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QCD results from LHC Katharina Miiller

1. Introduction

Quantum Chromo Dynamics (QCD) is a very successful theory, tested over decades in many
experiments. Currently, (next-to-)next-to-leading order (N)NLO calculations exist for most pro-
cesses, electroweak corrections have been computed and high precision experimental results are
available. However, higher-order processes can still be important in some regions of phase space,
in particular for multi-parton final states and 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 13 TeV in pp collisions. A de-
tailed understanding of QCD is important for almost all physics processes studied by the ATLAS,
CMS and LHCDb experiments at the LHC and essential for characterising background processes
for measurements of and searches for rare or new processes. This paper summarises recent re-
sults on the production of jets, isolated photons, top and vector bosons 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 uncertain-
ties and reduced jet energy scale uncertainty, can be used to determine the strong coupling constant
o.

Analyses using jets at LHC generally use the anti-kr clustering 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.

The double-differential di-jet cross-sections measured by ATLAS at /s = 13 TeV divided by
the NLO pQCD predictions,corrected for non-perturbative and electroweak effects , are shown
in Fig. 1 (left) as a function of the invariant di-jet mass m;; for six bins in rapidity, y [2]. The
predictions are consistent with the data over a wide kinematic range in pr between 100 GeV and
3.5TeV with |y| < 3.

A measurement of the double-differential inclusive jet cross-section was performed by CMS
as a function of jet pr and |y| and two different distance parameters R=0.4 and 0.7 at /s = 13 TeV
in comparison to NLO predictions with different PDF sets[3] (see Fig. 1 (right)). It is observed that
jet cross-sections for the larger jet size of R=0.7 are accurately described, while for R = 0.4 theory
overestimates the cross-section by 5-10% especially at low pr and central rapidities. This deficit
is attributed to missing contributions from parton showers and soft-gluon resummation that are
missing in fixed order calculations, consistent with observations at lower centre of mass energies.

'Natural units with ¢ = 1 are used throughout.
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Figure 1: Left: Comparison of the measured di-jet cross-sections with the NLO pQCD predictions shown
as the ratios of predictions to the measured cross-sections. The ratios are shown as a function of the invariant
di-jet mass, m;j, in six |y| bins [2]. Right: Ratio of measured values to theoretical prediction for the inclusive
jet cross-section with a distance parameter of R=0.7 (top) and 0.4 (bottom) [3].

Quarks and gluons produced in high-energy particle collisions hadronise before their electric
charge can be measured. However, information about the electric charge of the parton that initiated
the jet can be estimated by observables that correspond to the momentum-weighted charge sum
constructed from charged-particle tracks in the jet, called jet charge Q:

K __ 1 (.01 \K
oF = P—f(jet);Q(pT) 2.1

where the parameter x controls the relative weight of low and high pr particles.

Figure 2 (left) shows the unfolded leading pr jet charge distribution measured by CMS in
comparison to predictions from POWHEG [4] plus PYTHIA 8 [5] [6]. Effects such as multi-parton
interaction or initial state radiation do not have a significant effect on the distribution, while dis-
abling final state radiation leads to a significantly broader distribution. Hence the jet charge dis-
tribution is mainly sensitive to the modelling of the final state radiation. The variation of the jet
charge with leading-jet pr which is sensitive to the quark and gluon jet content in the dijet sample
as measured by ATLAS is shown in Fig. 2 (right) for three different values of x [7]. The average
charge increases from 0.01e at 100 GeV to 0.15e at 1.5 TeV due to the increase of jets initiated by
up quarks. The shape is reproduced well by PYTHIA 8 but the prediction tends to be lower than the
data.

3. Strong coupling constant

Several measurements of o, have already been performed by ATLAS and CMS at different
centre of mass energies using jet cross-sections as well as cross-section ratios.

The extraction of o from jet cross-section data depend on the parametrisation of the PDFs
which themselves depend on ¢ and its scale dependence. This conceptional limitation can be
avoided by using ratios of cross-sections in which the PDF dependence cancels to a large extent.



QCD results from LHC Katharina Miiller

CMS 19.7 fo’ (8 TeV.
6:‘ L A A BB LA B B A B w( T wew)w: '6‘0257 L R | T ]
5: p, > 400 GeV ‘ B ‘E' L ATLAS + 4
— = | r - D ’
T <15 = 2 BA b 7 2 l[is=8Tev,203f" "™ ]
= 1= il PH + P8 (No ISR) _] c 0.2+ —
= E | — Eﬂ I ES NS I\F/I?DI)) E 6 C More Central Jet "~ Pythia 8.175 AU2 CT10 ]
o 3E | ~_PH(O)+P8 = T = [ . v ]
3 E B [}
zZ E J L] [ k=03 k=05 k=07 a
5 oF E it 0.15 ]
£ F E 2 s R
- 1= ; 4 3 r ]
o b 1z o1 .
QB0 "%04 02 0 0z 04 06 o8 < r ]
Leading-jet Qt‘o'e le] F 1
1'1: : H I 0057 ]
ol E LT Wi - 1
§|8 E ' & 1 - B
E i ey ] F R
0%% 4 02 0 02 04 06 08 Ve N
1.5 T | L | L L | 1 1 1
o8 o 4 0 500 1000 1500
S8 Rl i B Jet P, [GeV]
0% 0 02 0.4 06 0.8

Figure 2: Left: Comparison of the unfolded leading-jet charge distribution with predictions from POWHEG
+ PYTHIA 8 (PH+P8). The NLO POWHEG prediction is compared with predictions where initial-state
radiation (No ISR), final-state radiation (No FSR), or multiple-parton interactions (No MPI) are disabled in
PyTHIA 8, the LO POWHEG prediction (LO) is also shown. [6]. Right: The measured average of the jet
charge distribution in units of the positron charge as a function of the jet pr for k¥ = 0.3, 0.5, and 0.7 for
central jets compared to the prediction from PYTHIA 8 [7].

ATLAS measured the multi-jet cross-section ratio Ray, where the quantity Ray specifies the fraction
of the inclusive dijet events in which the azimuthal opening angle of the two jets with the highest
transverse momenta is less than A@yq, [8]. Figure 3 (left) shows Rpy as a function of the total
transverse momentum Hy for different values of A¢,,,, and three dijet rapidity intervals y*. The
Rpy measurements in the selected kinematic regions are used to determine o and to test the QCD
predictions for its running as a function of the scale Q = Hy /2. The individual oy results are
compared in Fig. 3 (right) with previously published results obtained from jet measurements and
with the prediction by the renormalisation group equation (RGE) [9] using the os(mz) determined
from the Ryy measurement.

4. 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.
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Figure 3: Left: Ray (Hr,y, AQpax) as a function of Hr in three regions of y and for four choices of A@yqx [8].
Right: The o(Q) results in the range of 262 < Q < 1675 GeV, compared to the results of previous o
determinations from jet data in other experiments. Also shown is the prediction of the RGE for the og(my)
determined from the Ry measurement [8].

The differential cross-sections for inclusive isolated-photon and photon plus jets production at
\/s = 13 TeV are measured by the CMS and ATLAS experiments. Figure 4 (left) shows the mea-
surement of the photon plus jets production cross-sections as functions of photon transverse energy,
E,, in different bins of photon and jet rapidities [10]. The measurements are in agreement with the-
oretical predictions produced using JETPHOX [11] NLO calculations. At low to middle range in
photon E7 the experimental uncertainties are smaller or comparable to theoretical uncertainties,
and these measurements provide the potential to further constrain the proton PDFs.
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Figure 4: Left: Ratio of theory to data for the differential cross-sections of an isolated photon plus jets as
a function of EJ. for two different |n”| and |n/¢| regions [10]. The NLO total uncertainty from JETPHOX
is displayed as a band. Right: Measured cross-section for isolated-photon plus jet production (dots) as a
function of | cos 6*|. For comparison, the LO QCD predictions from JETPHOX, normalised to the integrated
measured cross-section by the factors shown in parentheses, of direct (dashed) and fragmentation (dotted)
processes are shown separately [12].
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Figure 5: Differential cross-sections for y+ b(left) and y+ ¢ (right) as a function of the photon transverse
energy in the central region (|n7| < 1.37) [13].

Two processes contribute to the production of pp — Y+ jet+ X events: direct, in which the
photon originates from the hard process, and fragmentation, in which the photon arises from
the fragmentation of a coloured high pr parton. Measurements of the variable 6* , where
cos 0* = tanh(Ay/2) and Ay is the difference between the rapidities of the photon and the jet can
be used to test the interplay of direct and fragmentation processes.

Figure 4 (right) shows the cross-section measured by ATLAS as a function of cos 8* together
with the predicted cross-sections from JETPHOX [11] for LO direct and fragmentation processes [12].
Even though the two components are no longer distinguishable at NLO, the LO calculations are
useful to illustrate the basic differences in the dynamics of the two processes. The contribution
from fragmentation, dominated by gluon exchange, shows a steeper increase as |cos 6*| — 1 than
that from direct processes, dominated by quark exchange. The shape of the measured cross-section
is closer to that of the direct processes than that of fragmentation. This is consistent with the
dominance of processes in which the exchanged particle is a quark.

Prompt photons in association with heavy flavour jets can be used to probe the heavy quark
content of the proton and test the modelling of heavy flavour production in Monte Carlo (MC).
Differential cross-sections of isolated prompt photons in association with a b— or c—jet as a func-
tion of Er, measured by ATLAS at /s = 8 TeV, are shown in Fig. 5 [13]. The measured values are
compared to LO calculations in pQCD from SHERPA[14] and PYTHIA 8[5] and to NLO calcula-
tion from MAD-GRAPHS5_AMC @NLO[15] interfaced to PYTHIA 8. For the y-+ b final state, the
best description of the data is provided by the SHERPA predictions. The NLO predictions underesti-
mate the data in the highest E7 intervals measured. For the y+ ¢ final state, where the measurement
uncertainties are larger, all the predictions are in agreement with the data.
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Figure 6: Left: Cross-sections for ¢f production at pp and pp colliders at different centre of mass ener-

gies [16]. Right: Differential cross-sections for ¢ plus jets production as a function of ptTh“d in the 4-jet

configuration[17].

5. Top production

The production of top quarks at hadron colliders represents an important test of the SM with
sensitivity to o, the proton PDFs and the mass of the top. The top quark is the heaviest known
fundamental particle and its production and decay properties are sensitive to a number of scenarios
beyond the SM. Figure 6 shows the measured cross-sections for 7 production for different centre
of mass energies with the latest measurements at /s = 13 TeV from ATLAS and CMS [16]. The
measurements are well described by the prediction which is available at NNLO plus next-to-next-to
leading log (NNLL).

The large number of 7 events produced at LHC allows detailed studies of the characteristics
of ¢ production as a function of different kinematic variables. Measurements of differential cross-
sections for ¢f production in association with jets were studied by ATLAS, these measurements
have sensitivity to the effect of gluon radiation. The ¢ events are selected in the lepton (electron
or muon) plus jets channel and three mutually exclusive configurations are defined according to
the number (0, 1 or 2) of additional jets reconstructed in each event. Differences between the data
and some of the predictions are observed. As an example Fig. 6 (right) shows the measured pr
distribution of the top reconstructed in the hadronic channel in the 4-jet configuration. The data is
underestimated by the predictions at low values and overestimated at high values; this tendency is
reduced at higher jet multiplicity. Overall, the measurements have the potential to further constrain
the MC models used to describe the top quark pair production [17].

The unique forward acceptance of the LHCb detector allows measurements in a phase space
where top-quark production receives a higher contribution from quark-antiquark annihilation than
in the central region and probes higher values of Bjorken-x. The higher contribution from quark-
initiated production also results in a larger expected charge asymmetry and thus a better sensitivity
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Figure 7: Left: The combined invariant mass of the muon, electron and b-jet forming the top-pair candidates
in data compared to the expected contributions from signal and backgrounds. Right: Graphical comparison
of the measured cross-sections with the predictions from the AMC@NLO, POWHEG and MCFM genera-
tors. For the data, the inner error band represents the statistical uncertainty, and the outer the total, while for
the theoretical predictions, the inner band represents the scale uncertainty and the outer represents the total.
The prediction is shown (top) for the muon, electron and jet fiducial, and (bottom) for the top quark fiducial
region [19].

to contributions from New Physics [18]. LHCb measured the forward top-pair production by requir-
ing an isolated muon, an isolated electron and a b-tagged jet. In total 44 candidates were observed
with a purity of about 86%. The invariant mass distribution and the cross-section in comparison
with the SM predictions are shown in Fig. 7 [19]. The measured cross-section is well in agreement
with the predictions from the SM (AMC@NLO [15], POWHEG [4] and MCFM [20]. With the in-
crease in the data-taking capabilities of the LHCDb detector in future upgrades, measurements in the
Uweb final state will no longer be statistically limited, and have the potential to achieve the highest
precision on the measurement of the #f production cross-section at LHCb.

CMS has recently published the first measurement of the underlying event (UE) in 7 events
where the UE is defined as any hadronic activity that cannot be attributed to the particles from
the hard scatter. A understanding of the properties of the UE at high energies is mandatory for
precision measurements of the top properties and provides a direct test of the universality of the
UE at higher energy scales than those probed in minimum bias or Drell-Yan events. This is relevant
as a direct probe of colour reconnection, which is needed to confine the initial QCD color charge
of the top quark into color-neutral states. In #7 events the UE contribution is determined to have
typically about 20 charged particles (see Fig. 8 (left)) with pr ~ p, ~2 GeV, vectorially summing
to a recoil of about 10 GeV. The majority of the distributions analysed indicate a fair agreement
between the data and the POWHEG +PYTHIA 8 predictions as illustrated in Fig. 8 (right). There
is a negligible dependence on the matrix element generator with which it is interfaced (i.e., PW
+PY8 and MG5_aMCQ). In all distributions the contribution from multi-parton interactions is strong,
switching off this component fails to describe the data [21].

6. Vector bosons

Events with W and Z bosons decaying into two leptons provide clean experimental signatures



QCD results from LHC Katharina Miiller

35.9 b (13 TeV)

ch)

0.08— s Data
£ CMS © PW+PY8
R ISR up CMS 35.9 fb (13 TeV)
P r N ISR down ] [ = v o ‘F’S";*PYS
° . FSR up 3 ] prd
N S o 15 O 8 ISR down
Z 0.06F [l FSR down sl ot ISR v
B L %ﬁﬂ\' A UEup g Eige0s ot SINSN ESERdown
P up
L (Lﬂ 1{%‘0 v UEdown £ o5 | v UEdown
LTl
?Lki ]A © no MPI
0.04??:J b3 8 15l (gxfé“"fg ‘Tgocgr;ased
[ | " > 1-Q§mm<x!L Gluon move
[ ! I\‘V 2 05 ©® ERDon
r S (=i ‘ A Rope
0 OZTV iw ¥ Rope (no CR)
A = g
I % N . . M ‘ ® sherpa
e > Qo y o MG5_aMC
L ol el fepn ™ 1 4 et -
P I R BN BN S R 8 R CE PW+HW -+
0 20 40 60 80 100 120 = 05 J

0 20 40 60 80 100 20 Y Pw+HW?

Nep Nep

Figure 8: Left: Normalized differential cross-section as a function of the number of charged particles, N,.
The data (colored boxes) are compared to the nominal PW+PY 8 predictions. Right: Ratio between models
and data with different setups for the simulation[21].

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 by the LHC experiments so far.

The decay Z — bb provides a standard candle for searches in final states with a bb quark pair.
The inclusive search for the SM Higgs decay to two b quarks at the LHC is of great interest, since
the measurement of the Higgs boson coupling to b quarks is an important test of the SM. Several
extensions of the SM predict that new heavy particles that decay to two energetic b quarks could
modify the SM cross-section. The measurements of this decay can also be used to demonstrate that
no biases are induced by the b-jet reconstruction procedure and that the reconstruction efficiencies
are evaluated correctly and to determine the b-jet energy scale. LHCb has measured Z — bb in the
forward region with the two b-tagged jets. A boosted decision tree was used to separate the signal
from reduce the contribution from the dominating background from di-jet events and the signal was
extracted from a simultaneous fit to the di-jet mass in the signal and the control region [22]. The
product of the Z-boson production cross-section and the Z — bb branching fraction in pp collisions
at a centre-of-mass energy of 8 TeV is 332 +£46 (stat) +59 (syst) pb in the fiducial region defined by
two particle-level b-jets with pr >20GeV, 2.2 <n < 4.2, and 45 <mj; < 165 GeV in agreement
with the SM expectation.

The high centre-of-mass energy at the LHC allows the production of an electroweak boson
along with a large number of jets with high transverse momenta. Understanding the kinematics
of jets in events with vector bosons associated with several jets is essential for the modelling of
backgrounds for other SM processes and searches beyond the SM.

The jet transverse momentum is a fundamental observable of the Z plus jets process and probes
pQCD over a wide range of scales. The leading jet pr distribution in inclusive Z+1,2,3,4 jet
events is shown in Fig. 9 (left) and ranges up to 700 GeV. The LO generator (MG5_aMC+Py8 CK-
KWL) models a too-hard jet pr spectrum as already observed at lower centre-of-mass energies. The
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Figure 9: Left: Measured Z plus jets cross-section as a function of the leading jet pr for inclusive Z plus

1,2,3,4 jets events. The data are compared to various predictions [23]. Right: Measured cross-section for

Z plus jets events as a function of the transverse momentum balance, p?“l between the Z boson and the

accompanying jets for events with at least one (left) and two (right) jets [24].

predictions based on NLO matrix elements (BlackHat+Sherpa, Sherpa 2.2, and MG5_aMC+Py8
FxFx), are in agreement with the measured cross-section [23]. Figure 9 (right) shows the transverse
momentum balance between the Z boson and the jets for events with at least two jets. This variable
is sensitive to additional jets out of the acceptance, as pl}”[ > 0 requires extra activity in the event.
While the NLO plus parton showering (PS) prediction gives a good description, LO+PS predicts
a too soft distribution. The fixed order (NNLO+NNLL) prediction fails to describe observables
sensitive to extra jets mainly due to missing parton showers. The results suggest that multi-parton
NLO predictions should be used for the estimation of the Z plus jets contribution at the LHC in

measurements and searches.

Events that involve the production of a vector boson in association with jets originating from
heavy flavour (HF) quarks can be used to study specific predictions of the SM and are important
to understand as they are backgrounds for many searches such as for example Higgs production in
association with a Z boson. Furthermore the cross-section has sensitivity to intrinsic charm (IC)
contribution in the proton.

CMS has published a first measurement of Z plus c-jets and ratios to Z plus b-jets in the cen-
tral region [25]. The Z boson is identified through its decay into a pair of electrons or muons.
Jets with HF quark content are identified through either the semileptonic decay of ¢ or b flavoured
hadrons with a muon in the final state, or using exclusive hadronic decays of D or D* mesons.
The extraction of Z plus ¢ and Z plus b event yields is based on template fits to distributions of
variables sensitive to the jet flavour. In the semileptonic channel the discriminant is the corrected
invariant mass of the particles from the secondary vertex, and for D meson decays a likelihood
estimate of the probability that the jet tracks come from the primary vertex. Figure 10 (left) shows
the background-subtracted distributions of the corrected secondary vertex mass for the Z plus jets
events with a muon in a jet associated with a secondary vertex. The corrected secondary vertex mass
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Figure 10: Left: Corrected secondary-vertex mass distributions of candidates with a Z and a HF jet in the
di-electron channel for events selected in the semileptonic mode. Middle: Differential Z + ¢ cross section
as a function of the transverse momentum of the Z boson. Right: (Z+ ¢)/(Z 4 b) cross section ratio as a
function of the transverse momentum of the Z boson [25].

tends to be larger for Z plus b than for Z plus ¢ events because of the larger mass of the b quark.
The differential Z plus c cross section and the (Z plus ¢)/(Z plus b) cross section ratio are shown in
Fig. 10 (left) as a function of pr of the Z boson. The two MC generators MADGRAPH[15] (LO) and
MGS5_AMC (NLO) predictions successfully describe the data while the NLO MCFM [20] predic-
tions with different PDF sets are significantly lower than the data, most pronounced at low p7. This
deficit can be attributed to missing contributions from parton showers and non-perturbative effects.
Measurements in the highest py region could be sensitive to the existence of an IC component in-
side the proton. Within the presently still large uncertainties, the measurements of the cross-section
and cross-section ratio are consistent with predictions using PDF sets with no IC component.

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, the structure of the proton and the underlying event.
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