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s = 13 TeV, we review the prospects for the second run of

the LHC for measurements related to Quantum Chromodynamics (QCD) and jets in pp collisions.
Recent results from the ATLAS, CMS, and LHCb collaborations lead the discussion on the open
questions on soft production that the LHC experiments are called to address during the next few
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event, to the production mechanism of jets, and to the associative production of jets and heavy
flavours.
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1. Introduction

The nature of the strong interaction, described in the Standard Model (SM) by Quantum Chro-
modynamics (QCD), is unique among the fundamental interactions [1, 2]. At high energy, the
asymptotic freedom of the partons constituting hadrons, allows to treat the interaction with pertur-
bative models analogue to those used to describe the electroweak processes. At the other extreme,
at low energy, quark confinement and gluon self-interaction require a non-perturbative approach
which must rely either on advanced computational techniques, such as Lattice QCD, or on effec-
tive models. A large variety of effective theories and models was developed to describe differ-
ent processes at the various energies that the experiments have explored, with perturbative and
non-perturbative effects concurring to describe the hadronic interaction. Today, it is customary to
implement effective models in Monte Carlo generators that, interfaced with the simulation of a
detector response, can be directly compared to experimental data, to measure the free parameters
and to test the validity of the underlying assumptions with different processes and regimes.

The quality of the effective models describing the soft interaction of protons in high-energy
collisions is crucial to predict and model the background sources to searches for effects beyond
the Standard Model. This is particularly true for jets, narrow cones of hadrons and other particles
produced by the hadronization of a quark or gluon, which often appear in the predicted final states
for decays of particles beyond the Standard Model.

Great advances were made in the last decades in the description of QCD processes, reaching
an accuracy not rarely better than 10%. The measurements from the data collected at the LHC at an
energy in the center of mass of the pp collisions of 7 and 8 TeV, have been used to test the effective
models and to tune several Monte Carlo generators. Recent measurements of QCD processes from
the second data taking of the LHC, at an increased center-of-mass energy

√
s = 13 TeV, are being

compared with the predictions without further tunings and the agreement is very encouraging when
not satisfying.

On the other hand, the first data taking of the LHC has opened questions on QCD processes that
can be addressed studying the data collected at

√
s = 13 TeV. In this write-up we focus mainly on

some of these questions describing the context in which they arose and discussing the opportunities
for further investigation from the second Run of the LHC.

The remainder of this document is divided in five sections. Section 2 is related to the de-
scription of the underlying event where effects known in ion-ion collisions have been unexpectedly
observed in high-multiplicity pp interactions. We devote Section 3 to jet measurements focusing
on measurements that investigate and classify the parton originating a jet. In Section 4 we discuss
the heavy flavour production measurements, that have displayed a surprising enhancement of the ϒ

production cross-section from
√

s = 7 to 8 TeV. Measurements of associative production are dis-
cussed in Section 5; the contribution to the associative production cross-section from double parton
scattering is of particular interest because it was found reasonably described with a single param-
eter, named effective cross-section σeff, found consistent for a variety of very different processes,
with unclear dependence on the energy in the center of mass. A summary concludes this write-up
in Section 6.
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2. The underlying event

Before focusing on rare objects and production mechanisms at the new energy
√

s = 13 TeV,
it is useful to study the soft part of the proton-proton collision to ensure that the extrapolation of
the quantities measured at 7 and 8 TeV describes properly the new data. The most basic quantity
to test is the inelastic cross-section σinel of the pp collision. Due to the large value of σinel with
respect to the rare processes the LHC is designed to study, the statistical uncertainty is negligible
and the dominant sources of uncertainty are propagated from the integrated luminosity evaluation
and the model-dependent extrapolation to geometrical regions outside the detector acceptance, as
for example those in the forward region (high absolute pseudorapidity |η |). The measurements
obtained by CMS [3],

σ
CMS
inel = 71.3±0.5(exp)±2.1(lum)±2.7(extr) mb, (2.1)

confirms the result published by ATLAS [4],

σ
ATLAS
inel = 73.1±0.9(exp)±6.6(lum)±3.8(extr) mb, (2.2)

which is compared to other experimental results and predictions in Figure 1, and found consistent
within the uncertainties.

The kinematic distributions of charged particles generated in inelastic pp collisions were also
investigated by both ATLAS [5] and CMS [6] drawing to the conclusion that models specialized
in soft interactions described with Pomeron exchanges, such as EPOS-LHC [7], result in more
accurate predictions. Conclusions are less in favour of generators based on diffractive models
when studying the soft part of events where a hard scattering process occurs. Defining the leading
track as the track with highest pT and ∆φ as the azimuthal angle relative to the leading track, three
spatial regions are identified as depicted in Figure 2: toward for |δφ | < 60◦; transverse for 60◦ <

|δφ |< 120◦; and away for |δφ |> 120◦. The charged track density
〈

dN2
ch

dηdφ

〉
and the energy density〈

d2
∑ pT

dηdφ

〉
are measured both separately and averaged for δφ ∈ [60◦,120◦] and δφ ∈ [−120◦,−60◦].

The average distribution is then compared to predictions obtained from various MC generators, as
shown in Figure 3, separately for ATLAS and CMS, taking as an example the charged track density.
As anticipated, these studies indicate that the agreement between experimental distributions and the
MC generators implementing LHC tunings of Pythia [8] such as Monash [9] are better than what
reached with generators based on diffractive theories.

Studies of the track multiplicity as a function of the angle formed with the leading track were
performed in gold-gold collisions already at RHIC by the STAR and PHENIX collaborations, ob-
serving for the first time a long-range rapidity correlation in ion-ion collisions at high multiplicity,
named ridge effect [12]. The effect was later confirmed by the CMS experiment in lead-lead col-
lisions [13]. The interpretation is still not unique, but there is consensus around the idea that the
origin of the effect is related to collective mechanisms, possibly related to the formation of quark
gluon plasma. Such an interpretation was challenged when CMS observed the formation of a ridge
in proton-lead collisions [14]. The effect has been recently confirmed by LHCb, in the forward
region [15]. A further challenge to the nuclear interpretation of the ridge effect came with the
observation of a similar long-range pseudorapidity correlation by CMS in pp collisions at

√
s = 8
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TeV [16], and more recently in pp collisions at
√

s = 13 TeV [17]. In the last work, the yield of the
correlated production was measured as a function of the transverse momentum of the leading track
and of the track multiplicity, as shown in Figure 4. The resulting dependence is roughly linear,
definitely not consistent with the quadratic behaviour predicted for the initial state by Glasma [18].

To our knowledge, the ridge effect represents today the largest discrepancy between experi-
mental data and predictions among the many measurements of the underlying event’s soft com-
ponent. Further theoretical investigation, and experimental characterization of the dependence of
the yield of the ridge from other kinematical and geometrical quantities also exploiting the new
datasets collected at the LHC will be of major interest in the next years.

3. Production and nature of jets

Measurements of hard jet production processes and the running of alpha strong are the main
probes capable of providing strong constraints to perturbative QCD [19]. For that reason there is a
lot of interest in extending the studies with data at

√
s = 13 TeV that are actually ongoing and to

be public very soon. On the other hand, the softer part of the collision is not totally understood,
for instance the jet production cross-section measurements. Jets are defined as sets of particles
produced, within a limited region in space of η and φ (referred below as "cone"), because of the
hadronization process of a quark or a gluon. The definition of jets require the anti-kT clusteriza-
tion algorithm, as vastly used in many analysis. It is also customary to indicate the geometrical
parameter relative to the aperture of the cone as R.

While in good consistency with the theoretical predictions from Pythia and NLOJet++ [20, 21],
the jet production cross-section measurements performed by ATLAS and CMS with pp collisions
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Figure 1: Comparison of the ATLAS measurement of the in-
elastic cross-section of pp collisions at 13 TeV with measure-
ments from other experiments and with effective models imple-
mented as MC generators. The Figure was published in Ref. [4],
where the reader finds references for the measurements and pre-
dictions shown in the plot.
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Figure 2: Azimuthal regions.
The Figure was presented in Ref.
[10].

3



P
o
S
(
P
P
@
L
H
C
2
0
1
6
)
0
1
7

QCD and Jets

5 10 15 20 25 30

>φ
 dη

/d
ch

N2
<

d

0

0.5

1

1.5

2

2.5 PreliminaryATLAS 

 = 13 TeVs

Transverse region

|< 2.5η > 0.5 GeV, |
T

p

 > 1 GeV lead
T

p

DATA (uncorrected) EPOS

PYTHIA 8 A14 PYTHIA 8 A2
HERWIG++ EE5 PYTHIA 8 Monash

 [GeV]lead
T

p
5 10 15 20 25 30

M
C

/D
at

a

0.7
0.8
0.9

1
1.1
1.2
1.3

 (GeV)
T

Leading Track p
2 4 6 8 10 12 14 16 18 20 22 24

da
ta

/M
C

0.4

0.6

0.8

1

1.2

1.4

1.6

HIST_data_syserror

Stat. Uncertainty
Stat. + Syst. Uncertainty

HIST_data_syserror

2 4 6 8 10 12 14 16 18 20 22 24

)φ∆(∆η∆
/〉

ch
g

 N〈

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2 CMS
Preliminary

 (13 TeV)-1281 nb
data

Pythia8 + CUETP8M1

Pythia8 + Monash

EPOS

Herwig + CUETHS1

transAVE

Figure 3: Example of comparison of the charged track density as measured by ATLAS (left) and CMS
(right) with different models and tuning for MC generators. The ATLAS results are discussed in Ref. [10],
those obtained by CMS is Ref. [11].
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Figure 4: At left, an example of the long range pseudorapidity correlation arising at high track multiplicity.
At right, the dependence of the associated yield, obtained fitting the ridge structure, as a function of the track
multiplicity. The dashed lines superposed to the experimental data represent the predictions from Glasma
[18]. Both Figures were published in Ref. [17].

at
√

s = 13 TeV reveal a systematic shift of the theoretical predictions with respect to the data
which depends on the geometrical parameter R [22, 23]. This unexpected dependence is possibly
due to the mismodelling of some soft effect out-of-the-cone assuming different relevance when
variating the cone aperture.

3.1 Classification of the originating parton

In the next years, the physics measurements with jets will be able to profit of experimental
techniques and observations that allows to distinguish the originating parton. Such an opportunity
is obviously important in the determination of the properties of a hypothetically observed particle
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beyond the Standard Model. In this paragraph, two recent studies representative of the advances
with jet-tagging are briefly discussed.

The ATLAS Collaboration has extracted the gluon-initiated jet constituent charged-particle
multiplicity showing that it is higher than the corresponding quantity for quark-initiated jets [24].
The analysis strategy uses di-jet events and classifies the jet at highest pseduo-rapidity as more-
forward and the jet at lower pseudo-rapidity as more-central. Taking from Pythia (using PDF
CT10 [25]) the probabilities for a gluon jet to be classified as the more-central or more-forward,
it is possible to compute the average multiplicity of gluon-jets and quark-jets from the measured
average multiplicity of the more-forward and more-central jets. The result of this study, presented
in bins of jet transverse momentum, and compared to predictions from Pythia and perturbative
QCD, is shown in Figure 5.
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Figure 6: Fit of template distributions for the response
of a classifier trained to distinguish b-jets from c-jets to
a sample of jets produced in association with a D meson.
The Figure was published in [26].

The distinction of the flavour of beauty or charm quarks resulting in a jet has been studied
recently by the LHCb collaboration combining a Seconday Vertex (SV) tagger, pairing tracks ge-
ometrically close to each other, with two multivariate discriminants based on Boosted Decision
Trees [27] trained to distinguish heavy quarks from light partons, and b-quarks from c-quarks, re-
spectively [26]. The variables entering the multivariate analysis are related to the geometry of the
jet and its kinematics. Among the input variables, those related to the distance between the primary
and secondary vertices are particularly useful to discriminate between jets originated by b and c
quarks, exploiting their different lifetimes.

The performance of the tagging algorithm, tested on real data studying the effect of jets pro-
duced in association with a B or D quark to enrich the fraction of jets originated from b- and
c-quarks, is well reproduced by the simulation. The algorithm offers much better purity in the
selection of jets originated by heavy flavours, with respect to the simpler alternative based on the
separation of the leading track from the primary vertex. Figure 6 represents a fit of the template
distributions for the classifier response as obtained from Simulation, to a sample of jets produced
in association with a D meson.
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4. Heavy Flavours and Quarkonia production

As for other QCD processes, the theoretical description of the heavy quark production mecha-
nisms and their agreement with the experimental data has seen a significant improvement in the last
years. Both in the charm and in the beauty sectors, the recent measurements at

√
s = 13 TeV per-

formed by the CMS, and LHCb collaborations are found in reasonable agreement with predictions
[28, 29].

Also for charmonium production, the theoretical expectations were found in good agreement
with the experimental data of the ATLAS, CMS, and LHCb collaborations [30, 31, 32].

Some questions, instead, were raised by the comparison of the bottomonium production cross-
section in the forward region [33]. The measurements performed by the LHCb Collaboration at√

s = 7 TeV and 8 TeV showed a 30% increase of production cross-section between the two ener-
gies. The production spectrum in transverse momentum and pseudrapidity is found in evident dis-
agreement with the theorietical predictions [34, 35]. The increase in the production cross-section
observed in bins of pT and y is compared to the expectations in Figure 7.

The latest results of LHC data extended the ϒ production cross-section measurement at the
increased energy of

√
s = 13 TeV. Each result at a different energy scale and precision can pro-

vide useful constraint on the process models. The latest measurement from CMS shows that the
production cross-section scales linearly with the energy (Figure 8), as naively expected. The same
behavior was also observed, for example, for the production of cc̄ or b-hadrons [31]. Precise com-
parison with the expectations awaits for the update of the theoretical models [34].

The LHCb Collaboration is called to update the measurement of the production cross-section
of the ϒ state at the increased energy of

√
s = 13 TeV, to complete the previous measurements with

a point corresponding to the same pT and y range.

5. Associative production

Interesting studies on the production measurement of heavy flavours, jet and electroweak
bosons, focus on their associative production. In general, the production of two objects in the
same pp (or pp̄) collision can be due to:

• Single Parton Scattering (SPS), if the interaction between the two colliding hadrons is de-
scribed through a unique interaction of two partons, gluons or quarks, with some process
producing the two objects through a single interaction;

• Double Parton Scattering (DPS), if the interaction between the two colliding hadrons is
described through the simultaneous interaction of two pairs of partons, each producing one
of the two objects that we observe as associatively produced.

While the cross-section of SPS processes is somewhat unrelated to the production cross-section
of the two single objects, because the production mechanisms, including the underlying Fenyman
diagrams, are different, the associative production of two objects A and B due to DPS has a cross-
section that is believed to be proportional to the product of the cross-section of the two processes
producing separately A or B:

σA+B ∝ σAσB. (5.1)
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The constant of proportionality of Equation 5.1 has the dimensions of an inverse cross-section and
it is therefore indicated as 1

σeff
. Namely:

σA+B =
m
2

σAσB

σeff
, (5.2)

where m is a symmetrization parameter, equal to 1 in case of indistinguishable processes, 2 other-
wise. The parameter σeff is improperly named effective cross-section.

The dependence of σeff on the exact process is matter of theoretical debate, but several exper-
imental measurements of very different processes seem to indicate that such a dependence is not
large [38].

Figure 9 reports a summary of several measurements of σeff in very different processes involv-
ing jets, heavy flavours, and electroweak objects. Measurements involving W± and Z0 bosons are
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Figure 1: Summary of recent measurements of the effective DPS cross-section σeff [1–16] When
two error bars are shown, the inner error bars indicate the statistical uncertainty whilst the outer
error bars indicate the sum in quadrature of the statistical and systematic uncertainties.

Figure 9: Summary of the σeff measurements in sev-
eral processes and at different energies in the center of
mass. The Figure was published in Ref. [36], whose
references include those to the measurements summa-
rized in the plot.

Figure 10: Typical diagrams describing
the associative production of same-sign W±

bosons through SPS (top) and DPS (bottom).
The Figure was published in Ref. [37].

powerful means of investigation of DPS mechanisms, but are sometime limited in statistics when
analysing 2012 data, only.

For example, CMS in a recent work, reports about the study of the associative production of
same-sign W± bosons, using multivariate analysis techniques to identify DPS [37]. It is interesting
to observe that the production cross-section of same-sign W± bosons, which is O(10−1 pb), has
contributions from SPS and DSP which are predicted to be comparable. Opposite-sign W± pairs,
instead, are mainly produced through SPS, with a contribution from DPS expected to be at the
percent level.

In the absence of strong evidence for the signal, an upper limit on the associative production
cross-section through DPS and a lower limit on σeff are set at 95% of confidence level,

σ
DPS
W±W± < 1.12pb−1 and σeff > 5.91mb, (5.3)

the latter is consistent with the order of magnitude for σeff reported by other measurements.

Profiting from 13TeV data samples, processes like the associative production of same-sign
W± bosons, with enhanced contribution from DPS, will be further explored to shed light on the
dependence of σeff from the process and from the energy in the center of mass.
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6. Conclusive remarks

The last years have seen an incredible increase in the understanding and modelling of QCD
processes. ATLAS, CMS, and LHCb measurements at 8 TeV show an agreement with simulation
which is often better than 10%.

In this picture of reassuring understanding, a few disagreements of the collected data with
theoretical models stimulate our curiosity and call for further investigations.

The observation of a dependence in the soft event structure, notably as long-range η corre-
lations, on the multiplicity suggests that collective hadro-dynamic processes, usually employed to
describe physics in heavy ion collisions, might take place in pp collisions as well. On the other
hand it was shown that theoretical models developed for heavy ion collisions, fail to reproduce the
observed behaviour in pp collisions.

Other measurements seem to indicate that the soft part of events where a hard process take
place is not fully understood. For example, CMS reported about an unexpected dependence of the
jet production cross-section on the geometrical parameter R defining the aperture of the cone in the
anti-kT factorization algorithm. Several studies on jet-tagging techniques will allow further studies
at 13 TeV, investigating, for example, whether the soft part of the event behaves differently for
different partons hadronizing into the jet.

Another open question which will need further investigation during the following years is re-
lated to the enhanced production cross-section of heavy flavours in the central rapidity bins of the
LHCb acceptance. This behaviour which has been observed with great significance in the compar-
ison of the ϒ production measurements at 7 and 8 TeV, finds confirmation in other measurements
from LHCb. Still, such an increase in the production cross-section at low rapidity does not seem to
be confirmed by publications from ATLAS and CMS.

Finally, a call to the theoretical community is open to provide predictions on the dependence
of the double parton scattering effective cross-section σeff as a function of the energy in the center
of mass and on the particular process. The enhanced energy in the center of mass, at which LHC
is operating since the beginning of Run 2, will provide further experimental points to characterize
such a dependence.
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