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Motivations

◦ Powerful test of perturbative QCD (pQCD) and higher order effects over many
orders of magnitude in cross section
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We present the cross section for production of a Z boson in association with four jets at the Large
Hadron Collider, at next-to-leading order in the QCD coupling. When the Z decays to neutrinos,
this process is a key irreducible background to many searches for new physics. Its computation
has been made feasible through the development of the on-shell approach to perturbative quantum
field theory. We present the total cross section for pp collisions at

√
s = 7 TeV, after folding in the

decay of the Z boson, or virtual photon, to a charged-lepton pair. We also provide distributions
of the transverse momenta of the four jets, and we compare cross sections and distributions to the
corresponding ones for the production of a W boson with accompanying jets.

PACS numbers: 12.38.-t, 12.38.Bx, 13.87.-a, 14.70.Hp

The Large Hadron Collider (LHC) is currently ex-
tending the energy frontier into uncharted territory, in
the quest to identify new physics beyond the Standard
Model of particle physics. Many signals of new physics,
especially those containing dark matter candidates, lie
in broad distributions with significant Standard Model
backgrounds. A first-principles understanding of these
backgrounds is provided by quantum chromodynamics
(QCD) and the QCD-improved parton model. The lead-
ing perturbative order (LO) in the QCD coupling αs

gives a good qualitative prediction. Quantitatively re-
liable predictions require, at the least, next-to-leading-
order (NLO) accuracy in the QCD coupling. For pro-
cesses at a hadron collider with many-jet final states,
NLO computations have long been a formidable challenge
to particle theorists.

In this article we present the first NLO QCD results
for Z boson production in association with four jets at a
hadron collider, specifically at the LHC. We fold in the
decay of the Z boson to an e+e− pair (or equivalently
µ+µ−), and include contributions from virtual-photon
exchange (collectively denoted by Z, γ∗). This process,
containing identifiable charged leptons, is a benchmark
for the closely related process in which the Z decays into
neutrinos, which appear as missing transverse energy.
The Z → νν̄ decay mode generates a key background
process in the search for supersymmetry, as well as for
other models that lead to dark-matter particle produc-
tion at the end of a cascade of strongly-produced new
particles. Fig. 1 shows a typical signal process, leading
to the same signature of missing transverse energy with
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FIG. 1: Gluino pair production illustrates a typical signature
of new physics scenarios: four jets plus a pair of lightest super-
symmetric particles (LSPs) that escape the detector, yielding
missing transverse energy.
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FIG. 2: Sample diagrams for the seven-point loop amplitudes
for qg → Zqggg and qQ̄ → ZqQ′Q̄′Q̄, followed by Z → e+e−.
There are also small contributions where the Z boson is re-
placed by a photon. This process is very similar theoretically
to the case Z → νν̄ with missing transverse energy.

four jets and no sharp resonance. We note that another
approach to estimating this process — combining a mea-
surement of prompt-photon production with a theoretical
estimate of the Z-to-photon ratio [1–3] — also benefits
from NLO cross sections [4].

Recent years have witnessed a growing number of
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◦ Overall it is away to explore corners of the phase space and search for
deviations in clean signatures

◦ Measurements needed to re-assess the accuracy of the theoretical tools (MCs
and PDFs) at this new energy regime

◦ Sensitive to the gluon PDF→ Cross section > 80% dominated by gq scattering1.4 QCD predictions 7
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Figure 1.3: Leading order Feynman diagrams for Z/�⇤ + 1 jet production.

a larger multiplicity in the final state. Branching probabilities are evaluated according to
equations 1.9, and cancellation between real and virtual divergences are handled through
the introduction of a Sudakov form factor:
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which represents the probability of not having emission above the transverse momentum
scale kT and ensures that the total probability for a parton to branch never exceeds unity.
Iterative branchings are performed until a lower cuto↵ scale Q0 ⇠ 1 GeV is reached, at
which the parton shower is stopped. Monte Carlo programs distinguish between initial-
state and final-state showers, depending on whether showers are originated from an in-
coming or outgoing parton of the hard scattering; corresponding radiation is referred as
initial-state radiation or ISR and final-state radiation or FSR.

1.4.3 Hadronization

The transition between partons and hadrons is described by hadronization models involv-
ing a number of non-perturbative parameters which needs to be tuned on experimental
data. Commonly used hadronization models are the string model and the cluster model,
a schematic representation of the two taken from [13] is shown in Figure 1.4. The string
model uses colour strings which produce a linear confinement potential. As partons sep-
arate from each other, the string breaks into shorter strings creating colourless states. If
the relative momentum of the new string is large enough, the string may break again. In
the cluster model all the gluons in the final state are split into qq̄ pairs, and quarks are
then grouped in colourless clusters, which then decay into hadrons.
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The transition between partons and hadrons is described by hadronization models involv-
ing a number of non-perturbative parameters which needs to be tuned on experimental
data. Commonly used hadronization models are the string model and the cluster model,
a schematic representation of the two taken from [13] is shown in Figure 1.4. The string
model uses colour strings which produce a linear confinement potential. As partons sep-
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the relative momentum of the new string is large enough, the string may break again. In
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◦ Important background for studies of the Higgs boson and also searches for new
phenomena where the signals can be tiny→ Need to understand the
backgrounds to be able to claim a discovery!

◦ The multiplicity and kinematics of the jets in V + jet events can be exploited to
achieve a good separation between signal and background
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State-of-the-art generators/calculations

Monte Carlo event samples are used to:

◦ Determine background contributions

◦ Correct the measurements for detector effects (efficiency, resolution, acceptance)

◦ Estimate systematic uncertainties on the final results

◦ Correct the theory calculations for non-perturbative effects

Results compared to the SM predictions, great progress/improvements in the
generators/calculations over the last years:
◦ Multi-partons LO ME+PS (Alpgen, Sherpa 1.X, MadGraph 5)

◦ Multi-partons NLO and LO ME+PS (Sherpa 2.X, MadGraph 5 aMC@NLO, Powheg)

◦ Fixed-order NLO calculations (BlackHat+Sherpa)

◦ Fixed-order NNLO calculations (Njetti)

A. Ruiz (IFIC) QCD@LHC 2018, 31 August 2018 3



Recent measurements from ATLAS
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Recent measurements from ATLAS

∫
L dt

[fb−1]
Reference

σ(t̄t)/σ(Z) (tot.)
Ratio = 0.184 ± 0.003 ± 0.006 (data)

top++ NNLO+NLL, CT14 (theory) 4.6 JHEP 02 (2017) 117

Ratio = 0.211 ± 0.001 ± 0.007 (data)
top++ NNLO+NLL, CT14 (theory) 20.2 JHEP 02 (2017) 117

Ratio = 0.416 ± 0.004 ± 0.016 (data)
top++ NNLO+NLL, CT14 (theory) 3.2 JHEP 02 (2017) 117

– ≥4 j Ratio = 7.62 ± 0.19 ± 0.94 (data)
Blackhat (theory) 4.6 EPJC 74: 3168 (2014)

– ≥3 j Ratio = 8.18 ± 0.08 ± 0.51 (data)
Blackhat (theory) 4.6 EPJC 74: 3168 (2014)

– ≥2 j Ratio = 8.64 ± 0.04 ± 0.32 (data)
Blackhat (theory) 4.6 EPJC 74: 3168 (2014)

– ≥1 j Ratio = 8.54 ± 0.02 ± 0.25 (data)
Blackhat (theory) 4.6 EPJC 74: 3168 (2014)

σ(W)/σ(Z) (fid.) Ratio = 9.78 ± 0.006 ± 0.049 (data)
old (theory) 4.6 EPJC 77 (2017) 367

Ratio = 10.31 ± 0.04 ± 0.2 (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

W,Z → qq σ = 8.5 ± 0.8 ± 1.5 pb (data)
MCFM (theory) 4.6 NJP 16, 113013 (2014)

– W +1b + ≥2 j σ = 2.2 ± 0.2 ± 0.5 pb (data)
MCFM+D.P.I. (theory) 4.6 JHEP 06, 084 (2013)

– W +1b + ≥1 j σ = 5 ± 0.5 ± 1.2 pb (data)
MCFM+D.P.I. (theory) 4.6 JHEP 06, 084 (2013)

– W + ≥5 j σ = 0.877 ± 0.032 ± 0.301 pb (data)
Blackhat (theory) 4.6 EPJC 75, 82 (2015)

σ = 1.107 ± 0.013 ± 0.423 pb (data)
Sherpa 2.2.1 NLO (theory) 20.2 JHEP 05 (2018) 077

– W + ≥4 j σ = 4.241 ± 0.056 ± 0.885 pb (data)
Blackhat (theory) 4.6 EPJC 75, 82 (2015)

σ = 5.47 ± 0.03 ± 1.47 pb (data)
Sherpa 2.2.1 NLO (theory) 20.2 JHEP 05 (2018) 077

– W + ≥3 j σ = 21.82 ± 0.1 ± 3.23 pb (data)
Blackhat (theory) 4.6 EPJC 75, 82 (2015)

σ = 26.38 ± 0.06 ± 5.34 pb (data)
Sherpa 2.2.1 NLO (theory) 20.2 JHEP 05 (2018) 077

– W + ≥2 j σ = 111.7 ± 0.2 ± 12.2 pb (data)
Blackhat (theory) 4.6 EPJC 75, 82 (2015)

σ = 128.35 ± 0.12 ± 20.39 pb (data)
Sherpa 2.2.1 NLO (theory) 20.2 JHEP 05 (2018) 077

– W + ≥1 j σ = 493.8 ± 0.5 ± 45.1 pb (data)
Blackhat (theory) 4.6 EPJC 75, 82 (2015)

σ = 564.71 ± 0.24 ± 72.13 pb (data)
Sherpa 2.2.1 NLO (theory) 20.2 JHEP 05 (2018) 077

W→ eν, µν
σ = 4.911 ± 0.001 ± 0.092 nb (data)

DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

σ = 5281.62866 ± 0.70464 ± 265.51798 pb (data)
Sherpa 2.2.1 NLO (theory) 20.2 JHEP 05 (2018) 077

σ = 8.03 ± 0.01 ± 0.23 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

Z → bb σ = 2.02 ± 0.2 ± 0.26 pb (data)
Powheg (theory) 19.5 PLB 738, 25-43 (2014)

Z→ ττ σ = 1690 ± 35 + 95 − 121 fb (data)
MC@NLO + HERAPDFNLO (theory) 4.6 PRD 91, 052005 (2015)

– Z + ≥2 b σ = 520 ± 20 + 74 − 72 fb (data)
MCFM (theory) 4.6 JHEP 10, 141, (2014)

– Z + ≥1 b σ = 4820 ± 60 + 360 − 380 fb (data)
MCFM (theory) 4.6 JHEP 10, 141, (2014)

– Z + ≥4 j σ = 0.65 ± 0.01 ± 0.11 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

σ = 1.48 ± 0.02 ± 0.23 pb (data)
Blackhat+Sherpa (theory) 3.2 EPJC 77 (2017) 361

– Z + ≥3 j σ = 3.09 ± 0.03 ± 0.4 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

σ = 6.2 ± 0.04 ± 0.83 pb (data)
Blackhat+Sherpa (theory) 3.2 EPJC 77 (2017) 361

– Z + ≥2 j σ = 15.05 ± 0.06 ± 1.51 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

σ = 27 ± 0.1 ± 2.9 pb (data)
BlackHat+Sherpa (theory) 3.2 EPJC 77 (2017) 361

– Z + ≥1 j σ = 68.84 ± 0.13 ± 5.15 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

σ = 116 ± 0.3 ± 10 pb (data)
Blackhat+Sherpa (theory) 3.2 EPJC 77 (2017) 361

Z→ ee, µµ
σ = 451 ± 0.4 ± 8.8 pb (data)

DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

σ = 506 ± 0.2 ± 11 pb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

σ = 776 ± 1 ± 18 pb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

– γ + ≥1 j σ = 134 ± 0.1 ± 4 pb (data)
JETPHOX (NLO) (theory) 20.2 Nucl. Phys. B, 918 (2017) 257

σ = 300 ± 0.4 ± 12 pb (data)
SHERPA (NLO) (theory) 3.2 PLB 780 (2018) 578

γ
σ = 359 ± 3 + 22 − 16 pb (data)

JETPHOX (NLO) (theory) 4.6 PRD 89, 052004 (2014)

σ = 56.8 ± 0.1 + 5.8 − 5.6 nb (data)
PETER (NLO+N3LL) (theory) 20.2 JHEP 06 (2016) 005

σ = 399 ± 0.4 ± 16 pb (data)
JETPHOX+MMHT2014 (NLO) (theory) 3.2 PLB 2017 04 072
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V+++ jets analysis overview

Z +++ jets production:

◦ Experimental clean signature

◦ Purity from > 99% (≥ 0 jets) to ∼80% (≥ 7 jets)

◦ Main backgrounds:

◦ Top and dibosons are the dominant backgrounds

◦ Multijet background typically < 1%

◦ Main uncertainty is the jet energy scale

W +++ jets production:

◦ Signature affected by larger backgrounds

◦ Main backgrounds:

◦ Z/γ∗+jets and multijet are the dominant

backgrounds for ≤ 2 jets

◦ tt̄ background dominates at high jet multiplicities

◦ Main uncertainties is the jet energy scale and jet
energy resolution
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V+++ jet production: exclusive jet multiplicity

◦ For V production, each time we add one jet, we add one order more in αs

◦ Discrepancies at high jet multiplicities where the generators just rely on the PS

[JHEP 05 (2018) 077] [EPJC 77 (2017) 361]
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V+++ jet production: inclusive jet multiplicity and ratio

◦ Higher precision due to the cancellation of part of the systematic in the ratio
◦ First parton emission more suppressed than the subsequent parton emissions

[EPJC 77 (2017) 361]
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V+++ jet production: leading jet pT

◦ The mass of the W /Z boson provides itself a well-defined scale

◦ When pjet
T exceeds the scale given by the W /Z boson mass, NLO/LO K-factors

can be large due to the presence of QCD corrections of O(αs ln2(pjet
T /mW /Z ))

[JHEP 05 (2018) 077] [EPJC 77 (2017) 361]
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V+++ jet production: leading jet rapidity

◦ Leading jet rapidity in good agreement with predictions

[JHEP 05 (2018) 077] [EPJC 77 (2017) 361]
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V+++ jet production: HT

◦ Inclusive quantity used to set the scale, discriminant in BSM searches
◦ BlackHat+SHERPA V+≥ 1 jet (NLO estimate for the respective parton

multiplicity, including the real emission of one additional parton)→ For
HT ∼ 350 GeV, NLO deviate where the average jet multiplicity exceeds two

[JHEP 05 (2018) 077] [EPJC 77 (2017) 361]
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V+++ jet production: angular distributions

◦ Important variables for searches

◦ Angular relations between the two leading jets and the dijet mass often used to

separate heavy SM particles or beyond-SM physics from the V+jets process

[JHEP 05 (2018) 077] [EPJC 77 (2017) 361]
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V+++ jet production: W +/W− cross section ratios

◦ Many experimental and theoretical uncertainties cancel out, making it a more

precise test of the theoretical predictions

◦ Valuable input for the up quark, down quark, and gluon PDFs of the proton

[JHEP 05 (2018) 077]
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Collinear W emission off high pT jets [PLB 765 (2017) 132]

◦ Test of models, including novel NNLO predictions, in an extreme phase space

◦ First direct measurement of the process of W emission from light partons,
explores corners of the phase space accessible with the LHC

◦ Back-to-back dijet topology, where a soft collinear W is emitted from one of the
legs (requiring a high-pT jet)

◦ Process logarithmically enhanced as the pT of the leading jet increases over the
W mass

◦ Background for searches and top-tagging
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Collinear W emission W + jets production where the W boson
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Collinear W emission off high pT jets [PLB 765 (2017) 132]

◦ ALPGEN+PYTHIA6 overestimates the total cross-section
◦ PYTHIA8 (modified to include the W emission) disagrees in the collinear region (∆R < 2.4)
◦ SHERPA+OpenLoops NLO QCD+EW calculation agrees well within the uncertainties
◦ W+≥ 1 jet Njetti NNLO calculation agrees well within the uncertainties

Collinear region: 0.2 < ∆R < 2.4

Back-to-back region: ∆R > 2.4
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Collinear W emission off high pT jets [PLB 765 (2017) 132]
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EW Wjj production @ 7, 8 TeV [EPJC 77 (2017) 474]

LO diagrams for electroweak Wjj production: LO diagrams for strong Wjj production:
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EW Wjj production @ 7, 8 TeV [EPJC 77 (2017) 474]
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EW Wjj production @ 7, 8 TeV [EPJC 77 (2017) 474]
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EW Wjj production @ 7, 8 TeV [EPJC 77 (2017) 474]

◦ Differential measurements performed in distributions that provide discrimination between
QCD and EW Wjj production

◦ Using the dijet system to distinguish the t-channel VBF topology from the background (Mjj and
∆y(j1, j2))

◦ Using the rapidity of other objects relative to the dijet rapidity gap, exploiting the colourless gauge
boson exchange (lepton centrality, jet centrality and the number of jets in the rapidity gap)

◦ The best discrimination between QCD and EW Wjj is provided by the dijet mass distribution
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EW Zjj production @ 13 TeV [PLB 775 (2017) 206]

◦ EW Zjj is a much rarer process than QCD Zjj
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◦ Discrimination between QCD and EW production:
◦ Two high-pT jets with large ∆y and mjj◦ No colour connection→ No hadronic activity in ∆y

◦ Different fiducial regions defined
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EW Zjj production @ 13 TeV [PLB 775 (2017) 206]

The EW-Zjj cross-sections at 13 TeV are in agreement with the predictions from

POWHEG+PYTHIA for both mjj > 250 GeV and mjj > 1 TeV
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EW Zjj production @ 13 TeV [PLB 775 (2017) 206]

The EW-Zjj cross-sections at 13 TeV are in agreement with the predictions from

POWHEG+PYTHIA for both mjj > 250 GeV and mjj > 1 TeV
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γγγ +++ jet production @ 13 TeV [PLB 780 (2018) 578]

◦ Test of the pQCD, MC tuning, etc.

◦ Background subtracted bin-by-bin using a data-driven
technique based on a two-dimensional sideband method
(“Isolated”, “Non-isolated”, “Tight”, “Non-tight”)

◦ Fiducial phase-space region:
Requirements on photons
EγT > 125 GeV, |ηγ | < 2.37 (excluding 1.37 < |ηγ | < 1.56)
Eiso

T < 4.2 · 10−3 · EγT + 10 GeV
Requirements on jets
anti-kt algorithm with R = 0.4
the leading jet within |yjet| < 2.37 and ∆Rγ−jet > 0.8 is selected

pjet-leadT > 100 GeV
UE subtraction using k⊥ algorithm with R = 0.5 (cf. Section ??)
Additional requirements for dσ/dmγ−jet and dσ/d| cos θ∗|
|ηγ + yjet-lead| < 2.37, | cos θ∗| < 0.83 and mγ−jet > 450 GeV

◦ Distributions unfolded to the particle level using a
bin-by-bin technique which corrects for resolution effects
and the efficiency of the photon and jet reconstruction

◦ Cross sections measured as a function of:
E γ

T , pjet-lead
T , ∆φ γ−jet, mγ−jet and |cosθ ∗|

◦ Results compared to:
◦ NLO QCD predictions from JETPHOX and SHERPA

◦ Tree-level predictions of PYTHIA and SHERPA
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γγγ +++ jet production @ 13 TeV [PLB 780 (2018) 578]

◦ Dominant systematic uncertainties: jet energy scale, photon energy scale and photon
identification
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γγγ +++ jet production @ 13 TeV [PLB 780 (2018) 578]

◦ The predictions of the tree-level plus parton-shower MC models by PYTHIA and LO SHERPA

give a satisfactory description of the shape of the data distributions, except for pjet-lead
T in the

case of PYTHIA
◦ Predictions normalised to the integrated measured cross sections
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γγγ +++ jet production @ 13 TeV [PLB 780 (2018) 578]

◦ The fixed-order NLO QCD calculations of JETPHOX, corrected for hadronisation and UE, and
the multi-leg NLO QCD plus PS calculations of SHERPA in agreement within uncertainties

◦ NLO SHERPA is able to reproduce the data down to ∆φ γ−jet = π/2 due to the inclusion of the
matrix elements for 2→ n processes with n = 4 and 5

◦ Experimental uncertainties much smaller than the uncertainties in the predictions→
calculations with higher precision will allow stringent tests of the theory
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γγγ +++2 jet production @ 8 TeV [Nucl. Phys. B 918 (2017) 257]

Photon plus two-jet production is investigated by measuring cross sections as functions
of E γ

T , pjet2
T and angular correlations:

◦ PYTHIA gives a good description of the measured cross-section up to E γ

T ∼ 750 GeV

◦ SHERPA describes well the measurements as a function of pjet2
T , ∆φ γ−jet2 and ∆φ jet1−jet2

◦ BLACKHAT gives a good description of the data within the experimental and theoretical

uncertainties for E γ

T < 750 GeV
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γγγ +++3 jet production @ 8 TeV [Nucl. Phys. B 918 (2017) 257]

Photon plus three-jet production is investigated by measuring cross sections as
functions of E γ

T , pjet3
T and angular correlations:

◦ PYTHIA gives a good description of the measured cross-section as a function of E γ

T

◦ SHERPA describes well the measured cross-section as a function of pjet3
T

◦ BLACKHAT gives an adequate description of the data within the uncertainties, being

systematically above the data
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γγγ +++HF jet production @ 8 TeV [PLB 776 (2018) 295]

◦ At the LHC, prompt photons arise mainly through the Compton process qg → qγ

◦ HF quarks arise in the proton through either extrinsic (perturbative) or intrinsic

(non-perturbative) mechanisms

◦ Currently global PDF fits show that HF quarks in the proton are almost entirely extrinsic

◦ However the hypothesis of the non-zero intrinsic (or valence-like) heavy quark component of

the proton distribution functions has not been ruled out yet

◦ Measurements performed as a function of E γ

T in the central (|ηγ |< 1.37) and forward

(1.56 < |ηγ |< 2.37) regions

◦ Most sensitive region (large Bjorken-x): large |ηγ | and high E γ

T

◦ Results compared to LO calculations:
◦ SHERPA: up to 3 partons, five-flavour CT10 PDF set, massive 5F scheme
◦ PYTHIA: up to 2 partons, five-flavour LO CTEQ6L1 PDF set, standard 5F scheme

◦ γ +b results compared to NLO calculations from MG5 aMC+PY8 using different PDF sets:
◦ NNPDF3.0nlo 5F: u-, d-, s-, c- and b-quarks are treated as massless and used in the calculations
◦ NNPDF3.0nlo 4F: u-, d-, s- and c-quarks are treated as massless and used in the calculations

(b-quarks are treated as massive and generated in the ME through gluon splitting)

◦ γ +c results compared to NLO calculations from MG5 aMC+PY8 using different PDF sets:
◦ NNPDF3.1nlo PC: set with only perturbative charm
◦ NNPDF3.1nlo FC: set with a charm contribution fitted to data in the global PDF fit (0.26% intrinsic)
◦ CT14nnlo sets using the BHPS model (BHPS1: 0.6% intrinsic charm, BHPS2: 2.1% intrinsic charm)
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γγγ +++HF jet production @ 8 TeV [PLB 776 (2018) 295]

◦ For γ +b, the best description is provided by SHERPA

◦ For γ +c, all the predictions are in agreement with the data
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Conclusions

◦ Vector boson production in association with jets:
◦ Test of perturbative QCD and higher order effects over many orders of magnitude in

cross section

◦ Important background for searches for new physics

◦ Sensitive to PDFs

◦ V+jets measurements needed to re-assess the accuracy of the theoretical tools

(MCs and PDFs) in this new energy regime
◦ Recent measurements presented:

◦ W + jets at 8 TeV [JHEP 05 (2018) 077]

◦ Z + jets at 13 TeV [EPJC 77 (2017) 361]

◦ Collinear W emission off high pT jets at 8 TeV [Phys. Lett. B 765 (2017) 132]

◦ EW Wjj at 7/8 TeV [EPJC 77 (2017) 474]

◦ EW Zjj at 13 TeV [Phys. Lett. B 775 (2017) 206]

◦ γ + jet at 13 TeV [Phys. Lett. B 780 (2018) 578]

◦ γ + jets at 8 TeV [Nucl. Phys. B 918 (2017) 257]

◦ γ + heavy flavour jet at 8 TeV [Phys. Lett. B 776 (2018) 295]
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