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Strong interactions, in the perturbative and non-perturbative regime of QCD, play a crucial role
in the interpretation of data coming from the hadron colliders experiments. Conversely, data from
hadronic interactions provide valuable input for the understanding of QCD dynamics. In this short
article, an overview of the latest trends in the strong interactions studies is presented.
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1. Introduction

2. Cross sections in pp interactions
√
One of the first measurements to be performed at new center-of-mass energies, s, is that of
the inelastic pp cross section which cannot be calculated from first principles. At the new LHC
energy frontier of 13 TeV, both ATLAS [1] and CMS [2] measured the inelastic pp cross section,
σinel . Due to limited pseudo-rapidity η coverage of the detectors, the direct measurements are
only sensitive to sufficiently high diffractive masses, MX and MY , where X and Y denote the two
proton beam directions. For the ATLAS experiment, which uses the minimum bias scintillator
counters covering the range 2.07 < |η| < 3.86, MX,Y > 13 GeV. In the CMS experiment, the
measurements are performed with the forward hadron calorimeters covering 3.0 < |η| < 5.2 and
the CASTOR detector in the range −6.6 < η < −5.2, leading to MX > 4.1 GeV and MY > 13 GeV.
Both experiments used MC generators to extrapolate to the full inelastic phase space. The results
are as follows:
ATLAS
CMS

78.1 ± 0.6(exp) ± 1.3(lum) ± 2.6(ext) mb,
71.3 ± 0.5(exp) ± 2.1(lum) ± 2.7(ext) mb,

where the second uncertainty is due to luminosity and the third one is an estimate of the uncertainty
due to extrapolation. Assuming that the uncertainties of the two experiments are uncorrelated, the
results agree to within 2σ . Both also agree within uncertainties with various existing parametrizations, though the CMS result tends to be on the low side.
The elastic and the total pp interaction cross sections at the LHC are best determined by
measuring the four-momentum transferred squared, t, distribution of elastically scattered protons
in dedicated very forward detectors. The optical theorem relates the forward elastic scattering cross
section to the total cross section by
2
σtot
=

16π(h̄c)2 dσel
|t→0 .
1 + ρ 2 dt

(2.1)

This equation can then be used to determine the elastic cross section,
σel =

2
σtot
1 + ρ2
,
B 16π(h̄c)2

1

(2.2)
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The theory of strong interactions, Quantum Chromodynamics(QCD), is a well established
theory. However, there are limitations in the predictability of QCD calculations both at the low and
high interaction scales. Confrontation with measurements is one of the ways to establish the rich
dynamics of strong interactions which encompasses confinement, the partonic structure of hadrons
and the origin of their masses, as well as the formation of dense matter in the limit of high energy
or high temperature.
In the following, a short summary of the advancement in QCD measurements discussed at
this conference is presented, starting from soft interactions and ending with hard interactions. It is
not meant to be a comprehensive or complete experimental review of strong interactions in hadron
collisions and of the available literature on the subject, it is rather meant to reflect the trends while
trying the acknowledge the important contribution of all experiments in the field
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Figure 1: Total σtot , inelastic σinel , elastic σel , single diffractive σSD and double-diffractive σDD cross
√
sections as a function of center-of-mass energy s for pp and p p̄ interactions as described in the legend.
Overlayed are various parametrizations aslo described in the legend.

3. Exclusive processes and the Pomeron
Exclusive processes are understood as the ones in which the beam and target particles remain
intact after the interaction and the accompanying final state consists of a well defined color-singlet
state such as, for example, two pions or decay products of a heavy vector meson. Such interactions
have been and still are intensely studied in deep inelastic ep scattering in order to understand the
low-x gluon dynamics, the structure of the Pomeron (IP) and/or the three dimensional structure
of the proton (for a discussion see for example [4] and [5]). The same processes can be also
studied in pp interactions as the protons are not only a source of a IP flux but also of photons. In
particular, the exclusive production of heavy vector mesons in pp interactions at the LHC has been
advocated as a potential way to constrain the low-x gluon content of the proton [6]. The LHCb
experiment presented measurements of exclusive J/ψ and exclusive ψ(2S) production at 7 and
13 TeV as a function of the γ ∗ IP invariant mass W [7]. The γ p → J/ψ p cross section as a function
of W is shown in Fig. 2, compared to earlier measurements of the H1 and ZEUS experiments.
These measurements extend the W reach by an order of magnitude compared to the measurements
performed at HERA. For the exclusive J/ψ production, the results agree with the predictions of
the NLO calculations based on the γIP fusion in which the Pomeron consists of two gluons [6],
while a power-law behavior constrained by the H1 data [8] predicts too high a cross section. The
ratio of ψ(2S) to J/ψ production cross sections, inferred from the LHCb measurements, seems
2
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σ [mb]

where B is the slope of the the t distribution parametrized through eBt . The ATLAS Collaboration
√
has recently added a new measurement of pp elastic and total cross section measurements at s =
8 TeV [3]. The existing measurements of the total, inelastic, elastic, single-diffractive and doublediffractive dissociation cross section for pp and p p̄ interactions are compiled in Fig. 1, including
cosmic ray measurements. The measurements performed at the LHC fall perfectly in line with
expectations based on various parametrizations of the lower energy measurements.
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to be W independent contrary to the trend observed in the HERA data [9] of this ratio increasing
with W . The exclusive production of π + π − investigated by the CMS experiment in pp interactions

at 7 TeV indicates not only the presence of γIP fusion into a ρ meson in the distribution of the
invariant mass of the π + π − system but also the presence of the f0 and f2 mesons as expected
from double-IP exchange [10]. Exclusive production of π + π − in ep interactions accompanied
by a forward scattered neutron can be interpreted in terms of γπ scattering. The γπ scattering
cross section extracted by the H1 experiment [11] comes out to be only half of the value expected
from the additive quark model and the value of γ p cross section, indicating the presence of strong
absorptive corrections.

4. Event characteristics – forward physics
The spectra of forward-produced neutrons [12] and π 0 [13] have been investigated by the LHCf
Collaboration, whose calorimeters are located at ±140 m from the ATLAS interaction point. The
aim of this experiment is the study at the LHC accelerator of the neutral-particle production cross
sections in the very forward region of proton-proton and nucleus-nucleus interactions to provide
essential input for understanding the development of atmospheric showers induced by very high
energy cosmic rays hitting the Earth atmosphere. As shown in Fig. 3 the energy distribution for
forward neutrons measured in pp interactions at 7 TeV cannot be reproduced by any of the available
MC generators. The difficulty in obtaining a proper description of the forward energy flow has
been also observed by the CMS experiment which compared the total energy measured in the
range −6.6 < η < −5.5 in pp interactions at 13 TeV to various MC generators [14]. Moreover,
√
while the data taken at different s at the LHC indicate that Feynman scaling holds in the forward
region [13, 15], in the MC generators the scaling is pushed to the extreme forward region. This
is shown in Fig. 3 where the transverse energy as a function of pseudo-rapidity measured with
√
respect to the rapidity of the beam protons, η − ybeam , is shown for various s and compared to MC
expectations in generators typically used in cosmic-ray physics. As more data become available,
this issue should attract the attention of model builders as it may affect the precision measurements
at the LHC.
3
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Figure 2: Exclusive J/ψ (left) and ψ(2S) (right) production cross section in γ p interactions derived by the
LHCb experiment [7] from pp scattering as a function of the γ p center of mass energy W compared to other
measurements as described in the legend.
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5. Event characteristics – central production
The central production region at the LHC is still not fully under control. In spite of a large
effort to tune the MC generators to describe properly the event characteristics of pp interactions at
√
s of 7 and 8 TeV, further tuning is necessary for 13 TeV [16, 17]. This is illustrated in Fig. 4 where
the transverse momentum pT , multiplicity nch and pseudo-rapidity η distributions of charged particles is compared to various MC generators. Especially in the tails of the pT and nch distributions,
the MC may miss the data by as much as 50%. This is also reflected in the underlying event characteristics illustrated in Fig. 4 through the comparison of data and MC expectations, at various center
of mass energies, of the behavior of the average total transverse momentum of charged particles
with |η| < 2 and pT > 0.5 GeV, in the azimuthal region transverse to the direction of the leading
jet (of charged particles) in the event, as a function of the pT of that jet. There are also unexpected
effects in high energy pp interactions at the LHC, the dynamic origin of which is not yet established. Already in the 7 TeV pp interaction data, CMS [18] established that for large multiplicities
(nch > 100), a long-range structure in the two-particle angular correlations functions in the η and
azimuthal angle φ appears on the same side as the leading transverse momentum particle. While
such a structure is expected on the away-side to compensate the transverse momentum, the appearance of a ridge on the near-side is rather typical of heavy-ion collisions (for a discussion see [19]).
The presence of this long-range near-side correlations in pp interactions with large multiplicities
has been now also established at 13 TeV [20, 21] as shown in Fig. 5. The other interesting effect related to charged particle multiplicity is the increase of strange particles production with increasing
charged multiplicity, the stronger the heavier the particle, observed by ALICE [22] and shown in
Fig. 5. The increase with multiplicity follows the same trend as observed in pPb interactions. The
standard MC generator used to model minimum-bias pp events, P YTHIA 8 [23], predicts a constant
production rate, dependent on the mass but independent of multiplicity and in general it expects
4
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Figure 3: Left - energy distribution of forward produced neutrons in pp interactions as measured by the
LHCf experiment at 7 TeV [12], compared to various model expectations as described in the legend. Right transverse energy ET as a function of pseudo-rapidity measured with respect to the rapidity of beam protons
η − ybeam by the CMS experiment [14] for pp interactions at different center-of-mass energies, compared to
various MC generators, as explained in the legend.
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Figure 5: Left - two-particle correlation function as a function of the azimuthal ∆φ and pseudo-rapidity ∆η
distance between two particles in pp interactions at 13 TeV as measured by the CMS experiment [21] for
offline smaller or bigger-equal to 105 charged particles as described in the legend. Right - rate
multiplicity Ntrk
of production of strange particles relative to the pion production rate as a function of the average multiplicity
of centrally produced charged particles < dNch /dy > ||eta|<0.5 as measured by the ALICE experiment [22]
in pp, pPb and PbPb interactions at different center-of-mass energies, compared to expectations of various
MC generators as described in the legend.

rates much lower than observed, especially for strange particles other than the kaons. An increase
is expected in the E POS LHC [24] generator with a rate higher than observed in the data while the
novel D IPSY [25] generator, based on a dipole picture of the pp interactions reproduces well the
observed trend up to the Ω production.

6. Parton distribution functions of the proton
An important input to modeling pp interactions are the parton distribution functions (PDF) of
the proton. The inclusive neutral current and charged current e± p interaction cross section mea5
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Figure 4: Left - transverse momentum pT , charged multiplicity nch and pseudo-rapitiy η distributions measured by the ATLAS experiment [16] in pp interactions at 13 TeV. Right - average total transverse momentum in the azimuthal region transverse to the direction of the leading jet (of charged particles) in the event,
< ∑ pT >, as a function of the transverse momentum pT of that jet as measured by the CMS experiment [17]
at different center of mass energies of pp interactions. The data are compared to expectations of various MC
generators as described in the legend.
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Figure 6: Neutral current (left) and charged-current (right) e± p cross sections as a function of Q2 for selected
values of Bjorken-x, compared to NLO (NC) and NNLO (CC) HERAPDF2.0 PDF parametrizations [26].

7. Multi-parton interactions
Multi parton-parton interactions (MPIs) within the same pp interaction play an important role
in modeling the underlying event activity and the minimum bias pp interactions. They are mainly
driven by the large flux of low-x partons, however, at the LHC energies they may easily be a competing source of hard final states. From purely geometrical considerations, MPIs are a potential
source of information about the three-dimensional structure of the proton and parton-parton correlations. The study of these interactions, and in particular of double-parton scattering (DPS), is still
in its infancy, though the accumulated measurements from the Tevatron and the LHC have attracted
a lot of theoretical attention [27].
In the absence of a detailed theoretical framework, the DPS results are usually interpreted in
terms of a pocket formula, in terms of an effective cross section, σeff , as in
AB
σDPS
=

A σB
m σSPS
SPS
,
2 σeff

(7.1)

where SPS and DPS denote single- and double-parton scattering processes and the combinatorial
factor m = 1 for identical final states A and B and m = 2 for A 6= B. This simple formula is derived
6
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sured at HERA constitute an essential anchor for all existing PDF parametrizations. However, the
combined H1 and ZEUS measurements [26] provide enough constraints to extract PDFs from these
data only. The advantage of such an approach lies in well-understood experimental uncertainties.
Recently, the HERA community provided a new family of parametrizations under the name of
HERAPDF2.0, both at NLO and at NNLO. The sets provide a scan in the strong coupling constant αS , alternative gluon parametrizations as well as different flavor schemes. There are also sets
which are derived with the addition of jet-production as well as charm production cross sections
from the combined H1 and ZEUS data. The quality of the fits is shown in Fig. 6 where the NC and
CC reduced cross sections as a function of the scale Q2 for e± p are compared to NLO (NC) and
NNLO (CC) HERAPDF2.0 parametrization at selected values of Bjorken-x. .
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under the assumption of independent parton scatterings, with
Z
−1
σeff =
d 2 bT 2 (b)
,

(7.2)

Figure 7: Compilation of existing estimates of the effective cross section σeff from measurements of doubleparton scattering with the final states and the corresponding experiments listed in the legend.

15 to 20 mb indicating a universal value. The exception are final states consisting of heavy vector
mesons, J/ψ and/or ϒ, for which σeff is markedly smaller and determined with small uncertainties.
The origin of this effect is not yet understood. The interesting observation is that σeff is smaller
than the inelastic pp cross section indicating that the partons (mostly gluons) are located in an area
smaller than expected from the charged radius of the proton. It has also been pointed out that the
value of σeff derived from the gluon formfactor of the proton is larger than the one observed in DPS
indicating the presence of parton-parton correlations not included in the pocket formula [32].

8. Perturbative QCD stress tests
The ability to describe reliably the production of final states in hard interactions is essential
7
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where T (b) is the overlap function that characterizes the transverse area occupied by the interacting
partons in the impact parameter space b. The smaller the σeff , the higher the local parton density
and the larger the probability of DPS to occur. If indeed the assumption of factorization is correct,
the value of σeff should be universal, independent of final states or phase space.
Experimentally, the determination of σeff is based on the percentage of identified DPS events.
The latter is extracted based on topological considerations which involves a proper understanding
of topologies expected in SPS. At this conference results were presented by the D0 experiment in
the 2γ + 2jets final states [28], by the CMS experiment in same sign W -pair production [29] and
by the ATLAS experiment in 4-jets [30] and J/ψJ/ψ [31] final states. A compilation of existing
determination of σeff values or limits is shown in Fig. 7. For most final states, σeff varies from about
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for all the searches of physics beyond the Standard Model. This is particularly true for multi-leg,
multi-jet processes. Because of the nature of the QCD perturbative expansion, data driven studies
are extremely important.
As shown by CMS [33], inclusive jet production coss section is very well reproduced by NLO
calculations in a wide range of rapidity and transverse momentum. An example is shown in Fig. 8
for 13 TeV pp interactions. These measurements can be used as an additional constraint in extracting PDFs from the HERA data. This results in a substantial improvement of the uncertainties in the
−1
determination of the gluon density, in particular for 10−3 <
∼x <
∼ 5 · 10 as shown in Fig. 8. Studies

of inclusive prompt-photon production have been presented by ATLAS [35] and CDF [36]. The
comparison of the cross section as a function of transverse energy to expectations of NLO QCD
calculations is shown in Fig. 9. Here also a very good agreement is observed. The same cannot be

γ

Figure 9: Inclusive prompt-photon production cross section as a function of the photon transverse energy ET
measured in pp collisions by the ATLAS experiment [35] at 8 TeV in different γ pseudo-rapidity η γ ranges
and in p p̄ collisions at 1.96 TeV measured by the CDF experiment [36] for |η γ | < 1. The measurements are
compared to NLO calculations and MC generators as described in the legends.

said about multi-jet production. For dijet production in ep scattering, recently NNLO calculations
become available [37] and the comparison to the H1 dijet measurements [38] is shown in Fig. 10.
8
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Figure 8: Left - inlusive jet production cross section as a function of jet transverse-momentum pT in different rapidity y ranges measured by the CMS experiment [33] at 13 TeV compared to NLO calculations as
explained in the legend. Right - gluon distribution and its uncertainties (explained in the legend) derived
from NLO QCD PDF fits to HERA data alone or with the inclusion of inclusive jet cross sections measured
in pp interactions at 8 TeV by the CMS experiment [34].
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The trend observed in the data is better reproduced by the NNLO calculations than the NLO ones,
however the overall normalization, in particular at higher jet pT , seems to be off. At much higher
scales, the ATLAS experiment [39] compared the invariant mass of four jets produced in pp interactions at 8 TeV to expectations of various multi-leg MC generators. Here again there is room for
improvement in the calculations as shown in Fig. 10. In general, the lower the multiplicity of jets

the better the description by perturbative QCD. This is shown for the case of Z and W production in
association with jets at 13 TeV in Fig. 11 where the cross sections for multi-jet production obtained
by ATLAS [40] and CMS [41] are shown as a function of the inclusive jet multiplicity and are
compared to various multi-leg MC generators.

Figure 11: Cross section for jets accompanying the production of Z/γ ∗ (left) and W ± (right) in pp collisions
at 13 TeV as a function of the lower limit on the number Njets of produced jets. The measurements by the
ATLAS (Z/γ ∗ ) [40] and CMS (W ± ) [41] experiments are compared to various MC generators as described
in the legends.

9
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Figure 10: Left - dijet production cross section measured by the H1 experiment [38] compared to NLO and
jet
NNLO calculations as a function of the average transverse momentum of the two jets, < pT >2 , in terms of
cross section ratios. Right - Invariant mass distribution of a system of four jets, m4j , measured by the ATLAS
experiment [39] compared to various MC generators as described in the legend.
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9. Summary
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