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Remember QCD

SU(3) gauge theory

I L = ψ̄(i /D −m)ψ −
1
4

GA
µνGA,µν

2.1 Quantum Chromodynamics (QCD) 9

Fig. 2.1 The three QCD interaction vertices arising from the interaction terms of the Lagrangian.
The straight and coiled lines represent quarks and gluons respectively
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(2.16)

This gives us the three interaction vertices, which are illustrated in Fig. 2.1. From
left to right in Eq. (2.16), we have the quark-gluon vertex through which quarks
can interact with gluons, and the three-gluon and four-gluon vertices through which
gluons can interact with other gluons.

We note that the latter two of these vertices are both self-interactions between glu-
ons. This corresponds to gluons themselves carrying colour charge. This is markedly
different to QED, where the photons are neutral and do not interact with one another
directly. These gluonic self-interactions are what makes QCD such a complicated
field theory. They lead to three of the most interesting features of QCD:

1. Non-trivial vacuum structure The vacuum state of a quantum theory is the state
with the lowest possible energy. The QCD vacuum state is non-empty, containing
complicated topologically non-trivial structures made up of interacting gluons.

2. Confinement In low-energy QCD, quarks are bound within colour singlet states,
and cannot occur in combinations with a net colour charge. We call this phe-
nomenon confinement. Confinement is clearly produced by some mechanism
within QCD, but the nature of this mechanism is poorly understood.

3. Dynamical chiral symmetry breaking Chiral symmetry is a symmetry of the
QCD Lagrangian in the m −→ 0 limit. At low energy scales this symmetry is
spontaneously broken. This symmetry breaking effectively generates mass and is
responsible for the majority of the mass of the proton and the neutron. Similar to
confinement, the mechanism for dynamical chiral symmetry breaking is not yet
well understood.

The conventional approach to solving a quantum field theory such as QCD is
to treat the field dynamics as perturbations from free fields in an empty vacuum.
This approach is known as perturbation theory. However, the QCD vacuum is non-
empty and at low energies confinement requires that quarks are always bound into
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Table 9.1: Unweighted and weighted pre-averages of αs(m
2
Z
) for each sub-

eld in columns two and three. The bottom line corresponds to the com-
bined result (without lattice gauge theory) using the χ2 averaging method.
The same χ

2 averaging is used for column four combining all unweighted
averages except for the sub-eld of column one. See text for more details.

averages per sub-eld unweighted weighted unweighted without subeld

τ decays & low Q2 0.1173± 0.0017 0.1174± 0.0009 0.1177± 0.0013

QQ̄ bound states 0.1181± 0.0037 0.1177± 0.0011 0.1175± 0.0011
PDF ts 0.1161± 0.0022 0.1168± 0.0014 0.1179± 0.0011
e+e− jets & shapes 0.1189± 0.0037 0.1187± 0.0017 0.1174± 0.0011
hadron colliders 0.1168± 0.0027 0.1169± 0.0014 0.1177± 0.0011
electroweak 0.1203± 0.0028 0.1203± 0.0016 0.1171± 0.0011

PDG 2023 (without lattice) 0.1175± 0.0010 0.1178± 0.0005 n/a

Figure 9.5: Summary of determinations of αs as a function of the energy scale Q compared to
the running of the coupling computed at ve loops taking as an input the current PDG average,
αs(m

2
Z
) = 0.1180± 0.0009. Compared to the previous edition, numerous points have been updated

or added.

weighted ts with our standard procedure in columns two and three of Table 9.1. We observe
that the weighted averages are rather close to the unweighted ones. However, the uncertainties
become signicantly smaller. This approach may be too aggressive as it ignores the correlations
among the data, methods, and theory ingredients of the various determinations. We feel that the
uncertainty of ±0.0005 is an underestimation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-eld is larger than the spread of the results as
given by the standard deviation. In the weighted t this crosscheck fails in four out of six cases.

The last several years have seen clarication of some persistent concerns and a wealth of new
results at NNLO, providing not only a rather precise and reasonably stable world average value
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Key properties

I asymptotic freedom ⇒ αs(MZ ) ' 0.12 ⇒ perturbation theory (LO,NLO, . . . )

I soft+collinear emissions generate large logs ⇒ resummation (LL,NLL, . . . )

I transition from parton to hadron level ⇒ model-dependent estimates

I realistic collider environment (MPI, PU,. . . ) ⇒ model or suppress?
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Examples

Higgs pT spectrum

For pT � mH all emissions are soft

or collinear to the beam directions

⇒ large Sudakov corrections ∼ ln2 ( pT
mH

)
I spoil the perturbative expansion

⇒ resummation

Groomed jet mass

Huge impact of hadronisation corrections

⇒ is the modelled shape correct?

⇒ can one understand the shape

I analytically in QCD?
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pp → t t̄X

t t̄ production currently known at NNLO+PS accuracy (MiNNLO-PS)

t t̄H and t t̄Z at NLO+PS (two-loop virtual amplitudes are currently not known)

⇒ we are working on an alternative implementation using GENEVA

1-jettiness in Z+jet production

GENEVA uses N-jettiness as a resolution parameter

dσ
dT1

' Hij→k · Bi ⊗ Bj ⊗ Jk ⊗ Sij→k + O(T1)

Similar factorisation theorem for 0-jettiness in t t̄X

I different hard functions for t t̄ , t t̄H, t t̄Z

I beam functions known at NNLO

I NNLO soft function currently missing
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High-precision resummations

Parton shower resums the leading soft-collinear logarithms (LL) – can one do better?

I event shapes
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R2018 distinguish jet-like topologies from multi-jet

events without using a jet algorithm

⇒ free from non-global logarithms

I transverse-momentum distributions
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I jet vetoes
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R = 0.4

s = 8 TeV

mH = 125 GeV
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R = 0.8

NNLL + NLO

N3LLp + NNLO
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vetoing hard jets with pveto
T � Q induces

large Sudakov-type corrections

I Z+jet azimuthal decorrelation
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