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1. Introduction

Quantum Chromo Dynamics (QCD) is a very successful theory, tested over decades in many
experiments. Currently, (next-to-)next-to-leading (N)NLO calculations exist for most processes,
electroweak corrections have been computed and high precision experimental results are available.
Higher-order processes can still play a role in some regions of phase space, in particular for multi
parton final states, and scale uncertainties still play an important role. Non-perturbative effects are
important, like Parton Distribution Functions (PDF), parton showers and hadronisation.

The LHC has been providing collisions of protons at different centre of mass energies, reach-
ing with Run 2 the unprecedented centre of mass energy of /s of 13TeV in pp collisions. A
detailed understanding of QCD is important for almost all physics processes studied by the experi-
ments ATLAS, CMS and LHCb at the LHC! and essential for characterising background processes
for measurements of and searches for rare or new processes. This paper summarises recent results
on production of jets, isolated photons, vector bosons and heavy quarks from the LHC experiments.
Measurements of multi parton final states and complex variables, as well as combinations of mea-
surements taken at different energies probe predictions with high precision and provide input for
the determination of the PDFs of the proton.

2. Jet production

The production of particle jets provides a testing ground for QCD, where jet production is
interpreted as the showering of quarks and gluons produced in the scattering process followed
by their subsequent hadronisation. At high transverse momenta?, pr, the scattering of partons
can be calculated using perturbative QCD (pQCD). Jet observables, with small theoretical scale
uncertainties and reduced jet energy scale uncertainty, can be used to measure the strong coupling
constant 0. Analyses using jets at LHC generally use the anti-k7 jet algorithm [1] with different
jet size parameters ranging between 0.4 and 0.7. Jets of different sizes are affected differently by
the impact of the non-perturbative effects of hadronization and the underlying event.

A measurement by CMS of the double differential cross section as a function of py in different
rapidity (y) bins of the jets at /s = 8 TeV is shown in Fig. 1 (left) [2]. The data are consistent with
predictions at NLO for a wide range of jet pr from 74 GeV up to 2.5 TeV. However different PDF
sets differ from each other and from the data significantly in the high p region. Therefore this data
will provide valuable input for the PDFs at high and moderate values of momentum fractions x of
the partons. First measurements of jet production at /s = 13 TeV are available by ATLAS [3] and
CMS [4] with similar observations.

Studies of multi-jet production are crucial to understand backgrounds for searches. Theoretical
calculations are challenging as the corresponding Feynman diagrams require several vertices even
at tree level. Figure 1 (right) shows an ATLAS measurement of the four-jet differential cross section
as a function of the invariant mass of the four jets [5]. The NLO predictions BlackHat/Sherpa [6]
and NJet/Sherpa[7] tend to overestimate the cross section at large invariant masses while the all-
orders calculation HEJ [8] describes the shape well but is slightly too large in normalisation.

IResults from CDF and DO at Tevatron have been discussed in the talk but are not presented in this paper.
Natural units with = ¢ = 1 are used throughout.
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Figure 1: Left: Double differential jet cross section as a function of pr in different rapidity bins as measured
by CMS at /s = 8 TeV [2]. Right: Measurement of the four-jet differential cross section by ATLAS as a
function of the invariant mass of the four jets [5].

3. Isolated photons

Measurements using isolated photons and jets are complementary to each other as measure-
ments with photons test pQCD in a cleaner experimental environment and are affected differently
by hadronisation and fragmentation effects. However, backgrounds are higher, mainly from jet
events with highly energetic 7° which mimic a single photon. At LHC isolated photons are pro-
duced through the dominant leading-order process gg — g¥. The measurements can therefore be
used to study the gluon PDF of the proton. In addition, an improved understanding of the pro-
duction is important as isolated photons are a significant source of background for many searches.
Photon production is sensitive to the emission of soft gluons in the initial state and to the non-
perturbative fragmentation of quarks and gluons to photons in the final state. Due to this rich phe-
nomenology, theoretical predictions are challenging especially in restricted regions of phase space.

Figure 2 shows the differential cross section for isolated photon production at /s = 8 TeV [9]
measured by ATLAS as a function of the transverse energy, E;, for four regions of pseudorapidity,
n. It is compared to the NLO prediction from JetPhox [10] and the LO plus parton shower pre-
dictions from PYTHIA [11] and SHERPA [12]. The JetPhox predictions have a similar shape but
lie below the data, while the LO predictions show different trends with the largest differences at
low E}/ where contributions from fragmentation dominate. The experimental precision is very high
and better than the theoretical one except for high E}/ . First studies of isolated photon production
at a /s = 13 are available and show that the shape of the observed kinematic distributions is well
reproduced by the predictions [13].

Di-photon production is the main source of background to the measurement of the Higgs boson
decaying into two photons. At LO di-photons are produced at LHC via gg — 7vy; at higher orders
gg — Yy contributes significantly to the cross section. Figure 3 (left) shows the di-photon cross
section measured by CMS as a function of the pr of the di-photon system at /s = 7 TeV [14]. Pre-
dictions which include NNLO corrections (for example 2yNNLO [15]) describe the shape and the
normalisation of the measurement, except at very low p?’, whereas NLO predictions ( DIPHOX +
GAMMA2MC [16]) do not describe the shoulder at around 50 GeV and significantly underestimate
the high p?’ tail, the region which is most sensitive to higher-order corrections.
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Figure 2: Ratio of theory to data for the differential cross sections of isolated photons as a function of E}' for
four |n| regions as measured by ATLAS [9]. The total error bar corresponds to the combined statistical and
systematic uncertainty (excluding the uncertainty from the luminosity which is displayed as a dotted line).
The NLO total uncertainty from JetPhox is displayed as a band.

Di-photon plus jet production is the major background source for the analysis of the Higgs
boson in the di-photon decay channel, when produced via vector boson fusion. Moreover, new
physics processes may lead to deviations from the predicted di-photon spectrum in events with
jets in the final state. For these reasons validating the event generators for di-photon plus jet pro-
duction is very important. While the predictions agree with data for a large set of differential
observables, including jet multiplicity and jet spectra, differences are observed for the angular
correlations between photons and jets at /s = 7TeV as shown in Fig. 3 (right) [17]. Here the
separation in R = /(A¢)? + (An)? between the leading jet and the leading photon, with A¢ the
azimuthal separation, is shown together with the predictions from the LO and NLO event gener-
ators SHERPA [12] and aMC@NLO [18] which describe the shape within uncertainties while the
fixed-order (NLO) parton-level GOSAM [19] prediction, corrected for hadronisation effects, fails
to predict the measured shape.

4. Vector bosons

Events with W and Z bosons decaying into two leptons provide clean experimental signatures
and allow for an efficient selection. Since the cross sections are known at NNLO with uncertainties
at the percent level, measurements with vector bosons provide fundamental input for the determi-
nation of PDFs. The NNLO predictions agree with the measurements over the full kinematic range
probed so far [20, 21, 22, 23, 24, 25]. Figure 4 (left) shows as an illustration the dependence of the
W cross section measured by ATLAS as a function of /s together with NNLO predictions [23].

The ¢* = tan((mw — A¢)/2) - cosh(An /2) distribution is used as a probe for the pr of the Z
boson. Since ¢* has only angular variables in its definition, a very accurate experimental result
can be achieved, allowing for precise comparisons with resummation techniques or with different
expansions in the perturbation theory. Figure 4 (right) shows the ratio between prediction and the
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Figure 3: Left: Differential di-photon cross section measured by CMS as a function of p?’ [14]. Right:
Normalised differential di-photon plus jet cross section measured by CMS as a function of AR between the
leading jet and the leading photon [17].
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Figure 4: Left: Measurements by ATLAS of the total W, W* and W™~ cross sections times branching
fractions versus /s [23]. Right: Ratio between ResBos and the measurement of the normalised cross section
by ATLAS as a function of ¢* in different rapidity bins of the Z[26].

measurement by ATLAS of the normalised cross section as a function of ¢* at /s = 8 TeV in
different rapidity bins of the di-lepton for the mass in the range of the Z boson mass[26]. For
values of ¢* < 2 the predictions from ResBos [27] (NLO prediction with resummation at next-to-
next-to-leading-log accuracy) are consistent with the data. The experimental uncertainties are much
lower than the theoretical uncertainties. However, at larger values of ¢* the ResBos predictions are
significantly higher than the data which might be due to a lack of NNLO QCD corrections for the
contributions from y* and from Z/y* interference.

The W charge asymmetry, A = (c(Wt) —co(W™))/(c(W')+ c(W™)), is sensitive to the
valence and sea quark contributions in the proton PDF, particularly in the forward rapidity region.
CMS and LHCb measurements of A in bins of the lepton pseudorapidity are presented in Fig. 5 in
comparison with NNLO predictions using different PDF sets [21, 22].
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Figure 5: W charge asymmetry as a function of the muon pseudorapidity in comparison with NNLO pre-
dictions using different PDF sets measured by CMS in the central [21] (left) and LHCb in the forward [22]
(right) region.

The angular distributions of charged lepton pairs from Z/y* decays allow a precise measure-
ments of the production dynamics through spin correlation effects between the initial-state partons
and the final-state leptons predominantly mediated by the Z boson when measured with an invari-
ant mass about the Z-pole. Precise measurements of the angular distributions are obtained as a
function of pr as well as of y of the Z boson [28]. The production cross section is decomposed into
nine harmonic polynomials and dimensionless angular coefficients (A9-A7), where in each term the
angular coefficients describing the production dynamics are factorised from the decay dynamics.
Figure 6 (left) shows an ATLAS measurement of the difference Ag — A,, which is sensitive to the
polarisation of the Z boson, as a function of p%. The data confirm that the Lam-Tung relation
(Ap — Ay = 0) does not hold, as expected. For p% > 50 GeV, significant deviations from zero, al-
most a factor of two larger than the predictions at & (ocsz) from DYNNLO [29] and POWHEG [30]
(O( ) plus parton showers) is observed, indicating that higher-order QCD corrections are required
to describe the data.

Neutral current high mass Drell-Yan (DY) production is dominated by the electromagnetic
quark couplings to the virtual photon y*, therefore the measurements have different sensitivity
to the up-type and down-type quark components of the proton PDF than measurements of Z
boson production. At large invariant mass the measurements constrain the antiquark PDFs at
large momentum fractions x which are poorly known. In addition, off-shell measurements are
also sensitive to the largely unconstrained photon PDF through the photon-induced (PI) process
vy — €70~ . Figure 6 (right) shows the ATLAS measurement of the single-differential cross section
at /s = 8TeV as a function of the invariant mass of the lepton pair for di-lepton masses in the
range 116 < myy < 1500 GeV [31]. The cross section falls rapidly over five orders of magnitude
as myy increases by about a factor of ten. The data is well described by NNLO predictions which
include NLO electroweak corrections. In particular at low myy, the differences between predictions
using different PDF sets are larger than the total uncertainty of the measurement, indicating the
sensitivity of the data to the PDFs and the potential to constrain them. PI processes contribute up to
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Figure 6: Left: ATLAS measurement of the angular coefficients Ag — A, as a function of p?, compared to
the DYNNLO and POWHEG predictions [28]. Right: Single-differential Drell-Yan cross section measured
by ATLAS as a function my, compared to NNLO predictions.The two ratio panels show the ratio of the
calculation, both with and without the photon induced contribution with respect to data (middle panel), as
well as the ratio for calculations using different PDFs (bottom panel) [31].

15% to the total cross sections with large uncertainties. The impact of this data on existing photon
PDF sets was investigated using Bayesian reweighting [32]. Figure 7 (left) shows the photon PDF
with and without including the high mass DY data from LHC. The reduction of uncertainties is
large and confirms the strong sensitivity of this data to the photon PDF.
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Figure 7: Left: The 68% confidence level interval of the NNLO photon PDF as a function of momentum
fraction x at the input scale Q> = 104 GeV? before (yellow solid area) and after (grey shaded area) inclusion
of the high mass Drell-Yan measurement from ATLAS [31]. Right: CMS cross section measurement for Z
plus jet production as a function of Hr, the scalar sum of the transverse momenta of the jets [34].

5. Vector bosons plus jets

The production of a vector boson associated with hadronic jets is a crucial process at the LHC,
which provides a reference both for pQCD measurements and detector response. Furthermore, the
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Figure 8: Left: Summary of vector boson plus jet production in the forward region at /s = 8 TeV by LHCb.
The cross sections and ratios are shown normalised to the measurement, while the asymmetry is presented
separately [35]. Right: CMS measurement of the W + bb cross section at /s = 8 TeV [36].

W /Z plus jets process is a dominant background for processes such as top quark production and
Higgs physics precision measurements as well as for searches for new physics. The purity and
sensitivity for these relatively rare processes can be improved if vector boson plus jets processes
are known precisely enough, which can also help to constrain the theoretical modelling of data.

First measurements of Z plus jet production at /s = 13 TeV are available [33, 34]. The mea-
sured cross sections are compared to NLO predictions from aMC@NLO [18] with parton shower
which show a reasonable agreement with the observed cross section. As an example Fig. 7 (right)
shows the Hr distribution measured by CMS, where Hr is the scalar sum of the pr of the jets. In
the forward region W and Z production with jets is measured at /s = 8 TeV [35]. The bosons are
reconstructed in the muonic decay channel with the muon in the range 2 < 17 < 4.5. The measured
cross sections, ratios and the W charge asymmetry are shown in Fig. 8 (left) and found to be in
good agreement with fixed order & (OCSZ) predictions from POWHEG [30] and aMC@NLO [18].
Figure. 8 (right) shows the cross section for W plus two b-tagged jets measured by CMS at /s =
8 TeV [36]. Standard model predictions from MadGraph [37] and MCFM [38], corrected for hadro-
nisation effects, agree with the data at the level of one standard deviation.

6. Heavy quark production

Many new measurements of heavy quark production are available by the LHC experiments;
these test pQCD predictions at lower scales than the measurements presented in the previous sec-
tions and provide input for PDF fits in a different kinematic region. Measurements of charm and
J /¥ production at /s = 13 TeV have been performed by LHCb in the forward region [39, 40]. The
shapes of the differential cross sections for D°, D*)*, and Dt mesons are found to be in agree-
ment with fixed order, next-to-leading-log (FONLL [41]) predictions while the predicted central
values as well as the ratios of the production cross sections, R;3 7, for Vs =13 and 7 TeV generally
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Figure 9: Left: Ratio R3/7 for prompt DY as a function of py for different rapidity bins of D° [39]. Right:
Ratio R,33 for J/'¥ from b-hadron decays as a function of pr [40].

lie below the data (Fig.9 (left)) [39]. Since the results at 7 TeV agree well with predictions this
indicates that the level of agreement worsens with the increase in collision energy. J/¥ produc-
tion was studied for prompt J /¥ and for J/W¥ from b-hadron decays. The pr distribution of J /¥
mesons produced at /s = 13 TeV is harder than that at /s = 8 TeV and in agreement with FONLL
predictions, while the ratio R ;35 of the cross sections at /s = 13 and 8 TeV is underestimated (see
Fig. 9 (right)).

7. Summary

Many new high precision QCD measurements with different final states are available from
the LHC experiments ATLAS, CMS and LHCb . These explore regions of phase space where
current predictions still struggle to match the data. The combination of measurements taken at
different centre of mass energies further allows for more stringent test of the predictions since many
uncertainties cancel. A systematic exploration of all the final states and centre of mass energies will
largely improve our understanding of QCD.
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