because diffraction is essentially controlled by soft interactions.

Finally, we parameterize the proton wave function assuming the symmetric Gaussian
shape for the spacial valence quark distributions in the proton, as

|Ψi(r⃗1, r⃗2, r⃗3; xq, {x2,3,...
q }, {x2,3,...

g )|2 =
3a2

π2
e−a(r21+r22+r23)ρ(xq, {x2,3,...

q }, {x2,3,...
g })

× δ(r⃗1 + r⃗2 + r⃗3)δ(1− xq −
∑

j

xj
q/g), (3.14)

where sum is taken over all valence/sea quarks and gluons not participating in the hard
interaction, xq is defined in Eq. (3.7), a = ⟨r2ch⟩−1 is the inverse proton mean charge radius
squared; ρ is the valence quark distribution function in the proton. Notice that this dis-
tribution has a low scale, so the valence quark carry the whole momentum of the proton,
while gluons and the sea are included in the constituent valence quarks. The Gottfried sum
rule based on this assumption is know to be broken [32], but we neglect the related ∼ 20%
correction.

Integrating over the fractional momenta of all partons not participating in the hard
interaction we arrive at the single valence quark distribution in the proton, probed by the
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calculated reliably, but but are known from phenomenology. Since large dipole sizes
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Here, the pion-proton total cross section is parameterized as [31] σπp
tot(s) = 23.6(s/s0)0.08 mb,

s0 = 1000 GeV2, the mean pion radius squared is [33] ⟨r2ch⟩π = 0.44 fm2, and the Regge
parametrization of the elastic slope Bπp

el (s) = B0+2α′
IP ln(s/µ2), with B0 = 6 GeV−2, α′

IP =
0.25 GeV−2, and µ2 = 1 GeV2 can be used. We employ the s-dependent parametrization
(3.12) in what follows, because diffraction is essentially controlled by soft interactions.

Finally, we parameterize the proton wave function assuming the symmetric Gaussian
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where sum is taken over all valence/sea quarks and gluons not participating in the hard
interaction, xq is defined in Eq. (3.7), a = ⟨r2ch⟩−1 is the inverse proton mean charge radius
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Inclusive: “small” hard  
dipoles

KST model

linear BFKL evolution at Q > Qs to the nonlinear saturation regime at Q < Qs rises with
energy as Qs = 1/R0(s) ∝ exp[const ×

√
ln s] [29]. So it is steeply falling with energy, also

slower than in (4.13).
Thus, the diffractive amplitude vanishes at very high, currently unreachable energies,

while within the available energy range the expression (4.5) is sufficiently accurate.

V. DIFFRACTIVE VS INCLUSIVE PRODUCTION OF GAUGE BOSONS

The dipole description of inclusive Gauge boson production can be obtained generalizing
what is known for the inclusive Drell-Yan process [23, 25, 30]. The cross section of inclusive
production of a virtual gauge boson G∗ with mass M and transverse momentum q⊥ has the
form,

d4σλG
(pp → G∗X)

d2q⊥ dx1
=

1

(2π)2

∑

q

∫ 1

x1

dα

α2

[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

× (5.1)

∫

d2rd2r′
1

2

{

σ(αr) + σ(αr′)− σ(α|r⃗ − r⃗ ′|)
}

ΨλG
V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′) .

The principal difference of the inclusive gauge boson production from the diffractive one
is in the typical size of the dipoles involved in the scattering. As is seen from e.g. Eqs. (2.13),
(3.8), the diffractive scattering is dominated by large dipoles scattering at the hadronic scale,
with the transverse size rp = Rij ∼ R0 (soft scattering), whereas the inclusive production
cross section (5.1) is totally driven by small-size dipoles scattering with rp = αr ≪ R0 (hard
scattering). Therefore, different parameterizations for the dipole cross sections must be
used – in the diffractive case above we have adopted the KST parametrization for the dipole
cross section (or the partial amplitude (3.12)) with s-dependent parameters introduced in
Eq. (3.13) [13, 28], whereas in the inclusive production case the Bjorken x-dependent GBW
parametrization Eq. (2.13) [34] is better justified:

σ̄0 = 23.03mb , R0 ≡ R̄0(x2) = 0.4 fm× (x2/x0)
0.144 , x0 = 3.04× 10−4 , (5.2)

where x2 = q−/P−

2 , with P2 being the 4-momentum of the target proton.
In the leading regime of αr, αr′ ≪ R0.

1

2

{

σ(αr) + σ(αr′)− σ(α|r⃗ − r⃗ ′|)
}

≃
α2σ̄0

R̄2
0(x2)

(r⃗ · r⃗ ′), (5.3)

so the inclusive gauge boson production cross section at forward rapidities (x1 ≫ x2) reads,

d4σλG
(pp → G∗X)

d2q⊥ dx1
=

1

(2π)2
σ̄0

R̄2
0(x2)

∑

q

∫ 1

x1

dα
[

ρq
(x1

α

)

+ ρq̄
(x1

α

)]

× (5.4)

∫

d2rd2r′ (r⃗ · r⃗ ′)ΨλG

V−A(r⃗,α,M)ΨλG∗

V−A(r⃗
′,α,M) eiq⃗⊥·(r⃗−r⃗ ′) .

We observe that the integrals over α and r⃗, r⃗ ′ have the same form as in the diffractive cross
section Eq. (4.5).
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linear BFKL evolution at Q > Qs to the nonlinear saturation regime at Q < Qs rises with
energy as Qs = 1/R0(s) ∝ exp[const ×

√
ln s] [29]. So it is steeply falling with energy, also

slower than in (4.13).
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GBW model

in terms of the gluonic GG and 3-body Gqq̄ dipole cross sections

σ̃(r⃗) ≡
9

4
σqq̄(r⃗) , σGqq̄(r⃗1, r⃗2) ≡

9

8

(

σqq̄(r⃗1) + σqq̄(r⃗2)
)

−
1

8
σqq̄(r⃗1 − r⃗2) , (2.20)

respectively, in terms of the dipole cross section in a saturated form given by

σqq̄(x, r⃗) = σ0

[

1− e
− r2

R2
0(x)

]

≃ σ0
r2

R2
0(x)

, r2 ≪ R2
0(x) (2.21)

where the color transparency limit r2 ≪ R2
0(x) is valid as long as the hard scale µ ≫ 1/R0(x)

is concerned. Integrating the cross section over κ⃗, we write then

dσincl(qN → qGX)

d(lnα)
=

∫

d2r |Ψq→qG(r⃗,α)|2Σq→qG
eff (r⃗, r⃗,α) ,

where in the small dipole size limit r ≪ R0(x2)

Σq→qG
eff (r⃗, r⃗,α) ≃

σ0

R2
0(x2)

·
[

α2 + ᾱ2 −
1

4

]

r2 . (2.22)

The inclusive hadronic NN → qG+X cross section reads

dσNN
incl

dY d(lnα)d2κ
= Q(x1, µ

2)
dσ(qN → qG+X)

d(lnα)d2κ
, (2.23)

where the projectile collinear quark distribution in the incoming nucleon is

Q(x1, µ
2) ≡ x1q(x1, µ

2) , x1,2 =
M√
s
e±Y , dx1 = x1dY (2.24)

at the hard scale µ being the invariant mass of the produced qG system defined as

µ2 ≃ M2 ≃
m2

q + κ2

αᾱ
, mq ≃ mG ≃ 400MeV . (2.25)

The fully differential cross section for the inclusive forward q+G production in this approx-
imation takes a very simple form

dσNN
incl

dΩ
≃ Kincl(x2,α) q(x1, µ

2)

∫

d2rd2r′ (r⃗ · r⃗ ′)Ψq→qG(r⃗,α)Ψ
†
q→qG(r⃗

′,α) , (2.26)

where the phase space volume element is dΩ = dx1 d lnα d2κ, and

Kincl(x2,α) =
σ0

R
2
0(x2)

[

α2 + ᾱ2 −
1

4

]

, x2 =
M2

x1s
, (2.27)

Coming back to the hadron-level SD amplitude NN → (3q)8GN as defined in Eq. () we
define the impact parameters for a gluon radiation off ith projectile quark (i = 1, 2, 3) in
terms of its position r⃗i relative to the impact parameter b⃗ as follows

b⃗(i)1 ≡ b⃗+ r⃗i , b⃗(i)2 ≡ b⃗+ r⃗i − αρ⃗i , b⃗(i)3 ≡ b⃗+ r⃗i + ᾱρ⃗i , ρ⃗i = ρ⃗− r⃗i , (2.28)
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I. INTRODUCTION

II. DI-JETS FROM DIFFRACTIVE QUARK EXCITATION

x1 = 0.2

x1 = 0.5

A contribution to the diffractive di-jets production relevant at forward rapidities is given
by the diffractive gluon bremsstrahlung off the projectile quark as shown in Fig. 1 (for
diffractive Abelian bremsstrahlung, see Refs. [? ? ]).

q1

q2

q3

G

N

N N∗
8

N

FIG. 1: Diffractive quark excitation in NN collisions. Additional graphs come from q1 ↔ q2
and q1 ↔ q3 permutations. Large filled circle corresponds to three perturbative leading-order

contributions depicted in bottom line of Fig. 2.

The total single diffractive amplitude can be conveniently decomposed into three parts

Âq1,SD
l = Âq1,(I)

l + Âq1,(II)
l + Âq1,(III)

l (2.1)

with color index l of the radiated gluon G.
To start with, consider first three graphs in the upper line of Fig. 1 corresponding to the

amplitude Â(I)
l of diffractive gluon radiation in nucleon-nucleon scattering NN → (3q)8GN .

One of the t-channel gluons which couplies to a hard scale (large filled circle in Fig. 1) will
be called the “active” gluon, and there should be at least one more octet exchange between
any parton and the target which is called “screening” gluon. In what follows, we denote
the transverse momenta (relative to the projectile quark) of the final quark and gluon as
p⃗2 and p⃗, respectively, their total momentum as q⃗ = p⃗2 + p⃗, and the relative momentum as
κ⃗ = αp⃗2 − ᾱp⃗ in terms of the light-cone momentum fraction α carried by the gluon. The
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Very similar behaviour as for diffractive Drell-Yan!

It is important to compare the dipole model predictions with diffractive factorisation! 

Ref. Antoni Szczurek et al, arXiv: 1705.02241
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gluon antishadowing. We provide predictions of nuclear effects plotted in Fig. 5 for open
charm production in p–W collisions at the energy of the HERA-B experiment.
In the same Section 4 we provide predictions for shadowing for charm production in

heavy ion collisions at the energies of RHIC (
√

s = 200 GeV) and LHC (
√

s = 5500 GeV)
depicted in Figs. 6 and 7.We found quite a sizeable contribution from the higher twist effect
of shadowing related to size of the c̄c pair. A most interesting observation is nearly identical
shadowing effects predicted for minimal bias and central collisions, what has been, indeed,
observed recently by the PHENIX experiment at RHIC. We identify the source of such a
coincidence, and emphasize that this observation should not be interpreted as an indication
for weak nuclear effects. Indeed, Figs. 7 demonstrate a substantial nuclear shadowing even
for RHIC.
In Section 5 we consider the case of medium high energies when noshadowing is

possible since the coherence length is short. Then the c̄c pair is produced momentarily
on a bound nucleon and then undergoes final state interactions. On the contrary to wide
spread believe, we argue that these interactions lead to absorption related to an unusual
configuration in which the heavy flavored hadron is created.
We summarize the results of calculations and observations in the concluding Section 6.

2. Light-cone dipole formalism for charm production

2.1. NN collisions

For the sake of concreteness in what follows we consider charm c̄c pair production,
unless otherwise specified. Our results are easily generalized to the case of heavier quarks.
The parton model treats this process in the rest frame of the produced pair as glue–glue
fusion,GG → c̄c. At the same time, in the rest frame of the nucleus it looks like interaction
of a c̄c fluctuationwhich has emerged from a projectile gluon. Thus, the problem is reduced
to the process,

G + N → c̄c + X. (5)

In the LC dipole approach the cross section is represented by a sum over different Fock
components of the projectile gluon whose LC wave functions squared are convoluted
with proper dipole cross sections. The cross section corresponding to Feynman graphs
depicted in Fig. 1 was calculated in [22] and it was found that it needs a dipole cross
section corresponding to a three-body system Gc̄c. This observation follows the general
prescription [10] that the partonic process a → bc is related to the dipole cross section

Fig. 1. Perturbative QCD mechanism of charm production in a gluon–nucleon collision. Only the lowest c̄c Fock
component of the gluon is taken into account.

where R⃗j is the impact parameter of a quark j, and the matrices γ̂a are the operators in

coordinate and color space for the target quarks

γ̂a(R⃗j) =
∑

i

τ (i)a χ(R⃗j − s⃗i) , χ(s⃗) =

√
αs

2π
√
6

∫

d2k
FGN→X(k⃗, {X})

k2 + λ2
e−ik⃗s⃗ ,

in terms of a non-perturbative gluon-nucleon coupling FGN→X , a gluon mass λ and the

transverse distance between t-th valence quark in the target nucleon and its center of gravity

s⃗i. The total amplitude for inclusive Ga + p → {QQ̄}Gb + X production in gluon-target

scattering is given by the sum of three contributions in Fig. 2

Â ≃
√
3

2

∑

r

{

τr τa⟨f |γ̂r (⃗b11)|i⟩ − τa τr⟨f |γ̂r (⃗b12)|i⟩

− i
∑

c

fcraτc⟨f |γ̂r(⃗b13)|i⟩
}

ΦQQ̄(r⃗,β) ,

where ΦQQ̄(r⃗,β) is the distribution amplitude of the Ga → QQ̄ splitting. The target gluon

attaches QQ̄ system at the following impact distances from the center-of-gravity of the

target proton

b⃗11 = b⃗+ β̄r⃗ , b⃗12 = b⃗− βr⃗ , b⃗13 = b⃗ .

When taking square of the total inclusive Ga + p → QQ̄+X amplitude

|A|2 ≡
1

8

1

2

∑

λ∗,µ,µ̄

⟨Â†Â⟩|3q⟩1

one performs an averaging over color indices and polarisation λ∗ of the incoming projectile

gluon Ga as well as valence quarks and their relative coordinates in the target nucleon |3q⟩1.
The color averaging over the target provides

⟨τ (j)a · τ (j
′)

a′ ⟩|3q⟩1 =

{

1
6δaa′ : j = j′

− 1
12δaa′ : j ̸= j′

Finally, averaging over quark relative coordinates s⃗i in the initial nucleon wave function

and summing over all intermediate states leads to

∑

X

⟨i|γ̂a(⃗bk)γ̂a′ (⃗bl)|i⟩|3q⟩1 =
3

4
δaa′S(⃗bk, b⃗l) ,

where S(⃗bk, b⃗l) is a scalar function which can be expressed in terms of the quark-target

scattering amplitude χ(r⃗) and the proton wave function. This function is directly related

to the qq̄ dipole cross section known from phenomenology as follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

S(⃗b+ r⃗1, b⃗+ r⃗1) + S(⃗b+ r⃗2, b⃗+ r⃗2)− 2S(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.3)

Following to this scheme one obtains the amplitude squared |A|2 in analytic form as a linear

combination of the dipole cross sections for different dipole separations, with coefficients

given by color structure and distribution amplitudes.
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leading twist effect!
In the SD case, the diffractive amplitude squared reads

|ASD|2 ≃
3

256
|Ψin|2|Ψfin|2

2
∑

i,j=1

[

∇iΨ∗
QQ̄(α, r⃗)∇

jΨQQ̄(α, r⃗
′)
]

Ωij
soft , (0.10)

Ωij
soft =

[

∇iσqq̄(r⃗12) +∇iσqq̄(r⃗13)
] [

∇jσqq̄(r⃗12) +∇jσqq̄(r⃗13)
]

, (0.11)

where

∇iσq̄q(R⃗) =
2σ0(ŝ)

R2
0(ŝ)

Ri e
−R2/R2

0(ŝ) , (0.12)

∫

d2r1d
2r2d

2r3 e
−a(r21+r22+r23)δ(r⃗1 + r⃗2 + r⃗3)Ω

ij
soft =

1

9

∫

d2r12d
2r13e

− 2a
3 (r212+r213+r⃗12r⃗13) Ωij

soft

= 4π2σ2
0(ŝ)Λ(ŝ) δ

ij ,
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SD amplitude

“soft color screening” part
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Λ(ŝ) ≡
18 + 48aR2

0 + 28a2R4
0 + 8a3R6

0 + a4R8
0

3a(1 + aR2
0)

2 (12 + 7aR2
0 + a2R4

0)
2
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SD-to-inclusive ratio (also for P-wave quarkonia!)

B. Kopeliovich et al, 2007 
RP et al, in progress

Next step: SD J/psi production 
STAY    TUNED!
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Summary

✓   The dipole picture provides universal and robust means for studies  
      the inclusive and single-diffractive processes in pp (as well as in pA)  
      collisions at large Feynman xF beyond diffractive factorisation  

✓   Major sources of diffractive factorisation breaking in hadron-hadron  
      collisions are (i) the absorptive corrections, and (ii) the hard-soft interplay  
      due to transverse motion of spectators, making the hadronic diffraction  
      of the leading-twist nature  

✓   The universal partial dipole amplitude accounts for the absorptive  
      corrections such that no additional probabilistic fudge factors  
      are necessary in the dipole picture  

✓   Single-diffractive di-jet and heavy (P-wave) quarkonia production  
      at large Feynman xF have been studied beyond diffractive factorisation 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