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Abstract We propose a new parton model and demon-
strate that the model describes the relevant experimental data
at high energies. The model is based on Pomeron calculus
in 1 + 1 space-time dimensions, as suggested in Kovner
et al. (JHEP 1608:031, 2016), and on simple assumptions
regarding the hadron structure, related to the impact param-
eter dependence of the scattering amplitude. This parton
model evolves from QCD, assuming that the unknown non-
perturbative corrections lead to fixing the size of the inter-
acting dipoles. The advantage of this approach is that it sat-
isfies both t-channel and s-channel unitarity, and can be used
for summing all diagrams of Pomeron interactions, includ-
ing Pomeron loops. We can use this approach for all reac-
tions: dilute–dilute (hadron–hadron), dilute–dense (hadron–
nucleus) and dense–dense (nucleus–nucleus) for the scatter-
ing of parton systems. Unfortunately, we are still far from
being able to tackle this problem in the effective QCD theory
at high energy (i.e. in the CGC/saturation approach).
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1 Introduction

In our previous papers [1–8] we demonstrated that it is pos-
sible to build a model, based on the effective QCD the-
ory at high energies: i.e. Colour Glass Condensate (CGC)
approach (see Ref. [9] for the review). The success of the
model emanates from two principle ideas, which are sup-
ported by experimental data: (1) typical distances in the soft
processes at high energies, turn out to be rather short; and (2)
the CGC approach can be re-written in an equivalent form,
as the interaction of BFKL Pomerons [10] in a limited range
of rapidities (Y ≤ Ymax):

Y ≤ 2

�BFKL

ln

(
1

�2
BFKL

)
(1)

where �BFKL denotes the intercept of the BFKL Pomeron [11–
15]. In our model �BFKL ≈ 0.2 − 0.25 leading to Ymax =
20 − 30, which covers all collider energies.

The equivalence between the CGC approach and the
BFKL Pomeron calculus is very important, since (1) it shows
that the CGC approach satisfies t-channel unitarity, which is
a prerequisite for any effective theory at high energies1 and
(2) it allows us to consider elastic and diffraction processes,
and processes of multiparticle generation, on the same foot-
ing. The last statement follows from the AGK cutting rules

1 We wish to remind the reader that t-channel unitarity follows from two
sources: the t-channel unitarity of the BFKL Pomeron, proven in Refs.
[11–15], and from the Gribov Reggeon Diagram Technique [16,17].
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[18,19], which has been proven for inclusive production [20],
but not for correlations [21].

In Ref. [10] it was shown than in the rapidity range of
Eq. (1) we can use the MPSI approximation [22–26], which
sums the large Pomeron loops for the following Hamiltonian

H = N 2
c

2πᾱs

∫
P̄(x, y)∇2

x∇2
y

[
K (x, y|z)P(x, z) + P(z, y)

−P(x, y) − P(x, z)P(z, y)
]

−P(x, y)∇2
x∇2

y

[
K (x, y|z)P̄(x, z)P̄(z, y)

]
(2)

where

K (x, y|z) = (x − y)2

(x − z)2( y − z)2 ,

P and P̄ denote the BFKL Pomeron fields.
The commutation relations are of the form

[P̄(x, y), P(u, v)] = γ (x, y; u, v) (3)

where γ (x, y; u, v) is the scattering amplitude of a dipole
(x, y) on the dipole (u, v)

γ (x, y; u, v) = α2
s

32π2 ln2 (x − u)2( y − v)2

(x − v)2( y − u)2 . (4)

The above form of the Hamiltonian was suggested in Refs.
[27–29] as the natural way for summing all BFKL Pomeron
diagrams with only triple Pomeron interactions. Below, we
will denote this Hamiltonian by HB.

In Ref. [30] it is shown that the Hamiltonian of Eq. (2)
cannot be the correct one, since it violates s-channel unitar-
ity. In other words, we can use HB only for summing the
large Pomeron loops in the MPSI approximation, but cannot
use it for a general description of the high energy interac-
tion in QCD, nor even for the description of the DIS, which
is given by Balitsky–Kovchegov equation [31–33], and was
considered to be the most reliable equation in the frame-
work of the CGC approach. It should be stressed, that in
the CGC approach, we do not have a general Hamiltonian
that describes the interaction of two dense, or of two dilute
systems of partons, although some work in this direction has
been done [34]. Unfortunately, no progress in formulating the
BFKL Pomeron calculus for these systems has been achieved
in Ref. [30].

However, in Ref. [30] such a Hamiltonian is constructed
for the 1 + 1 Reggeon Field Theory, which corresponds to
QCD in which the size of the interacting dipoles is fixed [35–
37]. In this model the BFKL equation for the dipole scattering
cross section σ at a rapidity Y is reduced to

dσ (Y )

dY
= �σ (Y ) , (5)

where � denotes the BFKL intercept. The Eq. (5) reproduces
the power-like increase of the cross section with energy,
exp(�Y ) = (1/x)�. For the scattering amplitude N we
obtain the non-linear equation:

dN (Y )

dY
= �

(
N (Y ) − N 2 (Y )

)
(6)

this form is similar to that of the Balitsky–Kovchegov non-
linear equation [31–33]. Note that Eq. (6) does not depend
on the impact parameter . This fact is also in agreement with
the BFKL approach, in which the average momentum of
the produced colourless dipoles increases with energy since
pT ∝ sλ, and Gribov diffusion [38,39] in impact parame-
ter with �b ∝ 1

pT
n = 1

pT
�Y , leads to �b → 0 at high

energies. We can consider this simple model as the QCD
approach in which the typical size of the colourless dipoles
are fixed, and do not depend on energy. In other words, we
can view this simple approach as a new parton model for the
high energy interaction [40–42].

In this model we encountered the same problems with s-
channel unitarity as in QCD at high energy, however we have
identified the Pomeron Hamiltonian which cures all these
problems [30]. In the next section we will briefly review our
finding. In Sect. 3 we propose a model based on this Hamil-
tonian, while in Sect. 4 we compare the predictions of this
model with the relevant experimental data. We summarize
our results in the Conclusions.

2 A new parton model

Below we give a short review of sections 4 and 5 of Ref. [30],
where 1 + 1 Reggeon Field Theory (RFT) is discussed. We
emphasis section 5, which contains the results that we are
going to use in building our model.

2.1 Violation of the s-channel unitarity in 1 + 1 RFT

As a direct generalization of the original QCD to 1 + 1 RFT,
the scattering matrix of the projectile consisting of m dipoles
on a target consisting of n̄ dipoles, is given as by

〈m|n̄〉 =
∫

d P̄δ(P̄)(1 − P)m(1 − P̄)n̄ . (7)

The evolution in rapidity takes the form

〈m|n̄〉Y =
∫

d P̄δ(P̄)(1 − P)meHY (1 − P̄)n̄ . (8)
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The 1+1 analog of the BK evolution (see Eq. (6)) is given
by the Hamltonian

HBK = − 1

γ

(
P̄ P − P̄ P2

)
. (9)

As previously, we take P and P̄ to satisfy the dilute limit
algebra with the commutator Eq. (3), such that

P = −γ
d

d P̄
; γ ∼ ᾱ2

S > 0 ← Eq. (4) in 1+1 RFT.

(10)

To comprehend the origin of s-channel unitarity, we con-
sider the infinitesimal evolution (δY ) of the projectile and
target wave functions with the Hamiltonian HBK:

〈m|eHBKδY ∝ (1 − m δY )〈m| + m δY 〈m + 1| (11)

eHBK δY |n̄〉 = (1 + n̄ δY )|n̄〉 − n̄[1 + γ (n̄ − 1)] δY |n̄ − 1〉
+ γ n̄(n̄ − 1) δY |n̄ − 2〉. (12)

Note the difference between these two equations. The coef-
ficient in front of an n-dipole state has the meaning of, the
probability to find this number of dipoles in the wave func-
tion. The projectile evolution, given by Eq. (11) is unitary:
all the probabilities in the evolved state remain positive and
smaller than unity, and the sum of the probabilities add up to
unity.

On the other hand, the target evolution is non-unitary.
Indeed, we face two difficulties with the unitarity: (1) the
probability to find the initial state |n̄〉 after a short interval
of evolution exceeds unity; and (2) the probability to find a
state |n̄ − 1〉 is negative. The coefficients still sum to unity
as for the projectile, but clearly the target evolution violates
unitarity.

The Braun Hamiltonian of Eq. (2) takes the following form
in 1 + 1 RFT:

HB = − 1

γ

[
P̄ P − P̄ P2 − P̄2P

]
. (13)

Exploring the same question about s-channel unitarity as
in Eqs. (11) and (12) we obtain for the evolution of the target
wave function:

eHB δY |n̄〉 ≈ (1 + HBδY )|n̄〉
= (1 − n̄δY )|n̄〉 + n̄ δY |n̄ + 1〉

−γ n̄(n̄ − 1)δY |n̄ − 1〉 + γ n̄(n̄ − 1)δY |n̄ − 2〉. (14)

One can see that Eq. (14) violates unitarity, but this violation
is smaller than in Eq. (12), being O(γ ), and it is small for
small n̄ . However, the coefficient of the term |n̄〉 is still nega-
tive, and becomes large parametrically, long before the satu-
ration limit is reached. Since Eq. (13) is symmetric between
the target and the projectile, the projectile evolution now is
also non-unitary, and involves negative probabilities. The fact

that the violation of the unitarity occurs at large n̄ suggets
that one reconsiders the commutation relations of Eqs. (3)
and (10), which we discuss in the next subsection.

2.2 Commutators

Using the commutators of Eqs. (3) and (10), the scattering
matrix can be calculated explicitly (for m + 1 < n̄)

〈m|n̄〉 =
m∑
l=0

m!n̄!
(m − l)! (n̄ − l)! l! (−γ )l . (15)

In particular

〈1|n̄〉 = 1 − n̄γ. (16)

From the above one can see that the amplitudes become
negative for n̄ > 1/γ , and when a single dipole of the projec-
tile scatters on several dipoles of the target, our commutation
relation does not allow us to account for multiple scattering
corrections.

Therefore, as well as curing the problems with unitarity,
we need to change Eq. (3) (Eq. (10)) in a such way that the
scattering matrix will have the form:

〈1|n̄〉 =
n̄∑

k=0

n̄!
(n̄ − k)!k! (−γ )k (17)

so as to correctly account for multiple rescatterings.
In Ref. [30] the following commutator which reproduce

Eq. (17) is proposed.
(

1 − P
)(

1 − P̄
)

= (1 − γ )
(

1 − P̄
)(

1 − P
)
.

(18)

Equation (18) gives the correct factor (1 − γ )n̄ that
includes all multiple scattering corrections, while all the
dipoles remain intact, and can subsequently scatter on addi-
tional projectile or target dipoles. For small γ , and in the
regime where P and P̄ are also small, we obtain

[P, P̄] = −γ + · · · (19)

consistent with our original expression.
Note, that the algebra of Eq. (18) is equivalent to the fol-

lowing representation

1 − P̄ = e− ln(1−γ ) d
d	 , ; 1 − P = e−	 (20)

where 	 and 	̄ have the same meaning as in Eq. (2).
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In the calculation of an amplitude of the type of Eq. (17),
once all the factors of 1 − P̄ are commuted through to the
left, then in the remaining matrix element P̄ operates on
the δ-function and thus vanishes. The remaining factors of
(1 − P) also become unity, since a factor of 	 is equivalent
to a derivative acting on the δ-function, and vanishes when
integrated over P̄ .

With the new algebra we have

〈m|n̄〉 = (1 − γ )mn̄ (21)

which is a simple and intuitive result: the S-matrix of dipole-
dipole scattering raised to the power of the number of dipole
pairs that scatter.

It should be stressed, that the modification of the Pomeron
algebra is not a matter of choice, but is necessary to
obtain the amplitude of Eq. (17), which is unitary for
arbitrary numbers of colliding dipoles. However, the ques-
tion of the unitarity of the evolution is a completely sep-
arate one. We will examine the s-channel unitarity for the
Braun Hamiltonian, since we plan to use this Hamilto-
nian for the description of hadron–hadron scattering at high
energy.

We write the Braun Hamiltonian in a more convenient
form:

HB = − 1

γ

[
(1 − P̄)P − (1 − P̄)2P + (1 − P̄)P2 − P2

]
.

(22)

The action on the projectile and the target is obviously
symmetric, as the Hamiltonian is self dual under the trans-
formation P → P̄ .

eHB δY |n̄〉 =
[

1 + δY

γ

[
1 − (1 − γ )n̄

]2
]

|n̄〉

−δY

γ

[
1 − (1 − γ )n̄

] [
2 − (1 − γ )n̄

]
|n̄ + 1〉

+δY

γ

[
1 − (1 − γ )n̄

]
|n̄ + 2〉 (23)

〈m|eHB δY =
[

1 + δY

γ

[
1 − (1 − γ )m

]2
]

〈m|

−δY

γ

[
1 − (1 − γ )m

] [
2 − (1 − γ )m

] 〈m + 1|

+δY

γ

[
1 − (1 − γ )m

] 〈m + 2|. (24)

This result is a disaster: the evolution of both, projectile
and target are non-unitary. In fact the lack of unitarity occurs
for an arbitrary number of dipolesm and n̄. It is shown in Ref.
[30] that the terms that include the four Pomeron interaction,
do not help.

2.3 The Hamiltonian of the new parton model

In Ref. [30] a new Hamiltonian is proposed

HNPM = − 1

γ
P̄ P (25)

where NPM stands for “new parton model”. The fact that it is
self dual is obvious. In the limit of small P̄ this Hamiltonian
reproduces HBK (see Ref. [30] for details). This condition is
important for fixing the form of HNPM.

To check unitarity we consider:

eHNPM δY |n̄〉 =
[

1 − δY

γ
[1 − (1 − γ )n̄]

]
|n̄〉

+δY

γ
[1 − (1 − γ )n̄]|n̄ + 1〉. (26)

Performing the operation in Eq. (26), we first express the
P† in terms of P̄ . To do this, recall that P† should annihilate
a dipole when acting on the wave function. Using Eq. (20)
we can write

P† = d

d	
e	 = 1

γ
ln(1 − P̄)

1

1 − P
;

P̄† = − 1

γ
e−γ d

d	 	 = 1

γ

1

1 − P̄
ln(1 − P). (27)

For simplicity, in the above equations we have used ln(1−
γ ) ≈ −γ , since γ ∼ α2

s � 1.
To check for unitarity, we see that

eHNPM δY |n̄〉 =
[

1 − δY

γ
[1 − (1 − γ )n̄]

]
|n̄〉

+δY

γ
[1 − (1 − γ )n̄]|n̄ + 1〉 (28)

showing that this evolution is clearly unitary. Due to self
duality, it is clear that the evolution of the projectile wave
function is unitary as well.

It is interesting that Eq. (28) displays saturation behavior
very similar to that expected from QCD evolution, namely at
large n̄, the change in the wave function is independent of the
number of dipoles n̄. In the BK approach in QCD, the wave
function never saturates (see Eq. (11)), and saturation of the
scattering amplitudes is due to multiple scattering effects.

2.4 Equations of motion and the scattering amplitude

The general form of the equation of motion follows from

dP

dη
=

[
H, P

]
; and

d P̄

dη
=

[
H, P̄

]
. (29)

123



Eur. Phys. J. C (2019) 79 :192 Page 5 of 10 192

For the Hamiltonian HNPM we get

dP

dη
= (

1 − P̄
)

(1 − P) P;
d P̄

dη
= − (1 − P)

(
1 − P̄

)
P̄ . (30)

Interestingly, although it is not obvious from the form of
the Hamiltonian (see Eq. (22)), the evolution has the same
fixed points as in two transverse dimensions, (0,0), (1,0),
(0,1), (1,1).

Since the Hamiltonian is conserved, we have

P̄ P = Const ≡ α (31)

Using this conservation relation we obtain the following
equations of motion:

dP

dη
= (P − α) (1 − P) ; d P̄

dη
= − (

P̄ − α
) (

1 − P̄
)
.

(32)

It is instructive to note that fixed points (0, 0), (0, 1) and
(1, 0) are not present in these equations, which means that
they are not reachable at α = 0. The point (1, 1) is also not
reachable by evolution for α = 1. Equation (32) has only
two interesting fixed points: (1, α) and (α, 1). Since for any
physical initial condition P(0) > α, the asymptotics at η →
∞ is always dominated by the fixed point (P = 1, P̄ = α),
while for η → 0 the point (P = α, P̄ = 1) is approached.

The general solution to Eq. (30) takes the form:

P(η) = α + βe(1−α)η

1 + βe(1−α)η
; P̄(η) = α(1 + βe(1−α)η)

α + βe(1−α)η
; (33)

where the parameters β and α should be determined from the
boundary conditions:

P(η = 0) = p0; P̄(η = Y ) = α

P(η = Y )
= p̄0. (34)

One can see that for p0 > p̄0 and e(1−α)Y � 1 Eq. (34)
leads to

β = p0 − α

1 − p0
= p0 − p̄0

1 − p0
; α = p̄0. (35)

For a symmetric boundary condition p0 = p̄0, Eq. (34)
gives P(0) = P̄(Y ), and the solution takes the form

P(η) = α + √
αe(1−α)(η−Y/2)

1 + √
αe(1−α)(η−Y/2)

P̄(η) = α
(
1 + √

αe(1−α)(η−Y/2)
)

α + √
αe(1−α)(η−Y/2)

P(η) = P̄(Y − η). (36)

This solution has a distinct BFKL limit. Indeed, for α � 1
and e−Y/2 = a

√
α with 1/α � a � 1.

We now have the BFKL-like contribution

P(η) ≈ aαeη. (37)

Comparing Eq. (37) with Eqs. (5) and (6) one can see
that the variable Y in all our formulae is actually equal to
�Y . The exponential “BFKL-like” growth continues until
the Pomeron reaches the value P(Y ) = 1.

The classical solutions determine the scattering amplitude
in the classical approximation. The scattering amplitude has
a path integral representation. The Pomeron Lagrangian that
generates the equations of motion Eq. (30) is

LNPM =
∫ Y

0
dη

[
1

γ
ln(1 − P)

∂

∂η
ln(1 − P̄) − H

]

= 1

γ

∫ Y

0
dη

[
ln(1 − P)

∂

∂η
ln(1 − P̄) + P̄ P

]
. (38)

The scattering amplitude is then given by

SNPM
mn̄ (Y ) =

∫
dP(η)d P̄(η)e

1
γ

∫ Y
0 dη

[
ln(1−P) ∂

∂η
ln(1−P̄)+P̄ P

]

×(1 − P(Y ))m(1 − P̄(0))n̄ . (39)

In the classical approximation

SNPM
mn̄ (Y ) = e

1
γ

∫ Y
0 dη

[
ln(1−p) ∂

∂η
ln(1− p̄)+ p̄ p

]
[1 − p(Y )]m

×[1 − p̄(0)]n̄|p(0) = 1 − e−γ n̄; p̄(Y )

= 1 − e−γm

= [1 − p(Y )]m e
1
γ

∫ Y
0 dη[ln(1− p̄)+ p̄]p (40)

where p(η) and p̄(η) denote the solutions of the classical
equations of motion, with the boundary conditions specified
in Eq. (40).

It is interesting to compare the scattering amplitude given
by this expression, to the one obtained from the BK equation,
which in QCD describes deep inelastic scattering with nuclei.
For the latter we have

SBK
mn̄ (Y ) =

∫
dP(η)d P̄(η)

× e
1
γ

∫ Y
0 dη

[
ln(1−P) ∂

∂η
ln(1−P̄)−ln(1−P̄)PP

]

×(1 − P(Y ))m(1 − P̄(0))n̄ . (41)

In the classical approximation

SBK
mn̄ (Y ) = e

1
γ

∫ Y
0 dη

[
ln(1−p) ∂

∂η
ln(1− p̄)−ln(1− p̄)p

]
[1 − p(Y )]m

×[1 − p̄(0)]n̄|p(0)=1−e−γ n̄; p̄(Y )=1−e−γm

= [1 − p(Y )]m . (42)

Note that the solution for P̄ is irrelevant for the BK ampli-
tude, which is determined entirely by P(Y ). On the other
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hand, the scattering amplitude in NPM depends on P̄ . Nev-
ertheless the two models should be approximately the same
in the regime where the BK evolution applies. The results of
the estimates in Ref. [30] shows that in the region close to
saturation the differences between BK and NPM are quite
significant. We will continue the comparison of the two
approaches in the following sections, where we construct
a realistic model based on the NPM approach.

3 The model

To build a model we need to solve two problems: (1) to
express parameters α and β in Eq. (33) in terms of p0 and p̄0,
and to take the integral over η in Eq. (40); (2) to introduce
the non-perturbative structure of hadrons.

3.1 Explicit solutions

We start with solving the first problem, which although it
is technical, simplifies the fitting procedure. In the general
case we need to replace Eqs. (34) and (35) by the following
expressions:

α (p, p̄, zm ) = 1

2
(p0 + p̄0) − 1

2 zm
(1 − D) ; β (p, p̄, zm )

= 1

2

p0 − p̄0

1 − p0
− 1

2zm (1 − p0)
((1 − p0)(1 − p̄0) − D) ;

(43)

D =
√

4p0(1 − p0)(1 − p̄0)zm − ((1 − p0)(1 − p̄0) − (p0 − p̄0)zm )2.

(44)

After doing the integration in Eq. (40) we obtain:

S (α, β, zm) = 1

γ

∫ Y

0
dη [ln(1 − p̄(η)) + p̄(η)] p(η)

= S̃ (α, β, zm) − S̃ (α, β, zm = 1) (45)

with

S̃ (α, β, zm) = −(α − 1)Li2(−βzm) + αLi2

(
−βzm

α

)

+(α − 1)Li2

(
α + βzm
α − 1

)
+ 1

2
α ln2((1 − α)βzm)

−(α − 1) ln(βzm + 1) ln((1 − α)βzm)

−
(

α ln(zm) − (α − 1) ln

(
−βzm + 1

α − 1

))
ln(α

+βzm) + α ln(zm) ln

(
βzm
α

+ 1

)
(46)

where zm = e�(1−p0)Y . Li2 denotes the dilogarithm func-
tion.

3.2 Non-perturbative structure of hadrons

In this paper we only discuss the non-perturbative correc-
tions, which are related to the impact parameter dependence
of the scattering amplitudes. Our assumptions regarding the
hadron structure are based on the following features of the
Pomeron interactions which stem from the Colour Glass Con-
densate (CGC/saturation) effective QCD theory at high ener-
gies (see Ref. [9] for a review):

1. The BFKL Pomeron exchange occurs at fixed impact
parameters. In other words the Green function of the
Pomeron ∝ δ(2) (b). The triple Pomeron vertex (see
Fig. 1) does not change the impact parameters. We have
discussed this property in the introduction.

2. For nucleus–nucleus collisions the main contributions
stems from the ’net’ diagrams of Fig. 1a [27–29]. In these
diagrams the dependence on the impact parameters are
concentrated in the vertices of the Pomeron interaction
with the nuclei, this dependence has a clear meaning:
i.e. the number of nucleons in a nucleus at fixed impact
parameter.

3. For DIS we have the following formula for the total cross
section:

N (Q,Y ; b) =
∫

d2r

4 π

∫ 1

0
dz γ ∗

× (Q, r, z) N (r,Y ; b) ∗
V (r, z) (47)

where Y = ln
(
1/xBj

)
and xBj is the Bjorken x . z is

the fraction of energy carried by quark. Q denotes the
photon virtuality. N (r,Y ; b) is the scattering amplitude
for a dipole of size r at impact parameter b which is the
solution to the Balitsky–Kovchegov equation [31–33].
γ ∗ (Q, r, z) is the wave function of the dipole in the
virtual photon.
Equation (47) splits the calculation of the scattering
amplitude into two steps: (1) calculation of the wave func-
tions, and (2) estimates of the dipole scattering amplitude.

4. The initial condition for the amplitude N (r,Y ; b) can be
written as follows [43–48]

N (r,Y = Y0, b)

= i

(
1 − exp

(
− NBA (r, QT = 0) TA (b)

))

(48)

where NBA (r, QT ) is the amplitude for dipole scattering
in the Borm approximation . T (b) denotes the number
of the nucleons at fixed impact parameter b.
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Fig. 1 Examples of the
Pomeron diagrams: ’net’
diagrams, which give the main
contribution to nucleus–nucleus
collisions (a); the diagrams of
the Balitsky–Kovchegov
equation (b); and the
contribution to the Green
function of the Pomeron (c).
The wavy lines describe the
Pomeron Green function

3P

p S(b’,m)
0

p S(b − b’,m)
0

(a) (b) (c)

In Eq. (48), NBA (r, QT = 0) = αSπ
2Nc

πr2 ln

(
r2

R2
N

)

while T (b) ∝ 1/(πR2
A) (RN and RA are the radii of

nucleon and nucleus, respectively). Therefore, we can re-
write NBA (r, QT = 0) TA (b) in Eq. (48) as γ S (b) where
γ is the dipole scattering amplitude which is equal to
αSπ
2Nc

ln

(
r2

R2
N

)
, and SA (b) denotes the number of the dipoles

with size r that we have in the nucleus at impact parameter
b. Equation (48) takes the form

N (r,Y = Y0, b) = i

(
1 − exp

(
− γ BA (r) SA (b)

))

(49)

Comparing Eq. (49) with Eq. (40) we see that we can interpret
the initial condition p(0) = 1 − exp (−γ n) as γ = γ BA (r)
and n = SA (b).

Bearing this in mind, we introduce the following initial
conditions for p(y) and p̄(y), considering γ SA(b) � 1:

P
(
y = y0, b

′) = p0 S
(
b′,m

) ;
P̄

(
y = Y, b − b′) = p0 S

(
b − b′,m

) ; (50)

choosing

S (b,m) = m b K1(m b) (51)

where K1 is the McDonald function (see Ref. [49] formula
8.43). Comparing Eq. (50) with Eq. (49) we see that γ = p0.

The natural generalization of Eq. (47) for diagram of
Fig. 1b is

NFig. 1b (Y, b)

= m2

4π

∫
d2b′ P̄

(
y = Y, b − b′)(1 − (1 − P

(
Y, b′))n

)

(52)

which at Y → 0 has the form

NFig 1b (Y = Y0, b)

= m2

4π

∫
d2b′ p2

0 S
(
b − b′,m

)
S

(
b′,m

) = p2
0 n

(53)

where n = m2

4π

∫
d2b S

(
b − b′,m

)
S

(
b′,m

)
is the number

of dipoles of size 1/m in the two interacting nucleons. It
should be stressed that in Eq. (53) we assumed that the typ-
ical size of the dipole that is described by the new parton
model is 2/m. In principle, we can introduce this size as a
new parameter whose value we will need to determine from
comparison with the experimental data.

The expression for zm = e�(1−p0)Y sums diagrams of the
type shown in Fig. 1c . Since the triple Pomeron interac-
tion does not induce any impact parameter dependence, we
consider p0 = γ = Const as a function of b.

Combining all the above, we obtain the following equation
for the scattering amplitude:

Ael(Y, b) = 1 − exp

{ ∫
m2d2b′

4π

[
1

p0

(
S(α, β, zm)

+ α(p, p̄, zm)�(1 − p0)Y
)

− P̄
(
y = Y, b − b′) P

(
Y, b′) ]}

. (54)

In Eq. (54) P
(
Y, b′) and P̄

(
y = Y, b − b′) are given by

Eq. (33), and by the initial conditions of Eq. (50), where α

and β are determined in Eq. (43). It should be noted, that
in spite of a rather cumbersome expression in Eq. (54), the
parameter of re-summation is rather simple, being

β

α
zm = β

α
e�(1−p0)Y . (55)
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Fig. 2 The energy behaviour of σtot , σel and the slope Bel for proton-proton scattering as predicted in our model. Data are taken from Refs.
[50–52]. The data taken for the fit were for W ≥ 1 TeV

Table 1 Fitted parameters

� p0 m (GeV) χ2/d.o.f.

0.6488 ± 0.030 0.489 ± 0.030 0.867 ± 0.005 1.3

4 Comparison with experimental data

4.1 Fitting σtot, σel and Bel

As we have seen in the previous section, we introduce two
dimensionless parameters: � – the intercept of the BFKL
Pomeron, and γ – the amplitude for dipole–dipole scattering
at low energies. For b-dependence we suggested a specific
form for b-dependence (see Eq. (50)) which is character-
ized by the dimensional factor m. All three parameters were
determined by fitting to the experimental data. We choose
to describe three observables: total and elastic cross section
and the elastic slope. They have the following expressions
through the partial amplitudes:

σtot = 2
∫

d2b ImAel(Y, b);

σel =
∫

d2b |Ael(Y, b)|2;

Bel = 1

2

∫
b2 d2b ImAel(Y, b)∫
d2b ImAel(Y, b)

. (56)

From Fig. 2 one can see that we can describe the data for
W ≥ 1 TeV. The values of parameters are shown in Table 1.
Comparing these parameters with the resulting curves in
Fig. 2 we note that the shadowing corrections play an essen-
tial role. First, the corrections to the Green function of the
Pomeron reduce the Pomeron intercept from � = 0.644 to
�dresssed = 0.35. The other shadowing corrections lead to
the effective intercept �eff ≈ 0.07.

From Fig. 2 we see that we fail to describe the experimental
data for W < 1 TeV . However, we would like to stress that
we used a very naive model for the hadron structure. Our

0 2.5 5 7.5 10 12.5 15

10
-2

1

b(GeV-1)

A
el

(b
)

Ael

Ael (X)

W=13. TeV
W=1.8 TeV

Fig. 3 The elastic scattering amplitude versus b. Ael(X) is the ampli-
tude from the Balitsky–Kovchegov equation( see Eq. (42))

previous experience [3,4] shows that we need to take into
account the processes of diffraction production, which have
been neglected in this model. Our main goal is to demonstrate
that the suggested model is able to describe the experimental
data at high energies.

4.2 Ael(Y, b)

In Fig. 3 we plot the elastic scattering amplitude Ael (Y, b), as
a function of the impact parameter. Note that this amplitude
has reached the unitary limit 1 at W = 13 T eV and shows
the increasing with energy radius, of the interaction. For a
comparison, we include in this picture the scattering ampli-
tude, calculated in Balitsky–Kovchegov non-linear equation
(see Ael(X)). This amplitude is far from the unitarity limit
and shows only a small increment with increasing energy.

Such behaviour of the scattering amplitude Ael(X) reflects
the fact that in our approach there is no fixed point (1,0)
(or/and (0,1)), as occurs in the Braun Hamiltonian, and the
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scattering of hadrons or nucleus cannot be reduced to BK
evolution at high energies.

5 Conclusions

In this paper we showed that the experimental data at high
energies, can be described in the framework of the new par-
ton model. The model is based on the Pomeron calculus
in 1 + 1 space-time, suggested in Ref. [10], and on simple
assumptions on the hadron structure, related to the impact
parameter dependence of the scattering amplitude. This par-
ton model stems from QCD, assuming that the unknown non-
perturbative corrections lead to fixing the size of the interact-
ing dipoles. The advantage of this approach is that it satisfies
both t-channel and s-channel unitarity, and can be used for
summing all diagrams of the Pomeron interaction, including
Pomeron loops. In other words, we can use this approach for
all possible reactions: dilute–dilute (hadron–hadron), dilute–
dense (hadron–nucleus) and dense–dense (nucleus–nucleus)
parton systems scattering. Unfortunately, we are still far from
tackling this problem in the framework of QCD effective the-
ory at high energy (CGC/saturation approach).

We achieved quite good descriptions of the three experi-
mental observables: σtot,σel and Bel, especially regarding the
energy dependence of these observables. We consider this
paper as the first attempt to show that the new parton model
can be relevant to the discussion of the experimental data.
In spite of the embryonic state of the theory of the quark-
gluon confinement, we hope that our model can be viewed
as the first step in the right direction regarding the theoretical
description of the dilute–dilute parton system scattering at
high energy at which, we believe, that such systems become
dense.

We are aware that our model is very naive in the descrip-
tion of the hadron structure. We are planning to include
diffraction production in our formalism, and to develop a the-
oretical approach in the framework of the new parton model,
so as to be able to treat processes of multiparticle generation.
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