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1. Introduction

Multi-jet QCD processes are dominant at hadron colliders. Besides their intrinsic interest,
these processes represent usually a background to other processes and new physics. Thus, a good
understanding of QCD is needed to extract new signatures.

The simplest way to study QCD is in ete™ colliders, like LEP, in which QCD enters only in the
final state. At LEP, the study of jet production led to precise measurements of the strong coupling,
O, and tests of colour dynamics. At the ep collider HERA, a simple hadronic environment provides
well understood measurements of the proton structure and of ¢ and tests of the photon structure.
The pp collider TevaTron provided measurements of ¢ and tests of the matrix elements and the
proton structure.

All the knowledge acquired on QCD in all these previous experiments is now applied on the
challenging measurements performed at LHC. The value for the coupling ¢, the parameterisations
of the proton parton distribution functions (PDFs) and the partonic cross sections computed at the
highest possible orders are essencial input ingredients for any theoretical prediction at LHC, such
as the Higgs production cross section. For such prediction, a well understood gluon density at low
x is needed to calculate accurately the partonic luminosity. For the production of W or Z bosons, a
good knowledge of the quark densities are needed. The coverage of the existent data from HERA
and fixed-target experiments in the Q% — x plane is such that any particle with mass e.g. above
100 GeV is produced now at LHC in a region of x where there exist data and only the well-tested
DGLAP evolution equations at high Q? are needed to compute the predictions.

Tests of QCD are performed at colliders using different observables, such as structure func-
tions and heavy quark, jet and particle production. All these observables provide information on
the proton parton densities, the fundamental parameters of the theory and test parton dynamics at
the highest possible energies. It is also possible to try to understand non-perturbative effects from
first principles and search for breakdowns of the evolution equations.

2. Probing QCD at the highest energies and at the highest orders with jets

Traditionally, perturbative QCD (pQCD) is studied by measuring jet cross sections, which can
test QCD at the highest energies with highest rates. The CMS [0] and ATLAS [[] Collaborations
have measured the inclusive-jet cross section as a function of jet transverse momentum (p"Tet) in
different regions of jet rapidity (") using the anti-k; jet algorithm with different jet radii with Run
II data at LHC with a centre-of-mass energy (1/s) of 13 TeV. These measurements are sensitive
to new physics at high scales and also can constrain the PDFs. The high precision measurements,
shown in Fig. [, cover a region up to 4 TeV, and constitute the most stringent test of pQCD at the
highest available energies so far. The next-to-leading-order (NLO) QCD calculations, including
electroweak effects, give a reasonable description of the data. The next-to-next-to-leading-order
(NNLO) are expected to provide a better description of the data with a significant reduction of the
theoretical uncertainties. This is obtained up to a certain extent, but still ambiguities with the scale
choice are present, as can be seen in Figs. [(c) and (d).

Recently, even higher orders in the perturbative expansion have become available. Jet produc-
tion predictions in neutral-current (NC) and charged-current (CC) deep inelastic scattering (DIS)
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are available since 1995 at NLO. It took two decades to earn one more order and now, just a few
years later, next-to-next-to-next-to-leading-order (N*LO) calculations are starting to become avail-
able for a limited selection of processes. The use of the Projection-to-Born (P2B) method, based
on the available N°LO inclusive cross secions and NNLO differential cross sections, allows the
computation of N°LO differential cross sections for jet production. Figure O(e) and (f) shows cal-
culations at leading order (LO), NLO, NNLO and N3LO [, B] compared to ZEUS NC [B] and
CC [@] DIS jet cross sections as functions of p’ft The excellent description of the data as pro-
vided by the N3LO predictions is clearly seen; the improvement is significant in regions of phase
space where the NNLO calculations fail to describe the data. In addition, the scale uncertainties
are significantly reduced. These predictions constitute an important step towards a fully differential
calculation of vector-boson Higgs production at the LHC.
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Figure 1: Inclusive-jet cross sections as functions of ﬂ;[ in different regions of ¥ from (a) CMS [0] and
(b) ATLAS [@]. The ratio of QCD predictions with (c) ug = p]Tet and (d) ug = p7™* and ATLAS data [B].
Inclusive-jet cross sections as functions of 17]1? in (e) NC DIS [B] and (f) CC DIS [#] from ZEUS compared
with pQCD calculations up to N°LO [B, B].
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3. Probing QCD with heavy flavours

Heavy-flavour production constitutes an stringent test of pQCD with a natural scale given by
the mass of the heavy quark. In charm production in CC DIS, the scale is given by the mass of
the charm quark. Measurements of these processes provide constraints on the gluon and strange
content of the proton and can be used to test suppression effects. They are also sensitive to the
electroweak couplings. ZEUS has measured [[A] the charm cross section with electron and positron
beams. Figure D(a) and (b) show the electroweak (EW) cross section as a function of Q% for et and
e~ beams, respectively, compared with calculations based on different heavy-flavour schemes and
PDFs. The predictions provide a good description of the data; a contribution of 30 — 50% to the
EW cross section from quark-parton-model processes is predicted.

The CMS Collaboration has measured [B] the cross section for W + ¢ production in the muon
plus D* channel. These cross sections are also sensitive to the gluon and strange content of the
proton and the mass of the W can be used as the scale. Different suppression and enhancement
strange factors have been probed. Figure D(c) shows the fiducial cross section for W + ¢ produc-
tion compared to the predictions based on different PDFs. There is a good agreement between
data and the NLO predictions based on different PDFs, except the one extracted by ATLAS (AT-
LASepWZ16). The strange quark distribution and the suppression factor obtained by CMS agree
with earlier results and do not support the enhancement seen by ATLAS.

Beauty production has been studied by ZEUS in NC DIS in the dimuon channel [H]. The hard
scale is provided by the » mass and since there is no jet requirement, it is possible to access very
low transverse momenta of the b quarks. The total cross section as well as the differential cross
sections as functions of the transverse momentum and pseudorapidity of the muons were measured.
In addition, the difference in azimuth of the muon pair and their distance in the 11 — ¢ plane were
also measured. The measurements are compared with LO and NLO predictions in Fig.2(d). The
NLO predictions describe the shape of the data, but have a lower normalisation.

The study of gluon splitting into a bb pair is an useful probe of the effects of the large mass of
the b quark. The analysis done by ATLAS [[0] was performed in the high-pr, small-angle regime
using b-tagged small R jets within large R jets. These processes constitute the main background to
H — bb and other searches with b quarks in the final state. ATLAS has measured several observ-
ables, such as the distance between the b pair (see Fig. B(e)). Predictions from LO Monte Carlo
(MC) models are compared to the data; differences between the data and the MC models are ob-
served so that the data have the potential to constrain the pr-dependent fragmentation distributions.

LHCb has measured the fiducial cross section for forward top-pair production in the dilepton
channel [[]. These measurements provide tests of the Standard Model (SM) and constraints on the
proton PDFs. LHCDb has the advantage of a larger acceptance in the forward region than other LHC
experiments and so access to regions of phase space with a high contribution from gg annihilation
and high values of x is obtained. The measured fiducial cross section at particle level is compared
with the predictions of several NLO QCD calculations in Fig. D(f) together with the cross section
extrapolated to the parton level of top quarks. The measurement has a precision of 20% and the
predictions are compatible with the data, though there is a tendency to be below the measured
value.
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Figure 2: The ZEUS EW charm cross sections [@] in two bins of Q2 for (a) e p and (b) e~ p collisions. (c)
The CMS inclusive fiducial cross section o(W +¢) [B]. (d) The cross section for dimuon production as a
function of the muon transverse momentum from ZEUS [B]. (¢) The AR(b, b) distribution from ATLAS [[].
(f) The forward top-pair production cross section from LHCb [I[].

4. The hadronic final state

The hadronic final state can be studied in many processes and with many observables, such as
the azimuthal particle correlations measured by ZEUS in DIS [[X]. The correlations for charged
hadrons as functions of the multiplicity give information about collective effects in small collision
systems such as electron-proton collisions into hadrons and it is possible to obtain limits on the
effects inspired by the studies performed in heavy-ion collisions. ZEUS has measured the first and
second harmonic coefficients (see Figs. B(a) and (b)) and compared the data and the predictions
based on different parton-shower models. No long range correlations are observed and the first
harmonic is better described by the MC based on the color-dipole model, whereas the second
harmonic is better described by the ME+PS model.

ATLAS has studied jet subtructure observables using groomed jets and comparing the results
for different selections [[3], namely dijets, jets from W boson decays and jets from top decays.
These studies help to improve the identification of massive particles in those analyses that use
boosted topologies. The distributions on the number of subjets in the three samples studied are
shown in Fig. B(c); the distributions have a peak at 1, 2 or 3 subjets for dijets, W or top selections,
as expected. The predictions from different models differ from the data in some cases and so these
measurements can be used to tune the hadronisation models.

LHCD has studied the properties of hadronisation in Z-tagged jets events by means of longi-
tudinal and transverse observables for charged hadrons inside jets [[d]. This sample is expected
to be enriched in light jets and the comparison with other samples enriched in gluon jets provides
an opportunity to study the differences in hadronisation using data alone. Figure B(d) shows the
distribution of the radial profile of hadrons with respect to the jet axis in three bins of pJTet The
radial profile r is largely independent of p'Tet for values of r away from the jet axis.
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CMS has measured the jet-mass cross sections in dijet events with and without grooming.
These measurements are sensitive to the internal structure and evolution of jets directly beyond
LO. The behaviour of the jet-mass distribution is governed by QCD radiation and the grooming
procedure provides a means to differentiate between the effects from hard gluon radiation and
the soft contribution arising from pile-up and underlying event. The jet-mass cross section for
ungroomed and groomed jets is shown in Figs. B(e) and (f). The grooming procedure decreases
the value of the jet mass and reduces the sensitivity to the details of the modelling of the soft
effects; in addition, the experimental uncertainties decrease. The theoretical predictions including
resummation provide a good description of the data within the uncertainties.

Event shapes have been traditionally used to study the hadronic final state without reconstruct-
ing jets, notably at ete~ colliders. CMS has measured event-shape observable based on jets [[A].
These observables are sensitive to the details of hadronisation and are useful to tune the MC models
since they test the underlying phenomenological models used to describe these effects. In addition,
the effects of initial- (ISR) and final-state (FSR) radiation and the models for multiple-parton scat-
tering (MPI) have been tested by comparing the data with predictions in which different compo-
nents are disabled. The effect of the ISR contribution is large, whereas those for the FSR and the
MPI are smaller. Figure B(g) shows the distribution for the total jet broadening. The comparison
with different MC models shows that the energy flow in the transverse plane is described well by
the string fragmentation and pr-ordered shower models, whereas the out of transverse plane flow
is described better by the cluster fragmentation and the angular-ordered shower models.

The normalised inclusive 2- and 3-jet cross sections as functions of the difference in azimuth
between the two highest-pr jets (A¢>) have been measured [[] by CMS for nearly back-to-back
jets in different regions of p7®*. These measurements are directly sensitive to higher orders and
also test the parton-shower models and resummed calculations. The normalised cross sections are
shown in Figs. B(h) and (i); the measured cross sections for 2 jets are larger than for 3 jets and they
increase with p7® at a fixed value of A¢;> in both cases. The predictions are in general in agree-
ment with the measurements, but some differences are observed, which illustrate the importance of
improving the models of soft parton radiation accompanying the hard process.

5. Inelastic and double-parton scattering

LHCDb has measured the fiducial cross section for inelastic interactions using charged particles
and then extrapolating to the full phase space [[R]. The inelastic cross section is a fundamental
quantity in the phenomenology of high-energy hadronic interactions. It is not calculable in pQCD;
thus, models on Regge phenomenology are used and predict an increase of the cross section with /s
according to a power law. The fiducial cross section measured by LHCb is G, = 62.24+0.24+2.5
mb. The extrapolation to the full phase space was performed using MC template fits and the
contribution from the inelastic cross section obtained is i, = 75.4 3.0 4+4.5 mb. This value
is compared with those obtained from other LHC experiments in Fig. B(a). This new value is in
agreement with previous measurements and confirms the power-law dependence of the inelastic
cross section with the centre-of-mass energy.

Double-parton scattering (DPS) has been studied by ATLAS by measuring its contribution to
the four-lepton final state using a neural network (NN) to separate the different components based
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Figure 3: The (cos(n(¢q — ¢p))) correlations versus event multiplicity in DIS from ZEUS [I2] for (a)
n=1and (b) n = 2. (c) Measured subjet multiplicity distributions for dijet, top and W selections from
ATLAS [3]. (d) Unfolded radial profile distributions of hadrons with respect to the jet axis in three bins of

'Tet from LHCb [[[d]. Absolute cross section as a function of jet mass for (e) ungroomed and (f) groomed
jets from CMS [[E]. (g) Total jet broadening from CMS [[A]. Normalised inclusive (h) 2- and (i) 3-jet
distributions as functions of the azimuthal separation of the two leading jets from CMS [[2].

on the kinematics of the leptons [[@]. The probability of ocurrence of DPS and the correlations
between the decay products are exploited to obtain information on the dynamics. The DPS process
is an important background to reactions that also decay into four leptons but proceed via single-
parton scattering (SPS), such as H — ZZ. Figure B(b) shows the distribution of the NN discriminant
used to account for the signal and background. The fraction of DPS is measured to be smaller than
0.042. Since no signal is observed, a lower limit on the effective cross section of 1 mb at 95% CL
was set, which is consistent with other processes at different centre-of-mass enregies, as shown in
Fig. B(c).

6. Measuring the fundamental parameter of QCD

New measurements of oy are available from ATLAS [P0] at NLO and from H1 and ZEUS [&1]
at NNLO. The ATLAS determination was extracted from the measurements of azimuthal decorrela-
tions. Measurements of Ry as functions of Hr in different ranges of y* and for different maximum
values of A¢ were performed and compared with LO and NLO QCD calculations; the predictions
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give a good description of the data. In some regions of phase space, the theoretical uncertainties are
~ 5% and, thus, this constitutes an stringent test of pQCD. The value of the coupling determined at
NLO from these measurements is 0(mz) = 0.112775:9063 = 0.1127 390012 (exp.) 10005 (theor.).
There is a reduction of the uncertainties with respect to other determinations from colliders, espe-
cially those of experimental nature, by using this ratio of observables. The scale evolution of the
coupling was tested up to values of 1.7 TeV, as shown in Fig. B(a). This new determination of ¢ is

in good agreement with those from other processes (see Fig. B(b)).

The determination of ¢ from H1 and ZEUS is provided by the simultaneous determination
of the PDFs and o from NNLO QCD fits to inclusive DIS, inclusive-jet and dijet data from H1
and ZEUS. The jet data provides a constraint on the gluon PDF and the use of NNLO jet pre-
dictions reduces significantly the uncertainty due to the scale with respect to the NLO analysis.
The predictions from HERAPDF2.0Jets NNLO (prel.) agree very well with all data on jet produc-
tion used as input to the fit; an example of the comparison between data and theory is shown in
Fig. B(c). The value of the coupling obtained is o (mz) = 0.115040.0008 (exp.) *5- 9002 (model) £
0.0006 (hadr.) £0.0027 (scale), which is compatible with the world average and competitive with

other determinations.
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(prel.) PDF [].
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7. Vector bosons

CMS has measured the differential cross sections for isolated photons as functions of pho-
ton transverse energy in different regions of photon rapidity with and without a requirement on
jets [2]. These measurements test pQCD with a hard colorless probe and are sensitive to the gluon
density in the proton due to the diagrams with highest contribution (gg — Yq). Figure B(a) shows
the cross section for inclusive photons. There is a good description of the data by the NLO QCD
calculations; there is a potential to constrain further the gluon PDF.

The ratio of isolated-photon cross sections at /s = 13 and 8 TeV has been performed [23]
by ATLAS accounting for the correlations of uncertainties, achieving in this way a significant
reduction of both the experimental and theoretical uncertainties. This procedure provides a more
stringent test of pQCD than with the individual cross sections and a test of the evolution with /s.
Figure B(b) shows the ratio in a region of photon pseudorapidity; the measured ratio increases
with photon transverse energy from ~ 2 to above 10 in this region of photon pseudorapidity. The
NLO QCD calculations are in good agreement with the measurements. A further reduction of the
experimental uncertainties was obtained by measuring the double ratio to the fiducial cross-section
ratio for Z production. This procedure cancels out the luminosity uncertainty, which represents a
sizeable contribution to the uncertainty in the photon ratio. These tests validate the evolution of
isolated-photon production from 8 to 13 TeV.

A very recent development has been the computation of isolated-photon cross sections at
NNLO [P4]. As an example, Fig. B(c) shows the comparison of the predictions at different fixed
orders with the measurement of the cross section as a function of p’Tet in photon+jet processes from
ATLAS [P3]. A sizeable reduction of the scale uncertainty is obtained in the NNLO predictions
and a significant improvement in the description of the data is provided by the new calculations.

CDF has measured the jet cross sections in association with a W boson [Dd]. This process
constitutes an important background to SM Higgs and top production and searches beyond the SM.
Thus, a proper modelling of these processes at lower /s than at LHC is crucial to enhance the
physics reach of the LHC studies. CDF has measured the jet multiplicity (see Fig. B(d)) and the
cross section as a function of the jet transverse energy. Also, a ratio of the jet cross section for N
jets and that of N — 1 jets was measured as a function of jet multiplicity. The NLO calculations
give a good description of the data. The theoretical uncertainties are dominated by higher orders
and comparable in size to those of experimental nature.

ATLAS has measured the production of W and Z bosons at /s = 5.02 TeV in the leptonic
channel [Z1]. These measurements test both QCD and EW theories and constitute a reference
measurement for heavy-boson production in heavy-ion collisions. In particular, the rapidity dis-
tributions are sensitive to the underlying dynamics and the PDFs. The differential cross section
for W bosons as a function of the lepton rapidity is shown in Fig. B(e). The comparison of the
measurements and the NNLO predictions shows that those predictions based on the NNPDF3.1
PDF describe best the data.

CMS has measured the production of ZZ+jets in the four-lepton channel [Z8]. These measure-
ments are crucial since the vector-boson fusion ZZjetjet process is a key process to understand the
non-abelian gauge structure and the EW symmetry breaking. Since the production cross section
of the ZZjetjet process is very low within the SM, it is important to test the QCD corrections to
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vector-boson pair production in association with jets. Figure B(f) shows the measurement of the jet
multiplicity at /s = 13 TeV. The NLO predictions are in good agreement with the data when the
calculations are interfaced with the parton shower simulation of PYTHIA.
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Figure 6: (a) Differential cross sections for isolated-photon production from CMS [A]. (b) The ratio
of isolated-photon cross sections at /s = 13 and 8 TeV from ATLAS [E3]. (c) Transverse momentum
distribution of the leading jet in photon-plus-jet events at LO, NLO and NNLO [Z4] compared to ATLAS
data [2F]. (d) Inclusive jet cross section as a function of the jet multiplicity for W+-jets from CDF [Id]. (e)
Differential cross section for W*-boson production as a function of absolute decay lepton pseudorapidity

from ATLAS [E2]. (f) Differential cross section for ZZ production as a function of jet multiplicity for
\/s = 13 TeV from CMS [DX].

8. Summary

There is a wealth of new measurements from HERA, TevaTron and LHC which test QCD
with high precision, at the highest energies and at the highest orders available. New measurements
which probe the heavy-flavour content of the proton are also available. The hadronic final state is
tested now with sophiscated observables based on event shapes and jet subtructure. There are also
new precise measurements of the strong coupling and new successful tests of QCD with photons
and heavy bosons. From the theoretical side, there has also been considerable progress with the
recent publication of new resummed calculations and NNLO and N3LO predictions for a variety
of processes.
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