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Theoretical path for QCD physics: main inputs
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Id100 Precision calculations for high-energy collider processes

Id101 Theory Requirements and Possibilities for [ee colliders]

Id114 MC event generators for HEP physics event simulation

Id163 Quantum Chromodynamics: Theory
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two broad roles for QCD
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to maximally exploit HL-LHC
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QCD theory is workhorse of LHC experiments
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Need for precision @ HL-LHC

! illustrated in the case of Higgs physics 

! theory uncertainty (PDF + strong 
coupling + missing higher orders) 
dominates in 7/9 channels 

! this is  with the assumption of 
reduction by x2 in todayÕs 
uncertainties  

! depending on channel, it can be the 
uncertainties for the signal or the 
background that dominates.
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Figure 1. Projected uncertainties on! i , combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to! H. As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to! H.
Measuring the off-shell four-fermion Þnal states, and assuming
the Higgs couplings to gluons andZZ evolve off-shell as in the
SM, the HL-LHC will extract! H with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (! V ! 1), will constrain! H with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of! " / ! Z, which serves as a probe of
new physics entering theH " "" loop, can be measured with an
uncertainty of 1.4%, and! t / ! g, which serves as probe of new
physics entering thegg" H loop, with a precision of 3.4%.

A summary of the limits obtained on Þrst and second gen-
eration quarks from a variety of observables is given in Fig.2
(left). It includes: (i) HL-LHC projections forexclusivedecays of
the Higgs into quarkonia; (ii) constraints from Þts to differential
cross sections ofkinematicobservables (in particularpT); (iii)
constraints on the totalwidth ! H relying on different assumptions
(the examples given in the Fig.2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) aglobalÞt of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) thedirect searchfor Higgs decays tocc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of! c ! 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to! c ! 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections:2b2" , 2b2#, 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global Þt of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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QCD theory anticipated / needed for full exploitation of HL-LHC

(1) Fixed-order / resummed calculations 

! Core processes at high accuracy (2! 1 and 2! 2): 1%, N3LO 

! Splitting functions at N3LO (also needed for potential ep machines)  

! Complex processes at few percent accuracy 

! Accuracy at high pT 

! Technical requirements for NLO multi-particle precision  

! Multi-variate analyses / observables: performance and uncertainties 

! Non-perturbative e!ects 

! Resummation (incl. SCET) 

! Accurate predictions for BSM e!ects
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QCD theory anticipated / needed for full exploitation of HL-LHC

(2) General purpose Monte Carlo event-generator tools 

! Perturbative improvements for Matching and Merging (e.g. generalisation of 
approaches for parton shower + NNLO merging,) 

! Understanding & exploiting relation between parton-shower algorithms and 
resummation  

! Phenomenological Models (hadronisation, underlying event, also connects with HI 
physics, neutrino programmes, low energy QCD, various Òbeyond collidersÓ 
experiments, cosmic-ray physics )
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projected improvements in PDFs & strong coupling

! plot illustrates use of pseudodata 
with HL-LHC stats to obtain 
estimates of expected PDF 
uncertainties at HL-LHC 

! PDF extractions will need to move to 
N3LO once available 

! strong coupling remains contentious  

! tensions between di!erent groupsÕ 
extractions (PDFs, event shapes, 
and to a lesser extent lattice QCD) 

! what ultimate accuracy on 10-15 
year timescale?
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Figure 3.5. Left: As in Fig. 3.2, now for the mtt̄ distribution in top quark pair production. Right: As
in Fig. 3.3, now for the gluon PDF after including the HL–LHC tt̄ pseudo–data in the fit.
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Figure 3.6. As in Fig. 3.1, now for the correlation coe! cient between the gluon PDF and the central
rapidity bin of the inclusive jet (left) and direct photon (right) pseudo–data.

in the forward rapidity region, relevant for LHCb. In Fig. 3.9 we show the correlation coe! cient
between the strange PDF and the lepton rapidity distributions in W+charm production pseudo–
data both for the central and the forward rapidity regions. We can see that indeed there is a
large correlation between the strange PDF and the W+charm production pseudo–data in a
broad range of x values. For the case of central production, we find ! ! 0.9 in the range of
10! 3 " x " 0.1, while for forward production the correlation coe! cient ! peaks at a somewhat
smaller value, and covers a broader range in x, with in particular a coverage of the small and
large–x regions that is complementary to the central production pseudo–data.

The comparison between the HL–LHC pseudo–data and the corresponding theoretical pre-
dictions for W+charm production both in the central and forward regions are collected in
Fig. 3.10. In the central region, we see a clear reduction of the PDF uncertainties after in-
cluding the pseudo–data into the fit, by around a factor two. This reduction of uncertainty is
approximately constant as a function of the lepton rapidity. At forward rapidities instead, we
find that before adding the pseudo–data the PDF uncertainties grow very fast with rapidity,
reaching up to 30% for " l # 4.5, while after including it they are markedly reduced and become
more or less constant with rapidity as in the central region. Taking into account the correlation
coe! cients shown in Fig. 3.9, these results indicates that W+charm production in the forward
region provides valuable constraints on the large–x strangeness, which is currently a" ected by
large uncertainties.

This PDF uncertainty reduction on strangeness upon the addition of the W+charm pseudo–

15



low-energy QCD theory

! e.g. for ßavour!  see talks in ßavour session 

! for hadron structure !  see lattice talk (Wittig) in this session
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to maximally exploit !
proposed future colliders !

(ee, eh, hh)
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future e+e- colliders

! 3-loop and partial 4-loop calculations of Z! vertex for Tera-Z for EW pseudo-observables 

! precision for decays, e.g. in Higgs physics and top-quark physics 

! new generations of MC programs for QED and EW e!ects, understanding two-photon 
physics

!12

5. Numerically dominant effects due multi-photon emission constitute another key problem;
their complexity will be often comparable to that of the electroweak loop calculations. The
methodology of joint treatment of electroweak and QCD loop corrections with the photonic
corrections is essentially at hand (AB from the LHC?). In practice, however, construction
of new Monte Carlo programs, which can handle efficiently the above problems, will need
special efforts [6].

The elementary techniques for higher order perturbative SM corrections are basically under-
stood, but their use in practical calculations at the level of computer programs will be highly non-
trivial and will require considerable effort. The understanding of all sources of possible theoretical
uncertainties will be fundamental for success of the FCC-ee data analysis.

�! Z [MeV] �Rl [10! 4] �Rb [10! 5] � sin2,l
eff

✓ [10! 6]
Present EWPO theoretical uncertainties

EXP-2018 2.3 250 66 160
TH-2018 0.4 60 10 45

EWPO theoretical uncertainties when FCC-ee will start
EXP-FCC-ee 0.1 10 2÷ 6 6
TH-FCC-ee 0.07 7 3 7

Table 1: Comparison for selected precision observables of present experimental measurements

(EXP-2018), current theory errors (TH-2018), FCC-ee precision goals at the end of the Tera-Z

run (EXP-FCC-ee) and rough estimates of the theory errors assuming that electroweak 3-loop

corrections and the dominant 4-loop EW-QCD corrections are available at the start of FCC-ee

(TH-FCC-ee). Based on discussion in [2].

Table 1 shows the current experimental and theoretical errors (EXP-2018, TH-2018) for some
basic Z-physics EWPOs, and the prospective measurement errors at FCC-ee (EXP-FCC-ee) to-
gether with the corresponding estimate for theoretical uncertainties after the leading 3/4-loop re-
sults become available (TH-FCC-ee). The entry TH-2018 takes into account recent completion
of the 2-loop electroweak calculations [7, 8], so the error estimate comes solely from an estimate
of magnitudes of missing 3-loop and 4-loop EW and mixed EW-QCD corrections. The estimated
TH-FCC-ee error stems from remaining 4-loop and higher effects. These are rather difficult to
estimate presently, however, a rough conservative upper bound on them has been provided in [2].
They are denoted in Tab. 1 as TH-FCC-ee. As we can see, the uncertainties of the TH-FCC-ee
scenario are comparable to the corresponding EXP-FCC-ee experimental errors and will not
limit the FCC-ee physics goals.

An illustration of complexity of future perturbative calculations is provided in Table 2, where
the numbers of distinct topologies of diagrams to be calculated and the numbers of diagrams and
various categories at the 1-, 2- and 3-loop order are shown for the most complicated Z ! bøbdecay.
According to Ref. [2], the calculation of fermionic 3-loop corrections, which will be the largest
part of them, are within reach, already with present methods and tools.

Another important issue in electroweak fits are uncertainties from the existing (often experi-
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future pp colliders

! combination of higher energies and 
luminosities will continue to push potential 
for precision  

! need for precision will extend to high 
transverse momenta !  requires improved 
treatment of EW corrections, including 
mixed QCD-EW e!ects
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FCC Physics Opportunities

Figure 5.4: High-pT jet rates (left) and luminosity evolution of the minimum pT thresholds leading to 1
and 10% statistical uncertainties (right).

Figure 5.5: Left plot: combined statistical and 1% systematic uncertainties, at 30 ab�1, vs pT threshold;
these are compared to the rate change induced by the presence of 4 or 8 TeV gluinos in the running of
↵S. Right plot: the gluino mass that can be probed with a 3� deviation from the SM jet rate (solid line),
and the pT scale at which the corresponding deviation is detected.

perturbative calculations and in the knowledge of the PDFs. For measurements sensitive to the shape
of the distribution (e.g. the running of ↵S or the search of shape anomalies due to higher-dimension
operators), the absolute luminosity determination does not contribute to the systematics. The jet energy
resolution will only lead to a predictable smearing of the pT spectrum. Furthermore, the energy resolu-
tion itself will be very small, limited in the multi-TeV region by the 2.6% constant term, as reported in
Volume 3, Section 7.5.2. The stochastic contribution, even in presence of 1000 pile-up events, scales in
the region |⌘| < 1.3 like 104%/

!
pT /GeV, and drops below the % level for pT >! 10 TeV. The leading

experimental systematics will most likely be associated with the determination of the absolute jet-energy
scale (JES). A great deal of experience is being accumulated at the LHC on the JES calibration [143,144],
combining, among others, test-beam data, hardware monitoring via sources, and data-driven balancing
techniques. The latter rely on events such as Z[" e

+
e
�]+jet, ! +jet or multijets. The precise measure-

ment of EM energy deposit of photons and electrons allows the calibration of the jet energy, up to energy
levels where there is sufficient statistics. At larger energies, leading jets are calibrated against recoil sys-
tems composed of two or more softer jets. In their final calibration of approximately 20 fb�1 of 8 TeV
data from run 1, CMS [144] achieved a JES uncertainty for central jets of about 0.3% in the 200-300 GeV
range. ATLAS [143], using 3.2 fb�1 of 13 TeV data, determined a more conservative uncertainty of less
than 1% for central jets with pT in the range 100-500 GeV. A naive rescaling of the statistics based on the

54
PREPRINT submitted to Eur. Phys. J. C

jet rate!
@ 100 TeV pp 

10k events (1% stat.prec) !
for jets with pT > 15 TeV

! very high-multiplicity Þnal states, possibly involving multiple scales !  needs 
understanding of regions of validity of perturbation theory, interplay with parton 
showers, etc., including for EW objects



QCD as the object of study
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QCD as object of study in its own right

Many directions of theoretical work, which go hand-in-hand with corresponding planned 
experimental programmes 

! structure of hadrons  (more info e.g. in other talks in this session) 

! generalised parton distributions (GPDs) 

! double parton distributions (DPDs ⟷ multiparton interactions in MC event generators) 

! small-x & saturation (including connections with nuclear structure) 

! low momentum transfer scattering (e.g. for forward physics, cosmic ray fragmentation) 

! spin 

! exotic hadrons 

! connections with formal theory  (e.g. structures of amplitudes N=4 SUSY, supergravity, 
etc., understanding special observables like energy-energy-correlations)
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resources & the next generation
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incoming / early-stage researchers and subsequent career development

! early-stage researchers need recognition for a variety of types of contribution (e.g. 
including the technical work that simply Òmakes things workÓ but that comes 
neither with glory nor even necessarily papers) 

! how do we ensure recognition for early-stage researchers working within the 
medium-sized teams (O(10) researchers) that are increasingly common? 

! specialisation v. broad training 

! successful projects need skills that span interface with maths (incl. computer 
algebra), interface with computing, machine-learning, and a range of physics/
pheno applications !  individuals specialise  

! at same time we need to ensure future generation can combine speciÞc expertise 
with broad physics ability within the Þeld
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issues of long-term support 
! funding for projects that last longer than typical funding cycles 

! support for codes:  

! state-of-the-art physics codes often developed in small groups, but subsequent long-term 
maintenance & user-support of successful codes often requires substantial dedicated expert 
time, which can be a substantial burden  

! the ÒglueÓ codes (e.g. LHAPDF, HepMC): may not be seen as physics by funding agencies, but 
support (people/resources) & evolution essential for long-term smooth operation of the Þeld 

! Òmechanisms need to be developed to share the e!ort between event generator projects and 
their user communitiesÓ [Id114] (& we need to ensure that conditions are attractive for those 
who do this well, e.g. in terms of career recognition) 

! computing aspects 

! adapting codes to new architectures 

! availability of state-of-the-art hardware (e.g. hundreds of GPUs, very high-memory machines)  

! many university groups canÕt a!ord to keep up with disparate landscape of hardware. How 
best to share nationally and internationally?
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Summary
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QCD theory summary

! Advances in QCD theory are essential to exploit HL-LHC and future colliders (and already 
built into some projections!) 

! They will involve a wide range of topics, spanning calculations of amplitudes to Monte Carlo 
event generations, including phenomenological work to connect with data 

! Theory advances can bring light also on many topics of intrinsic interest in QCD, including 
proton structure, exotic hadrons, connections with ÒtheoristsÕs theoriesÓ like N=4 SUSY 

! Continued support of QCD theory is essential for success of European collider programme, 
and community needs to keep in mind 

! recognition of contributions of early-stage researchers as teams grow larger 

! funding structure for increasingly long-term theory projects 

! positions and career development for individuals who provide essential ÒsupportÓ roles 
(maintenance of widely used tools, interfacing with & support for users, É)  

! computing (access to hardware and expertise)
!20
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gluon fusion Higgs theory uncertainties
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2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeVpp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of Þnite quark masses. The only modiÞcation
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modiÞcation is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27TeV
mt(mt) 162.7 GeV
mb(mb) 4.18GeV

mc(3 GeV) 0.986GeV
! S(mZ ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in theMS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identiÞed.
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Fig. 1: The Þgure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component" (PDF+ ! S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

Ð Missing higher-order effects of QCD corrections beyond N3LO (" (scale)).
Ð Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yondO(! S! ) (" (EW)).
Ð Effects due to Þnite quark masses neglected in QCD corrections beyond NLO (" (t,b,c) and" (1/m t )).
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