
Acta Physica Polonica B Proceedings Supplement 18, 1-A42 (2025)

SEMIHARD INTERACTIONS AT HIGH ENERGIES∗

T.V. Iser, E.G.S. Luna

Instituto de Física, Universidade Federal do Rio Grande do Sul
Caixa Postal 15051, CEP 91501-970, Porto Alegre, RS, Brazil

Received 15 December 2024, accepted 23 January 2025,
published online 6 March 2025

We revisit a minijet model to examine the behavior of the total cross
section, σtot, and the ratio of the real-to-imaginary parts of the scattering
amplitude, ρ, at high energies. In this framework, the growth of σtot in
pp and p̄p channels is driven by semihard partonic processes dominated by
gluon interactions. The QCD contribution to σtot for the jet production is
computed in the next-to-leading order. We analyze data separately from
the TOTEM and ATLAS/ALFA collaborations, and find evidence in both
cases suggesting the necessity of an odd semihard component that becomes
asymptotically significant at high energies.
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1. Introduction

In QCD, the energy-dependent increase in the σtot during hadronic colli-
sions is attributed to the production of jets with transverse energy ET that
is significantly smaller than the total energy s of the collision. These so-
called minijets arise from semihard parton–parton interactions, wherein the
involved partons carry only small fractions of the momenta of their parent
hadrons [1, 2]. This behavior can be modeled phenomenologically using an
eikonal formulation based on QCD, which ensures compliance with princi-
ples of analyticity and unitarity [3–11]. By incorporating parton-level cross
sections, modern parton distribution functions, and kinematic cutoffs that
restrict the analysis to semihard interactions, we can describe the evolution
of σtot(s) and the ρ(s) parameter.

At ultrahigh energies, minijet production is expected to dominate. How-
ever, it is assumed that the eikonal function consists of two components: one
describing semihard scatterings and another accounting for soft interactions.
We analyze σtot and ρ data obtained at LHC energies using a minijet-based
formalism while addressing the discrepancies between the measurements re-
ported by the ATLAS/ALFA and TOTEM collaborations.
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2. The model

In our model, the eikonal function is additive with respect to the soft
and the semihard contributions, allowing us to express it as [3, 4, 10, 11]

χ±(s, b) = χ±
soft(s, b) + χ±

SH(s, b) . (1)

The crossing-odd semihard eikonal, χ−
SH(s, b), decreases rapidly with in-

creasing s. Thus, it is sufficient to set χSH(s, b) = χ+
SH(s, b), leading to

χ−(s, b) = χ−
soft(s, b). The even part of the semihard eikonal contribution is

given by

χ+
SH(s, b) =

1

2
σ̃(s)WSH(b; νSH) , (2)

where σ̃(s) is the usual QCD cross section for jet production, and WSH(b; νSH)
is an overlap density for the partons at b,

WSH(b; νSH) =
1

2π

∞∫
0

dk⊥ k⊥ J0(k⊥b)GA(k⊥; νSH)GB(k⊥; νSH) , (3)

where νSH is a free adjustable parameter, while GA(k⊥; νSH) and GB(k⊥; νSH)
are form factors of the colliding hadrons A and B. We assume that the par-
ton distribution behaves like a dipole form, specifically

GA(k⊥; νSH) = GB(k⊥; νSH) =

(
ν2SH

k2⊥ + ν2SH

)2

. (4)

Using this dipole form factor, we can express the overlap density as

WSH(s, b) =
ν2SH
96π

(νSHb)
3K3(νSHb) . (5)

The QCD contribution σ̃ to σtot for the process A+B → jets is given by

σ̃(s) =

[
1− δij

2

][
1− δkl

2

] s/4∫
p2Tmin

dp2T

1∫
4p2T/s

dx1

1∫
4p2T/x1s

dx2
[
fi/A

(
x1, Q

2
)
fj/B

(
x2, Q

2
)

+ fj/A
(
x1, Q

2
)
fi/B

(
x2, Q

2
)][dσ̂ij→kl

dp2T

(
t̂, û

)
+
dσ̂ij→kl

dp2T

(
û, t̂

)]
, (6)

where ŝ+t̂+û = 0, ŝ = x1x2s, t̂=− ŝ
2

(
1−

√
1− 4p2T

ŝ

)
, and Q2 = p2T. In (6),

pTmin denotes the minimal momentum transfer in the semihard scattering,
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while x1 and x2 represent the momentum fractions of the parent hadrons A
and B carried by the partons i, j, k, and l, where i, j, k, l = q, q̄, g. The term
dσ̂ij→kl

dp2T
corresponds to the differential cross section for the scattering process

ij → kl, and fi/A(x1, |t̂|)
[
fj/B(x2, |t̂|

]
refers to the parton i [j] distribution

within hadron A [B].
As x → 0, the gluon distribution becomes dominant. Consequently, the

calculation of σ̃(s) focuses on processes that involve at least one gluon in
the initial state, such as gg → gg, qg → qg, q̄g → q̄g, and gg → q̄q. Given
that, we employ next-to-leading order (NLO) parton distribution functions
(PDFs), the processes dσ̂ij→kl

dp2T
must also be evaluated at NLO. To achieve

this, we introduce a K-factor, defined as the ratio between the NLO and
leading-order (LO) cross sections for a specific process. This K-factor is
incorporated into a phenomenological parameter N , which additionally ac-
counts for the uncertainty in the choice of pTmin . As a result, the even part
of the semihard eikonal can be effectively represented as

χ+
SH(s, b) =

N
2

σ̃(s)WSH(s, b) . (7)

The soft eikonal, required to describe the lower-energy forward scattering
data, is given by

χ+
soft(s, b) =

1

2

[
A+ iB +

C

(s/s0)γ
eiπγ/2

]
W+

soft

(
b;µ+

soft

)
, (8)

χ−
soft(s, b) =

1

2

D√
s/s0

e−iπ/4W−
soft

(
b;µ−

soft

)
, (9)

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

soft are fitting parameters. The
parameters γ and µ−

soft were assigned the values 0.7 and 0.5 GeV, respectively.
The soft form factors are also derived from a dipole basis in k⊥. Thus, we
have

W i
soft

(
b;µi

soft

)
=

(
µi
soft

)2
96π

(
µi
softb

)3
K3

(
µi
softb

)
, (10)

where i = +,−. The forward quantities σtot(s) and ρ(s), expressed in terms
of the eikonal function χ(s, b), are given by

σtot(s) = 4π

∞∫
0

bdb
[
1− e−χ

R
(s,b) cosχI (s, b)

]
, (11)

ρ(s) =
−
∫ ∞

0
bdb e−χ

R
(s,b) sinχI (s, b)∫ ∞

0
bdb

[
1− e−χ

R
(s,b) cosχI (s, b)

] . (12)
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3. Results and conclusions

To systematically examine the discrepancies between the TOTEM and
ATLAS/ALFA results, we conduct global fits to pp and p̄p forward scattering
data for

√
s ≥ 10 GeV [12] using two distinct datasets: one incorporating

the ATLAS/ALFA measurements at high energies (defined as Ensemble A)
[13–15] and the other based on TOTEM measurements at the LHC (defined
as Ensemble T) [16–21].

Fig. 1. The energy behaviour of σtot (left) and ρ (right) from Ensemble A.

Fig. 2. The energy behaviour of σtot (left) and ρ (right) from Ensemble T.
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With the datasets explicitly defined, we proceed to the phenomenological
analysis by performing global fits for the two distinct ensembles. These fits
are carried out using a χ2 minimization approach with 90% C.L., where the
resulting χ2

min follows a χ2 distribution with ν degrees of freedom.
For our calculations within the QCD-based framework, we utilized the

CT18 parton distribution functions (PDFs) provided by the CTEQ-TEA col-
laboration [22]. These PDFs are derived from a comprehensive global anal-
ysis that incorporates a broad range of high-precision data from the Large
Hadron Collider (LHC), the combined HERA I+II deep-inelastic scattering
dataset, and the datasets included in the earlier CT14 global QCD analysis.

We achieve a good statistical fit to the overall dataset, as evidenced by
the χ2/ν value in Table 1. However, the ρ data at

√
s = 13 TeV are not well-

described, consistent with expectations based on dispersion relations. These
relations connect the central value of ρ(s) to the growth behavior of σtot(s).
Consequently, regardless of which normalization of the data proposed by
TOTEM or ATLAS/ALFA is accurate, a satisfactory description of the ρ
parameter necessitates the inclusion of an odd component in the semihard
amplitude that persists at high energies.

As an extension of this study, we aim to examine the impact of an odd
semihard component and evaluate the effects of utilizing different sets of
parton distribution functions.

Table 1. Values of the parameters obtained in the global fits to the Ensemble A
and Ensemble T. The data fitting was carried out using pTmin = 1.1 GeV.

TOTEM ATLAS

N 1.49± 0.50 1.83± 0.46

νSH [GeV] 1.32± 0.12 1.42± 0.08

A [GeV−2] (2.38± 0.24)× 103 (2.11± 2.00)× 103

B [GeV−2] −79.2± 130.8 −76.31± 148.3

C [GeV−2] (33.6± 11.2)× 103 (31.2± 35.5)× 103

µ+
soft [GeV] 2.58± 0.05 2.55± 0.39

D [GeV−2] 149.7± 11.4 149.5± 11.4

ν 168 158

χ2/ν 1.18 1.10
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