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91501-970, Porto Alegre, RS, Brazil

E-mail: andre.bahia@ufrgs.br,mateus.broilo@ufrgs.br,luna@if.ufrgs.br

Abstract. We consider the effect of an energy-dependent dipole form factor in the high-energy
behavior of the forward amplitude. The connection between the semihard parton-level dynamics
and the hadron-hadron scattering is established by an eikonal QCD-based model. Our results
for the proton-proton (pp) and antiproton-proton (p̄p) total cross sections, σpp,p̄p

tot (s), obtained
using the CTEQ6L1 parton distribution function, are consistent with the recent data from the
TOTEM experiment.

1. Introduction

The total cross section σtot(s) is a fundamental quantity in collisions of strongly interacting
particles. At present one of the main theoretical approaches for the description of σtot is the
QCD-inspired formalism [1, 2, 3, 4]. In this approach the energy dependence of the total cross
section is obtained from QCD via an eikonal formulation. The high-energy dependence of σtot
is driven by the rapid increase in gluon density at small-x. In this work we explore the non-
perturbative dynamics of QCD in order to describe, in both pp and p̄p channels, the total
cross sections σpp,p̄p

tot (s) and the ratios of the real to imaginary part of the forward scattering
amplitude, ρpp,p̄p(s). In our calculations we introduce an energy-dependent dipole form factor
which represents the overlap density for the partons at impact parameter b. The behavior of
these forward quantities is derived from the QCD parton model using standard parton-parton
elementary processes and an updated set of gluon distribution, namely the CTEQ6L1 set. In
our analysis we have included recent measurements of pp total cross sections at the LHC by the
TOTEM Collaboration [5]. This work is organized as follows: in the next section we introduce
our QCD-based model where the onset of the dominance of semihard partons is managed by
the dynamical gluon mass. We investigate a form factor which the spatial distribution of gluons
changes with the energy and introduce integral dispersion relations to connect the real and
imaginary parts of eikonals. In Section III we present our results and in Section IV we draw our
conclusions.

2. The QCD-inspired eikonal model

In our model the increase of σpp,p̄p
tot (s) is associated with elementary semihard processes in the

hadrons. In the eikonal representation σtot(s) and ρ(s) are given by

σtot(s) = 4π

∫ ∞

0

b db [1− e−χ
R
(s,b) cosχ

I
(s, b)] (1)

XIII International Workshop on Hadron Physics IOP Publishing
Journal of Physics: Conference Series 706 (2016) 052006 doi:10.1088/1742-6596/706/5/052006

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



and

ρ(s) =
− ∫∞

0
b db e−χ

R
(s,b) sinχ

I
(s, b)∫∞

0
b db [1− e−χ

R
(s,b) cosχ

I
(s, b)]

, (2)

respectively, where s is the square of the total center-of-mass energy, b is the impact parameter,
and χ(s, b) = Reχ(s, b)+ iImχ(s, b) ≡ χ

R
(s, b)+ iχ

I
(s, b) is the (complex) eikonal function. The

eikonal functions for pp and p̄p scatterings are the sum of the soft and semihard (SH) parton
interactions in the hadron-hadron collision,

χ(s, b) = χ
soft

(s, b) + χ
SH

(s, b). (3)

It follows from the QCD parton model that the real part of the eikonal, Reχ
SH

(s, b), can be
factored as

Reχ
SH

(s, b) =
1

2
W

SH
(b)σ

QCD
(s), (4)

where W
SH

(b) is an overlap density for the partons at impact parameter space b,

W
SH

(b) =

∫
d2b′ ρA(|b− b′|) ρB(b′), (5)

and σ
QCD

(s) is the usual QCD cross section

σ
QCD

(s) =
∑
ij

1

1 + δij

∫ 1

0
dx1

∫ 1

0
dx2

∫
∞

Q2

min

d|t̂|dσ̂ij
d|t̂| (ŝ, t̂)

× fi/A(x1, |t̂|)fj/B(x2, |t̂|)Θ
(
ŝ

2
− |t̂|

)
, (6)

with |t̂| ≡ Q2, ŝ = x1x2s and i, j = q, q̄, g.
The eikonal functions for pp and p̄p scatterings are written as χp̄p

pp(s, b) = χ+(s, b)± χ−(s, b),

with χ+(s, b) = χ+
soft

(s, b) + χ+
SH

(s, b) and χ−(s, b) = χ−

soft
(s, b) + χ−

SH
(s, b). Since in the parton

model χ−

SH
(s, b) decreases rapidly with increasing s, the difference between pp and p̄p cross

sections is due only to the different weighting of the quark-antiquark (valence) annihilation cross
sections in the two channels. Thus the crossing-odd eikonal χ−(s, b) receives no contribution
from semihard processes at high energies, and it is sufficient to take χ

SH
(s, b) = χ+

SH
(s, b) and,

consequently, χ−(s, b) = χ−

soft
(s, b). The connection between the real and imaginary parts of the

crossing-even eikonal χ+(s, b) is obtained by means of dispersion relation

Imχ+(s, b) = −2s

π
P
∫

∞

0
ds′

Reχ+(s′, b)

s′2 − s2
, (7)

valid at s � 1 GeV2. The soft term is given by

χ+
soft

(s, b) =
1

2
W+

soft
(b;μ+

soft
)

[
A′ +

B′

(s/s0)γ
eiπγ/2 − iC ′

[
ln

(
s

s0

)
− i

π

2

]]
, (8)

where
√
s0 ≡ 5 GeV and A′, B′, C ′, γ and μ+

soft
are fitting parameters. The odd eikonal χ−(s, b)

is given by

χ−(s, b) =
1

2
W−

soft
(b;μ−

soft
)D′

e−iπ/4

√
s

, (9)
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where μ−

soft
≡ 0.5 GeV and D′ is also a fitting parameter.

In the expression (6) the term dσ̂ij/d|t̂| is the differential cross section for ij scattering
(i, j = q, q̄, g). We select parton-parton processes containing at least one gluon in the initial
state, i.e., we consider the processes

dσ̂

dt̂
(gg → gg) =

9πᾱ2
s

2ŝ2

(
3− t̂û

ŝ2
− ŝû

t̂2
− t̂ŝ

û2

)
, (10)

dσ̂

dt̂
(qg → qg) =

πᾱ2
s

ŝ2
(ŝ2 + û2)

(
1

t̂2
− 4

9ŝû

)
, (11)

dσ̂

dt̂
(gg → q̄q) =

3πᾱ2
s

8ŝ2
(t̂2 + û2)

(
4

9t̂û
− 1

ŝ2

)
, (12)

where

ᾱs(Q
2) =

4π

β0 ln
[
(Q2 + 4M2

g (Q
2))/Λ2

] , (13)

M2
g (Q

2) = m2
g

⎡
⎣ ln

(
Q2+4mg

2

Λ2

)
ln

(
4mg

2

Λ2

)
⎤
⎦
−12/11

; (14)

here ᾱs(Q
2) is a non-perturbative QCD effective charge, obtained by Cornwall through the use

of the pinch technique in order to derive a gauge invariant Schwinger-Dyson equation for the
gluon propagator [6].

In the case of semihard gluons we consider the possibility of a “broadening” of the spatial
distribution. Our assumption suggests an increase of the average gluon radius when

√
s increases,

and can be properly implemented using the energy-dependent dipole form factor

G(d)
SH

(s, k⊥; νSH
) =

(
ν2
SH

k2
⊥
+ ν2

SH

)2

, (15)

where ν
SH

= ν1 − ν2 ln(
s
s0
), with

√
s0 ≡ 5 GeV. Here ν1 and ν2 are constants to be fitted. From

equation (5) we have

W
SH

(s, b; ν
SH

) =
1

2π

∫
∞

0
dk⊥ k⊥ J0(k⊥b) [G

(d)
SH

(s, k⊥; νSH
]2

=
ν2
SH

96π
(ν

SH
b)3K3(νSH

b). (16)

Since semihard interactions dominate at high energies, we consider an energy-dependence only in
the case of W

SH
(s, b; ν

SH
). In this way the soft overlap densities W+

soft
(b;μ+

soft
) and W−

soft
(b;μ−

soft
)

are static, i.e., μ+
soft

and μ−

soft
are not energy dependent.
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3. Results

First, in order to determine the model parameters, we set the value of the gluon mass scale to
mg = 400 MeV. This choice for the mass scale is not only consistent to our LO procedure, but is
also the one usually obtained in other calculations of strongly interacting processes [2, 3, 7, 8].
Next, we carry out a global fit to high-energy forward pp and p̄p scattering data above

√
s = 10

GeV, namely the total cross section σpp,p̄p
tot and the ratio of the real to imaginary part of the

forward scattering amplitude ρpp,p̄p. We use data sets compiled and analyzed by the Particle
Data Group [9] as well as the recent data at LHC from the TOTEM Collaboration, with the
statistic and systematic errors added in quadrature. We include in the dataset the first estimate
for the ρ parameter made by the TOTEM Collaboration in their ρ-independent measurement
at

√
s = 7 TeV, namely ρpp = 0.145± 0.091 [5].

The values of the fitted parameters are given in the legend of Figure 1. The result
χ2/DOF = 1.062 for the fit was obtained for 154 degrees of freedom. The results of the fit to
σtot and ρ for both pp and p̄p channels are displayed in Figure 1, together with the experimental
data. The curves depicted in Figure 1 were all calculated using the cutoff Qmin = 1.3 GeV, the
value of the CTEQ6 fixed initial scale Q0.

Figure 1. The total cross section (upper) and the ratio of the real to imaginary part of the
forward scattering amplitude (lower), for pp (•) and p̄p (◦). The values of the fitted parameters
are: ν1 = 2.770 ± 0.865 GeV, ν2 = (7.860 ± 5.444) × 10−2 GeV, A′ = 108.9 ± 8.6 GeV−1,
B′ = 30.19± 15.78 GeV−1, C ′ = 1.260± 0.437 GeV−1, γ = 0.719± 0.200, μ+

soft = 0.457± 0.209

GeV and D′ = 21.73± 2.26 GeV−1.
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4. Conclusions

In this work we have investigated infrared effects on semihard parton-parton interactions. We
have studied pp and p̄p scattering in the LHC energy region with the assumption that the increase
of their total cross sections arises exclusively from semihard interactions. In the calculation of
σpp,p̄p
tot and ρpp,p̄p we have considered the phenomenological implication of an energy-dependent

form factor for semihard partons. We introduce integral dispersion relations to connect the
real and imaginary parts of eikonals with energy-dependent form factors. In our analysis we
have included the recent data at LHC from the TOTEM Collaboration. Our results show that
very good descriptions of σpp,p̄p

tot and ρpp,p̄p data are obtained by constraining the value of the
cutoff at Qmin = 1.3 GeV. The χ2/DOF for the global fit was 1.062 for 154 degrees of freedom.
This good statistical result shows that our eikonal model, where non-perturbative effects are
naturally included via a QCD effective charge, is well suited for detailed predictions of the
forward quantities to be measured at higher energies. In the semihard sector we have considered
a form factor in which the average gluon radius increases with

√
s. With this assumption we have

obtained another form in which the eikonal can be factored into the QCD parton model, namely
Reχ

SH
(s, b) = 1

2 WSH
(s, b)Reσ

QCD
(s). The imaginary part of this semi-factorizable eikonal was

obtained by means of appropriate integral dispersion relations which take into account eikonals
with energy-dependent form factors.

At the moment we are analyzing the effects of different updated sets of parton distributions
on the forward quantities, namely CTEQ6L and MSTW, investigating the uncertainty on these
forward observables coming from the uncertainties associated with the dynamical mass scale and
the parton distribution functions, and exploring a new ansatz for the energy-dependent form
factor.
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