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ABSTRACT

This report was prepared on behalf of three Energy Frontier Topical Groups of the Snowmass 2021
Community Planning Exercise. It summarizes the status and implications of studies of strong inter-
actions in high-energy experiments and QCD theory. We emphasize the rich landscape and broad
impact of these studies in the decade ahead. Hadronic interactions play a central role in the high-
luminosity Large Hadron Collider (LHC) physics program, and strong synergies exist between the
(HL-)LHC and planned or proposed experiments at the U.S. Electron-Ion Collider, CERN forward
physics experiments, high-intensity facilities, and future TeV-range lepton and hadron colliders.
Prospects for precision determinations of the strong coupling and a variety of nonperturbative
distribution and fragmentation functions are examined. We also review the potential of envisioned
tests of new dynamical regimes of QCD in high-energy and high-density scattering processes with
nucleon, ion, and photon initial states. The important role of the high-energy heavy-ion program
in studies of nuclear structure and the nuclear medium, and its connections with QCD involving
nucleons are summarized. We address ongoing and future theoretical advancements in multi-loop
QCD computations, lattice QCD, jet substructure, and event generators. Cross-cutting connec-
tions between experimental measurements, theoretical predictions, large-scale data analysis, and
high-performance computing are emphasized.

The report is based on many contributions to the EF05, EF06, and EF07 Topical Groups that
were presented at the topical group meetings, in feedback on the white papers and the report,
and through other communications. We express our gratitude to all Snowmass participants whose
strong involvement in the groups’ activities guided the vision expressed here. The following Snow-
mass white papers were instrumental in developing the report:

• Physics with the Phase-2 ATLAS and CMS Detectors [1]

• The Forward Physics Facility: Sites, Experiments, and Physics Potential [2]

• The Forward Physics Facility at the High-Luminosity LHC [3]

• Electron Ion Collider for High Energy Physics [4]

• Some aspects of the impact of the Electron Ion Collider on particle physics at the Energy Frontier [5]

• Heavy Neutral Lepton Searches at the Electron-Ion Collider [6]

• Opportunities for precision QCD physics in hadronization at Belle II – a Snowmass whitepaper [7]

• The Future Circular Collider: a Summary for the US 2021 Snowmass Process [8]

• The International Linear Collider [9]

• The Potential of a TeV-Scale Muon-Ion Collider [10]

• Event Generators for High-Energy Physics Experiments [11]

• The strong coupling constant: State of the art and the decade ahead [12]

• Proton structure at the precision frontier [13]

• Lattice QCD Calculations of Parton Physics [14]

• Impact of lattice s(x)− s̄(x) data in the CTEQ-TEA global analysis [15]

• Forward Physics, BFKL, Saturation Physics and Diffraction [16]

• Prompt electron and tau neutrinos and antineutrinos in the forward region at the LHC [17]

• Jets and Jet Substructure at Future Colliders [18]

• xFitter: An Open Source QCD Analysis Framework [19]

• Opportunities for new physics searches with heavy ions at colliders [20]



EXECUTIVE SUMMARY

Quantum Chromodynamics (QCD), the fundamental theory of strong interactions, plays a
unique role in the Standard Model. Being a confining gauge theory, it is an interesting quantum
field theory to study in its own right. It is also a crucial tool to enable discovery at virtually every
high-energy collider. QCD predicts a rich panoply of phenomena associated with both perturbative
and nonperturbative dynamics of the strong interactions. Continued success of the high-energy
and nuclear physics research program hinges on an improved understanding of both regimes, as
well as the dynamical transition between them.

Future SM measurements and new physics searches will allow the exploration of new kinematic
regions, such as very high transverse momentum and very forward rapidities, where large scale
hierarchies may induce hitherto unseen QCD effects. The upcoming era — featuring the HL-LHC,
Belle II, the EIC, new advances in theory including in lattice QCD, and potentially a Higgs factory
— will be a new golden age for QCD easily rivaling the 1990’s when the Tevatron, HERA, and
LEP were all operating.

To fully exploit the wealth of expected data, precision calculations in QCD perturbation theory
are required at one- and two-loop accuracy for many processes at hadron colliders, and in some
cases at even higher accuracy. Monte-Carlo event generators serve as the backbone of the majority
of collider simulations and must be able to reach similar precision. The advancement of QCD
theory is therefore critically important to the physics program at the energy frontier.

Many QCD effects are universal and can be understood through factorization and perturba-
tion theory. The related systematic uncertainties are often a limiting factor in Standard Model
measurements and searches for new phenomena. A major goal of the QCD research program has
therefore been to increase the precision of both the experimental measurements and the theoretical
predictions.

The strong coupling is the least well measured coupling of the Standard Model, and substantial
progress in its determination is expected from both lattice QCD and future colliders, particularly
e+e− facilities, with a projected reduction in uncertainty of almost an order of magnitude, leading
to a precision on αs in the permille range. The RG evolution of the strong coupling will be
testable at high precision over a large dynamic range with the help of lepton-hadron or hadron-
hadron colliders. Measurements of charm, bottom, and top quark masses at various energy scales
test both the QCD dynamics and the mass parameters of the Standard Model, with subpercent
precision for bottom quark mass expected at future Higgs factories.

Parton distribution functions (PDFs) and fragmentation functions (FFs) will play a prominent
role in future precision experiments and new physics searches. New opportunities emerge for pre-
cise determination of these functions in many observations and to predict their behavior in lattice
QCD. Taking advantage of these opportunities requires implementation of two- and three-loop com-
putations of radiative contributions and methodological advances in large-scale phenomenological
analyses of QCD data.

Detection of the decay products of far-forward hadrons at the proposed Forward Physics Facility
(FPF) at the HL-LHC would offer an unprecedented opportunity for deeper tests of QCD in a novel
high-energy regime. Neutrino production of all flavors as well as new particle production could be
explored both by the FPF detectors alone and perhaps even in coincidence with ATLAS, leading
to improved understanding of small-x dynamics, forward heavy flavor — particularly charm —
production, neutrino scattering in the TeV range, and hadronization inside nuclear matter.

Jet substructure has emerged as a powerful framework and tool set for probing the highest
energy scales to explore the structure of the strong force in final-state radiation on small angular
scales, and to identify Lorentz-boosted massive particles including W , Z, & H bosons, top quarks,
and exotica. Increased precision is expected to emerge from improved detector capabilities and from



the theoretical understanding of particle flow observables, as well as from grooming techniques and
other methods to reduce the impact of universal soft gluon and hadronization effects on observables.
Better theoretical understanding of energy correlation functions may enable new opportunities for
measurements of fundamental properties of QCD.

Various domains of QCD are strongly interconnected. Progress in one area depends on the
other domains. Going forward, the dialogue between experimentalists, theorists and tool develop-
ers will become ever more important to achieve precision measurements with reliable systematic
uncertainty estimates.
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I. EXPERIMENTAL CONTEXT

Quantum Chromodynamics (QCD) predicts a rich panoply of phenomena associated with both
perturbative and nonperturbative dynamics of the strong interactions. QCD affects every analysis
at current and future experimental facilities operating with nucleons, heavy nuclei, and hadrons in
general. While measurements of QCD parameters and studies of hadron structure are not always
the primary goal at these facilities, related systematic uncertainties are often a limiting factor in
the extraction of Standard Model (SM) parameters and the reach of new physics searches. QCD
effects must therefore be known as precisely as possible. Predictions for QCD phenomena at the
modern precision level stimulate developments in quantum field theory and computational methods.
They are needed to identify phenomena beyond the Standard Model (BSM) and to understand the
dynamics of the BSM physics once it is discovered.

This contribution to the Snowmass Community Study will discuss various aspects of QCD in the
context of experimental facilities of interest to the domestic and international high-energy physics
research program. We emphasize that the dialogue between QCD experimentalists, theorists and
tool developers will become ever more important to achieve precision measurements with reliable
systematic uncertainty estimates. We start with an overview of the QCD role at future Energy
Frontier facilities.

I.1. The high-luminosity LHC (HL-LHC)

In the coming decade, experiments at the Large Hadron Collider (LHC) will make precise mea-
surements of SM parameters, such as theW mass and Higgs boson couplings. Both the extraction of
these parameters and their interpretation will be limited primarily by the precision of perturbative
QCD calculations and their faithful implementation in Monte-Carlo simulations. Measurements of
jet, photon, and heavy-quark cross-sections (including top quarks) will test perturbative QCD at
higher orders and constrain parton distribution and fragmentation functions as well as the running
of the strong coupling αs. These analyses are also needed for understanding backgrounds for many
other interesting processes.

The HL-LHC provides an opportunity to test QCD with improved precision, particularly at high
energies where uncertainties are dominated by statistics. A prime example are angular correlation
measurements, such as the one described in Sec. IV.4. The average pileup at the LHC is around 25
events, and it is expected to reach values of around 150–200 during the HL-LHC operation. This
will result in significant degradation in the physics object reconstruction performance and hence
on the physics outcome without dedicated mitigations. While not an experimental or theoretical
consideration of the LHC experiments’ original designs, jet substructure is now being widely used
to minimize the impact of pileup, to probe fundamental and emergent properties of the strong
force, to enhance the precision of measurements of highly-Lorentz-boosted SM particles, and to
extend the sensitivity of searches for new particles. Novel types of event shape observables also
provide new opportunities for precision tests of QCD.

A detailed description of the opportunities for QCD measurements at the HL-LHC is given in
Ref. [1].

I.2. Forward QCD experiments at the HL-LHC

Detection of the far-forward decay products of hadrons at the Forward Physics Facility (FPF)
at the HL-LHC offers an unprecedented opportunity for deeper tests of QCD in the high-energy
regime [2, 3]. The FPF program would expand the physics reach of the ongoing FASERν and
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SND@LHC experiments. One class of reactions that can be investigated at the FPF are single-
inclusive forward emissions, where a neutrino with rapidity y & 6 is identified. Both inclusive and
exclusive processes can be measured and tested by considering several kinds of final states, such
as charged light hadrons, vector mesons (extensively studied at HERA [21–28]), and mesons with
open charm or beauty, accompanied by their decay producing at least a forward neutrino.

These kinds of studies can be performed by the FPF detectors alone. Requiring coincidence
with the ATLAS detector may allow identification of states with large invariant masses, whose
decay products are not entirely captured by the FPF, but fall partly into the FPF’s and partly
into ATLAS’s coverage areas. These measurements will lead to an improved understanding of
forward heavy flavor—particularly charm production, neutrino scattering in the TeV range, and
hadronization inside nuclear matter. The possibility of combining information from the ATLAS
detector and a forward detector at the FPF relies on the ability to use an FPF event to trigger
ATLAS. This requires very precise timing and has consequences for the design of the forward
detector. An additional issue is the extreme pileup expected at the HL-LHC as events with multiple
hard-scattering processes within the same bunch crossing. Section VI.4 continues the discussion of
the FPF.

I.3. The Electron Ion Collider

It is vital to understand how the properties of nucleons and nuclei emerge from their constituents:
quarks and gluons. To advance this goal, a high-energy and high-luminosity polarized electron-ion
collider (EIC) is being designed and constructed by Brookhaven National Laboratory and Jefferson
Lab over the course of the next decade [29] as a high priority on the agenda by the US nuclear
physics community. The versatile EIC physics program [30] dedicated to exploration of hadronic
matter over a wide-range of center-of-mass energies has significant synergies with exploration of
QCD at the HL-LHC (Sec. I.1), Forward Physics Facility (Sec. I.2) and other HEP experiments.
Throughout this document, we provide many examples of the positive impact that the EIC program
will have on high-energy QCD. The Snowmass EIC whitepapers [4–6] include many more examples.

Indeed, in addition to performing spin-dependent three-dimensional tomography of nucleons and
various ion species, the EIC is capable of obtaining new precise measurements of hadronic structure
in deep inelastic electron-proton and electron-nucleus scattering (DIS) over a wide range of CM
energies,

√
s=20− 140 GeV, and with high instantaneous luminosity of up to L = 1034 cm−2 · s−1.

With its variable CM energy and excellent detection of final hadronic states, the EIC can precisely
probe the unpolarized proton PDFs and their flavor composition at momentum fractions x > 0.1,
in the kinematic region of relevance for BSM searches at the HL-LHC, but at QCD scales of only
a few (tens of) GeV where no deviations from the Standard Model are expected. The EIC can
therefore elevate the accuracy of DIS experiments to a new level in the large-x region that is
currently covered by fixed-target experiments from more than 20 years ago.

Furthermore, in addition to neutral-current DIS, parity-violating charged-current (CC) reactions
can be employed to study nucleon and nuclear structure with highly-polarized beams for electrons
and light ions, as well as unpolarized beams for heavy ions. Charge-current DIS on heavy-nucleus
targets has large uncertainties, and this in turn is an issue for accelerator-based neutrino oscillation
experiments, particularly those at DUNE, that have a significant share of events from neutrino CC
DIS. Studies of CC DIS at the higher energies typical to the EIC, possibly complemented by
studies at the FPF, will benefit HEP objectives in neutrino-nuclear scattering measurements at
lower energies. These advancements will depend on new QCD-based theory ingredients for CC DIS
simulations, as discussed in Sec. IX.2.

The EIC will establish a new QCD frontier to address key open questions, such as the origin
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of nucleon spin, mass, and the emergence of QCD many-body phenomena at extreme parton
densities. There will be ample cross-pollination between studies of the hadron structure in the
EIC experiments and using lattice QCD (cf. Sec. V) and other ab initio approaches. Precise
measurements of most accessible combinations of phenomenological PDFs at the EIC will provide
useful benchmarks for lattice QCD calculations, and the latter in turn can make predictions for
nonperturbative QCD functions that are not readily accessible in experiments.

As the EIC will push the DIS experiments into an entirely novel territory, its success will
critically depend on accurate and precise theoretical modeling, including theoretical advances in
multiloop perturbative QCD+EW calculations, implementation of spin-dependent and transverse
momentum dependent QCD evolution, development of new event generators for lepton-hadron scat-
tering, and, just as importantly, the infrastructure for all-out accuracy control in phenomenological
analyses of the EIC large data samples.

I.4. The Belle II Experiment

The theory uncertainty on the SM prediction for the anomalous magnetic moment of the muon
is dominated by the leading-order hadronic contribution, which can be calculated from the cross
section for e+e− → hadrons, measured in e+e− experiments. The corresponding experimental re-
sult is dominated by BABAR and KLOE measurements of two pion production, but the two differ
notably [7]. Belle II will perform these measurements with larger data sets, and at least compara-
ble systematic uncertainty, aiming to resolve the discrepancy. Furthermore, Belle II’s multi-ab−1

data set will facilitate new approaches to suppress systematic uncertainties. The low-background
environment of e+e− annihilation exploited at unprecedented statistical precision will also enable
highly impactful tests of transverse-momentum-dependent QCD evolution and factorization in jet
and hadron production. Measurements of multidimensional correlations of momenta and polariza-
tions of final-state hadrons during hadronization will further our understanding of soft QCD and
will enable refinement and tuning of Monte-Carlo event generators at levels that may be instru-
mental to reach the precision needed to accomplish the LHC program. The lever arm in collision
energy with respect to Large Electron-Positron Collider (LEP) data offers a robust basis for ex-
trapolation to LHC energies. The Belle II data set size will enable unique fully multidimensional
measurements that capture the fuller picture of hadronization dynamics.

A detailed description of the opportunities of QCD measurements at Belle II is given in Ref. [7].

I.5. Future Electron-Positron Colliders

Due to their QCD neutral initial state, e+e− colliders are the simplest setting in which to study
dynamics in QCD, enabling precision measurements well beyond what is possible at hadron collid-
ers. At high luminosity, the clean environment will also provide enormous (multi)jet data samples
to improve our understanding of parton showers, higher-order logarithmic resummations, as well as
hadronization and nonperturbative phenomena. QCD final states at high-energy electron-positron
colliders will generally be more complex compared to earlier experiments. This complexity is
comparable to that already observed in the LHC experiments. For instance, the hadronic Higgs-
strahlung analysis at a Higgs factory requires excellent jet clustering performance in four-jet final
states [31, 32]. At higher energy, di-Higgs, top-quark pair, and tt̄H production lead to six-jet
and even eight-jet final states; such that jet clustering becomes the dominant experimental limita-
tion [33].

There has been much progress since LEP in understanding QCD final states, driven by a
renewed interest in studying jet substructure at the LHC. The techniques developed have enabled
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a variety of new ways of understanding QCD phenomena with increasing sophistication [34, 35].
Precision determinations of event shapes have also enabled precision extractions of the strong
coupling, αs [36, 37]. A wide variety of event shapes were measured at LEP in events that always
contained two quark-initiated jets. With nonperturbative effects tuned against this rich data set,
parton-shower Monte Carlo programs model quark-jet shapes extremely well. The MC programs
are less confident in modeling gluon jets, which were not produced that often at LEP, but which are
copiously produced at the LHC. A particular advantage of future lepton colliders is the availability
of pure samples of gluon jets through the process e+e− → HZ, with Z decaying to leptons, and
the Higgs boson decaying to gg [38–40]. Understanding of b-quark showering and hadronization
will also be improved; these are leading sources of systematic uncertainty in the measurement of
the forward-backward asymmetry of b quarks in e+e− collisions at LEP [41].

The optimization of detector concepts is mainly driven by improving jet energy resolution
using particle flow. The ILD [42] and SiD [43] experiments at the ILC, as well as the CLIC
detector [44] and the CLD design [45] for the FCC-ee, are engineered to efficiently associate tracks
and calorimeter energy deposits and, together with improvements in software [46], might reach jet
energy resolutions around 5-20%. These concepts also offer excellent substructure performance [47].
Machine-induced backgrounds at e+e− colliders are generally benign compared to the pile-up levels
encountered at the LHC, but can have a non-negligible impact on jet reconstruction, especially at
higher energy [32, 33, 48, 49].

I.6. Future Muon-Muon Colliders

Jet algorithms developed for electron-positron colliders should also apply well to muon collid-
ers. Proposed muon colliders offer a tremendous physics reach for discoveries, while maintaining
appealing experimental aspects of lepton collider environments such as a lack of pileup and un-
derlying event. Muon colliders will produce final states that are generally more complicated than
e+e− machines due to the higher energies; boosted topologies will also tend to be more prevalent.

A critical difference between muon and electron accelerators is the presence of large beam-
induced background (BIB) processes for muon machines [50–52], which arise due to muons in the
beam decaying via µ → eνν̄ before colliding. The resultant electrons interact with experimental
elements along the beamline, creating electromagnetic showers of soft photons and neutral particles
that can interact with detectors. Detectors at future muon colliders will need to incorporate
specifically-designed shielding and subsystems to mitigate BIB processes. The exact characteristics
of the BIB depend strongly on the machine centre-of-mass energy and accelerator lattice, and must
be studied in-detail for different scenarios. Advanced pileup mitigation techniques studied at the
LHC could provide versatile handles to remove beam-induced background contamination during
reconstruction [53–55].

I.7. Future Lepton-Hadron Colliders

Lepton-hadron deep inelastic scattering (DIS) is a cornerstone process to determine nonper-
turbative QCD functions, such as PDFs, describing the hadron structure in high-energy collisions.
Recent studies [30] demonstrate that the HL-LHC physics potential in electroweak precision studies
and BSM searches can be greatly enhanced by concurrent DIS experiments providing complemen-
tary and competitive constraints on the PDFs. This is just one aspect of a versatile physics
program, with a variety of QCD observables and final states, at any `h collider. One such DIS
experiment is the planned EIC that is being designed and constructed by BNL and Jefferson Lab;
it was already discussed in Sec. I.3. The EIC will provide valuable measurements of PDFs at
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momentum fractions above 0.1 and relatively low Q. An Electron-Ion Collider in China (EIcC)
accesses the hadron structure, including spin effects, at a lower energy (

√
s = 15− 20 GeV), where

nonperturbative effects are more pronounced [56]. The Large Hadron Electron Collider (LHeC) at
CERN [57–60], on the other hand, would extend DIS into the TeV energy range that considerably
overlaps with the LHC kinematic region. The LHeC would be able to explore the PDFs, and QCD
dynamics in general, at x down to ∼ 10−6 at Q ∼ 1 GeV and up to 0.5− 0.8 at Q ∼ 0.5− 1 TeV.
It can therefore investigate QCD dynamics in the x regions relevant for forward production at the
LHC and FPF and to perform unique electroweak measurements and BSM searches.

An appealing and highly innovative collider configuration for QCD studies is a muon-hadron
collider with

√
s up to 1-6.5 TeV and instantaneous luminosity of up to L = 1034 cm−2 · s−1

[10]. It can be constructed through a staged program that involves development of the core muon
beam technology followed by installation of one muon beam at an existing facility (Fermilab,
CERN,...) that has a high-energy hadron beam. A muon-hadron collider therefore can have an
energy reach in DIS comparable to the LHeC or even FCC-eh, while at the same time serving as
a technology demonstrator for µ+µ− colliders. A Muon-Ion Collider (MuIC) at the Brookhaven
National Laboratory would be a natural successor of the EIC program in 2040’s. Key merits of the
MuIC proposal are the strong synergy with existing accelerator HEP and nuclear physics facilities
in the US and expansion of QCD studies at the EIC into a new range of energies. On the one
hand, the MuIC energy would be high enough to conclusively study small-x partonic saturation
with multiple types of ions and even beam polarization. On the other hand, at such energies
parity-violating processes with weak bosons can be incisively employed to probe the flavor and spin
properties of various nucleon and nuclear targets. The MuIC would also be a discovery machine,
as it would produce a variety of final states with Higgs bosons and top quarks and perform unique
searches for compositeness, leptoquarks, parity-violating BSM interactions. Due to its unique
kinematics stipulated by the initial beam energies, the MuIC would require development of a very
forward muon spectrometer to operate at pseudorapidities η ≈ −7 and muon energies up to 1 TeV
[Appendix in Ref. 10].

Figure 1 in Ref. [10] compares the CM energies and instantaneous luminosities of the past and
proposed future electron-hadron and muon-hadron colliders. Figure 4 of the same whitepaper
shows possible timelines for the construction of muon-ion colliders at BNL and CERN.

I.8. Future Hadron Colliders

High-energy hadron colliders provide the best opportunity to make a wide range of precision
measurements of perturbative and nonperturbative QCD. Measurements of jet, photon, and top-
quark cross-sections test higher-order perturbative QCD, and constrain parton distribution and
fragmentation functions, and the running of αs. There are currently two major future hadron-
hadron collider proposals, the FCC-hh at CERN and the SPPC in China, both targeting pp colli-
sions at a center of mass (CM) energy of about 100 TeV. Each machine would deliver an integrated
luminosity of around 25 ab−1 per experiment, reaching an instantaneous luminosity of 3 × 1035

cm−2 s−1, almost an order of magnitude larger than the HL-LHC.

These are extremely ambitious projects requiring breakthroughs in accelerator technology, de-
tector design, and physics object reconstruction, and a coherent effort in all aspects is required.
The searches for the heaviest BSM objects in the unprecedented multi-TeV energy regime will
observe QCD processes in which all particles of the Standard Model, including top quarks and
electroweak bosons, are emitted within parton showers. If, in addition to reconstructing multi-TeV
final states, detectors for a 100 TeV machine are to provide the necessary precision to measure the
SM processes, the detector coverage should be extended with respect to the LHC detectors, since
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many SM processes are expected to be extremely forward. The calorimetry systems must provide
excellent energy resolution over a wide range of energies in the central and forward regions, and
increased hermetic coverage with respect to the LHC ones (reaching |η| < 6).

Studies have shown [61] that the granularity of the detector is of particular importance. For
instance, SM Higgs decays into ZZ pairs would produce two Z bosons with multi-TeV energies,
each with pT less than 100 GeV, and opening angles between the Z boson decay products of about
0.1 radian. Detector capabilities to reconstruct these objects are fairly challenging (for instance,
an average Z boson would shower mostly within one LHC calorimeter cell). This challenge is
accentuated by so-called “hyper-boosted” jets, whose decay products are collimated into areas the
size of single calorimeter cells. Holistic detector designs that integrate tracking, timing, and energy
measurements are needed to mitigate for these conditions [62–67]. The extreme levels of radiation
present in a 100 TeV collider pose another challenge for the design. A factor-of-five larger pileup
than at the HL-LHC is expected posing stringent criteria on the detector design. The energy
calibration of calorimeter cells, composite clusters, single particles, and jets is a challenging task
at a 100 TeV pp collider [68]. Detailed studies at higher energies will be needed to achieve the best
possible precision at future colliders.

II. THE STRONG COUPLING AND TESTS OF RG EVOLUTION

The strong coupling, αs, is a fundamental parameter of the SM, and it is also the least well known
of its gauge couplings. The uncertainty on αs will be one of the limiting factors in measurements
at the High-Luminosity LHC and other experiments. Detailed summaries of the status of αs
determinations are given in the PDG review on Quantum Chromodynamics [69] and a dedicated
Snowmass whitepaper [12]. Table I first shows the results of the seven extraction methods that
contribute to the PDG world-average combination. The lattice QCD methods are described in
more detail in Sec. II.3 and involve themselves a variety of techniques. Each category lists the
dominant sources of theoretical and experimental uncertainty that propagate into αs(mZ) today,
as well as feasible targets for reducing these sources within about 10 years and, in parentheses,
in even longer future. The last row shows the relative uncertainty of the current world average
(0.8%) and of the one expected within the next decade (≈ 0.4%). Section II.4 briefly reviews the
procedures to compute the world average.

The long-term prognoses in the parentheses show that, in principle, ∼ 0.1% precision can be ul-
timately achieved in αs(mZ) determinations from at least one lattice QCD method and electroweak
fits at a future high-luminosity e+e− facility. To translate these advances into the per mil preci-
sion of the world-average result in the final row, no large unexplained discrepancies should impact
the individual extraction methods. Ruling out such discrepancies presents an emerging challenge
for precise analyses of αs(mZ) and PDFs, as the number of contributing systematic factors grows
rapidly when the targeted precision increases, and when multiple hard scales are present in the
problem. In the latest precision analyses such as the latest PDG αs combination (cf. Fig. 1),
some experimental determinations show mutual tensions, and those may be further exacerbated
when some measurements have a substantially smaller uncertainty than the others. The same
complication may occur with theoretical predictions. A significant inconsistency among several αs
extractions hence may be much more likely due to unknown or underestimated systematic errors
in experiment or theory than because of BSM physics. Since we will probably continue to face such
issues in the future, exhaustive exploration of systematic effects will become critical for interpreta-
tion of precise αs extractions. Agreed-upon protocols for resolution of conflicts among individual
determinations could be helpful, as well as cross calibration of common sources of systematics.
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TABLE I. Summary of current and expected future (within the decade ahead or, in parentheses, longer time
scales) uncertainties in the αs(mZ) extractions used today to derive the world average of αs. Acronyms
and symbols: CIPT=‘contour-improved perturbation theory’, FOPT=‘fixed-order perturbation theory’,
NP=‘nonperturbative QCD’, SF=‘structure functions’, PS=‘Monte Carlo parton shower’. Entries of the
table are explained in Ref. [12], from which the table is taken. Category 7 is based on αs(MZ) determi-
nations from `h and hh collider observables performed outside of global PDF fits (category 4)– see the
discussion item (f) in Sec. 10.1 of Ref. [12].

Relative αs(mZ) uncertainty

Method Current Near (long-term) future

theory & exp. uncertainties sources theory & experimental progress

(1) Lattice
0.7% ≈ 0.3% (0.1%)

Finite lattice spacing & stats. Reduced latt. spacing. Add more observables

N2,3LO pQCD truncation Add N3,4LO, active charm (QED effects)

Higher renorm. scale via step-scaling to more observ.

(2) τ decays
1.6% < 1.%

N3LO CIPT vs. FOPT diffs. Add N4LO terms. Solve CIPT–FOPT diffs.

Limited τ spectral data Improved τ spectral functions at Belle II

(3) QQ̄ bound states
3.3% ≈ 1.5%

N2,3LO pQCD truncation Add N3,4LO & more (cc), (bb) bound states

mc,b uncertainties Combined mc,b + αs fits

(4) DIS & global PDF fits
1.7% ≈ 1% (0.2%)

N2,(3)LO PDF (SF) fits N3LO fits. Add new SF fits: F p,d2 , gi (EIC)

Span of PDF-based results Better corr. matrices, sampling of PDF solutions.

More PDF data (EIC/LHeC/FCC-eh)

(5) e+e− jets & evt shapes
2.6% ≈ 1.5% (< 1%)

NNLO +N(1,2,3)LL truncation Add N2,3LO+N3LL, power corrections

Different NP analytical & PS corrs. Improved NP corrs. via: NNLL PS, grooming

Limited datasets w/ old detectors New improved data at B factories (FCC-ee)

(6) Electroweak fits
2.3% (≈ 0.1%)

N3LO truncation N4LO, reduced param. uncerts. (mW,Z, α, CKM)

Small LEP+SLD datasets Add W boson. Tera-Z, Oku-W datasets (FCC-ee)

(7) Standalone hadron collider observables
2.4% ≈ 1.5%

NNLO (+NNLL) truncation, PDF uncerts. N3LO+NNLL (for color-singlets), improved PDFs

Limited data sets (tt, W , Z,e-p jets) Add more datasets: Z pT, p-p jets, σi/σj ratios,...

World average 0.8% ≈ 0.4% (0.1%)

TABLE II. Values of αs(mZ) determined at N3LO accuracy from Z-boson pseudoobservables (Γtot
Z , RZ, and

σhad
Z ) individually, combined, as well as from a global SM fit, with propagated experimental, parametric,

and theoretical uncertainties broken down [70]. The last two rows list the expected values at the FCC-ee
from all Z pseudoobservables combined and from the corresponding SM fit.

Observable αs(mZ) uncertainties
exp. param. theor.

Γtot
Z 0.1192± 0.0047 ±0.0046 ±0.0005 ±0.0008
RZ 0.1207± 0.0041 ±0.0041 ±0.0001 ±0.0009
σhad

Z 0.1206± 0.0068 ±0.0067 ±0.0004 ±0.0012
All above combined 0.1203± 0.0029 ±0.0029 ±0.0002 ±0.0008
Global SM fit 0.1202± 0.0028 ±0.0028 ±0.0002 ±0.0008
All combined (FCC-ee) 0.12030± 0.00026 ±0.00013 ±0.00005 ±0.00022
Global SM fit (FCC-ee) 0.12020± 0.00026 ±0.00013 ±0.00005 ±0.00022
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FIG. 2. Lattice determinations of the strong coupling,
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final averaging. Figures taken from [72].

II.1. Extraction of αs from e+e− data

At the FCC-ee, combining the 3× 1012 Z bosons decaying hadronically at the Z pole, and the√
s calibration to tens of keV accuracy obtained using resonant depolarization [73], will provide

measurements with unparalleled precision. The statistical uncertainties in the Z mass and width,
today of ±1.2 MeV and ±2 MeV (dominated by the LEP beam energy calibration), will be reduced
to below ±4 keV and ±7 keV respectively. Similarly, the statistical uncertainty in measuring Z
boson partial widths (R`,Z) will be negligible, and the Z→ µ+µ− decay channel alone, yielding an
experimental precision of 0.001 from the knowledge of the detector acceptance, will suffice to reach
an absolute (relative) uncertainty of 0.001 (5×10−5) on the ratio of the hadronic-to-leptonic partial
Z widths. Thus, accounting for the dominant experimental systematic uncertainties at the FCC-ee,
one can expect δmZ = 0.025–0.1 MeV, δΓZ = 0.1 MeV, δσhadZ = 4.0 pb, and δR`,Z = 10−3 [74]. In
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addition, the QED coupling at the Z peak will be measured with a precision of δα = 3× 10−5 [75],
thereby also reducing the corresponding propagated parametric uncertainties. Implementing the
latter uncertainties into GFitter leads to the results listed in the last two rows of Table II, where
the central αs(mZ) value is arbitrarily set at the current SM global fit extraction [70]. The final
uncertainties in the QCD coupling constant are reduced to the ∼0.1% level, namely about three
times smaller than the propagated theoretical uncertainties today. Theoretical developments in
the years to come should further bring down the latter by a factor of four [76]. A final QCD
coupling constant extraction at the FCC-ee with a 2-per mil total uncertainty is thereby reachable:
αs(mZ) = 0.12030±0.00013exp±0.00005par±0.00022th (Table II). The large improvement, by more
than a factor of ten, in the FCC-ee extraction of αs(mZ) from the Z boson data (and its comparison
to the similar extraction from the W boson pseudoobservables) will enable searches for small
deviations from the SM predictions that could signal the presence of new physics contributions.

II.2. Extraction of αs from e±p data

Future electron-proton collider experiments provide many opportunities for precision determi-
nations of αs. At lower center-of-mass energies, the EIC in the US [4, 30, 77] and the EicC in
China [56] would provide new high-luminosity data. As an example, Fig. 3(a) suggests reduction
in the αs uncertainty extracted from the CT18 NNLO global PDF fit [78] by up to 40% after
a high-statistics sample of the simulated inclusive ep DIS data for the EIC is included. In all
ep measurements, the αs value is correlated with the PDFs, especially the gluon PDF. Hence all
provided projections assume that strong constraints on the PDFs will be simultaneously obtained.
The EIC will provide also a novel possibility to extract αs at N3LO accuracy analyzing polarized
PDFs, by exploiting the Bjorken sum rule [79], with a few percent precision [12]. Also, DIS global
event shapes at the EIC on their own, such as 1-jettiness, can determine of αs(mZ) at a level of a
few percent [30].

The proposed Large Hadron electron Collider at CERN (LHeC) [58, 59] would provide e±p
collision data at a center-of-mass energy of 1.3 TeV, and hence its measurements of hadronic final-
state observables would cover a considerably larger kinematic range than at the ep collider HERA.
Inclusive neutral-current and charged-current DIS cross sections would be also measured with high
precision both in the low-x and high-x regions, given an excellent detector acceptance and high
luminosity. Inclusive DIS data alone would allow one to measure αs very precisely, again assuming
tightly constrained PDFs, and to the extent that was not fully possible with HERA data. An
experimental uncertainty of

δαs(mZ) = ±0.00022 (exp+PDF) , (1)

could be possibly achieved in a combined determination of PDFs and αs(mZ) [59]. These and
following estimates assume an idealized uncertainty on the PDFs (”given by ∆χ2 = 1 at 68%
probability”). More realistic PDF uncertainties tend to be larger because of such factors as some
inconsistencies between experiments [80]. As an illustration, Fig. 3(b) compares the prospected
uncertainties after the LHeC using the idealized prescription with recent determinations in global
PDF fits.

A simulation of inclusive jet cross section data, using realistic models of systematic uncertainties,
suggests that a determination of αs(mZ) with uncertainty of

δαs(mZ) = ±0.00013 (exp) ± 0.00010 (PDF) (2)

can be within reach in the HL-LHC + LHeC era. The right-hand side separately shows the
experimental and PDF uncertainties (estimated with a disclaimer as above). Similarly as at HERA,
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FIG. 3. (a) An estimated precision improvement in the αs determination in the CT18 NNLO fit [78],
as quantified by the log-likelihood χ2, following the inclusion of 100 fb−1 of EIC inclusive electron-proton
scattering data. From Refs. [4, 30]. (b) Comparison of prospected determination of αs(mZ) from inclusive
DIS data at the LHeC in comparison to determinations in (global) PDF fits. (c) An illustration of the
prospected experimental uncertainties in a study of the running of αs from inclusive jet cross sections at the
proposed LHeC experiment. The LHeC figures are taken from Ref. [59].

the running of αs could be investigated at the LHeC as a function of the renormalization scale
using jet data. Figure 3(c) displays prospects for such scale-dependent determinations of αs(mZ)
(and corresponding values of αs(µ)). It is observed that, from LHeC inclusive jet cross sections, the
running could be tested in the range from a few GeV up to about 600 GeV with per mil precision,
resulting in an indispensable experimental confirmation of validity of renormalized QCD from the
low-scale αs determinations from τ -decays or lattice QCD to TeV scales.

II.3. Extraction of αs from lattice QCD

Multiple lattice QCD methods have been developed to extract the strong coupling constant:
the step-scaling [81–90], small Wilson loops [91–94], QCD static energy [72, 95–104], heavy-quark
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two-point correlators [94, 105–112], hadronic vacuum polarization [113–117], QCD vertex func-
tions [118–124], decoupling method [12, 125], eigenvalues of the Dirac operator [126, 127] methods.
See recent reviews of the lattice methods for αs in Ref. [12, 104, 128, 129]. The Flavor Lattice
Averaging Group (FLAG) report [72, 130–132] attempts a global lattice average (cf. Fig. 2)

αs(mZ) = 0.1184(8) (FLAG global average) [72]. (3)

FLAG uses a set of quality criteria to decide which determinations to include in the average. This
procedure is similar to that adopted by the PDG. Reference [12] suggested that the FLAG and
PDG procedures should be harmonized as much as possible. Unlike the procedure used for FLAG
averages of other quantities, for αs FLAG applies its own view of the perturbative-truncation
uncertainty and inflates the error of some subaverages. Note that there have been updates to
individual analyses since the current FLAG 2021 report [72] was published.

The current ±0.7% precision of the lattice-QCD extraction of αs(mZ) can be reduced by about
a factor of two within the next ∼10 years. In order to improve the lattice-QCD–based determi-
nations of αs, it would be important to reach higher renormalization scales by both advancing
the lattice simulations and incorporating improved (higher-order) pQCD counterpart calculations.
Lattice simulations should be run with smaller lattice spacings, allowing even better continuum
extrapolations, and they should include charm-quark effects (2+1+1-flavor calculations). Pertur-
bative expansions will require calculating N3LO, N4LO, and/or N3LL contributions, depending
on the process under study. In addition, treatment of QED and isospin-breaking effects in both
the scale setting and running of αs may be needed in some cases (in particular, when aiming at
longer-term 0.1% uncertainties).

To further reduce the error from lattice calculations, sufficient dedicated computing resources
are needed to generate state-of-the-art samples for lattice-QCD analyses. Enough person-power
will be necessary to develop perturbation theory for selected observables in a finite spacetime
volume and to compute identified higher-order pQCD corrections to match improved lattice-QCD
samples.

II.4. The world-average combination of αs

The lower Fig. 2 illustrates the 2021 method to obtain the world-average value of αs [69].
Separate weighted averages of lattice and non-lattice determinations are first computed. Then the
final world-average combination of αs(mZ) = 0.1179 ± 0.0009 (labeled as ”FLAG+PDG” in the
figure) is computed as the average of non-lattice and lattice values, with the relative accuracy of
0.8% shown in Table I. The future projection of the αs combination in the rightmost column of
Table I is based on a weighted average of the seven categories on equal footing, which would give
αs(mZ) = 0.1180 ± 0.0006 (i.e., a smaller uncertainty of 0.5%) in the case of the current world
average.

The world-average combination prescription may evolve as groups of experiments get more
precise, possibly revealing currently unseen disagreements. In the future, lattice determinations
may be combined with the experimental ones that are affected by systematics of similar origin, such
as τ decays [129]. Alternatively, if one group of determinations becomes much more precise than
the others, it could be used as a reference. Correlations between different groups of determinations
in Table I deserve further scrutiny. For example, the extractions from the hadron collider category
7 are PDF-dependent and, therefore, must share some degree of correlation with the extraction
from the DIS+global-PDF fits category 4.
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II.5. The running bottom quark mass

Within the Standard Model of particle physics, the masses of quarks are free parameters whose
values must be determined experimentally, while their scale dependence is predicted by scheme
dependent Renormalization Group Evolution (RGE). These calculations have reached 5-loop ac-
curacy [133–135] and have been implemented in public software packages [136, 137].

The most precise extractions of the bottom quark mass [138–148] rely on the measurement of the
mass of bottomonium bound states and the e+e− → hadrons cross section as experimental input,
in combination with QCD sum rules and perturbative QCD calculations. Several lattice QCD
groups have also published results, the most recent of which reaches a precision of approximately
0.3% [149–153] (see also the FLAG report [154]). The world average provided by the Particle Data
Group (PDG) [71] also includes inputs from HERA [155] and the BaBar and Belle experiments
at the B-factories [156, 157]. Extractions from Z-pole data were performed at LEP [158–162] and
SLD [163, 164]. Measurements of the bottom quark mass at the scale of the Higgs boson mass
were performed in [165], based on ATLAS [166] and CMS [167] experimental data.

In the next decade the study of the “running” of the bottom quark mass is expected to turn into a
precision test of QCD [168]. These investigations will complement analogous studies for the running
charm mass, such as in [169]. Measurements at several energy scales in bottomonium, Z, and Higgs
production can be used, in a general way, to sense the presence of massive new colored states that
may contribute to the quark mass evolution. A dedicated high-luminosity e+e− run at the Z-pole,
i.e. the “GigaZ” program of a linear collider or the “TeraZ” run at the circular colliders, yields a
sample of Z-bosons that exceeds that of the LEP experiments and SLD by orders of magnitude.
Ref. [170] provides an extrapolation under the assumption that the extraction of mb(mZ) from
the three-jet rates will be limited by the theory uncertainty and hadronization uncertainties. This
requires fixed-order calculations at NNLO accuracy, with full consideration of mass effects. The
Higgs factory program, with several inverse attobarn at a center-of-mass energy of 240-250 GeV
can take advantage of radiative-return events. The Lorentz-boost of the Z-bosons complicates the
selection, reconstruction and interpretation. A dedicated full-simulation study is therefore required
to provide a reliable, quantitative projection. However, it is clear that the radiative-return data
has the potential to significantly improve the precision of existing LEP/SLC analyses. Finally, a
high-energy electron-positron collider operated at a center-of-mass energy of 250 GeV or above
can extend the analysis to higher energies and thus probe the effect of coloured states with masses
heavier than that the Higgs boson on the running of the bottom quark mass. The potential of the
three-jet rate measurement to determine mb(µ) for µ = 250 GeV has been studied in Ref. [170].
A measurement with a precision of 1 GeV was found to be feasible for µ = 250 GeV

The measurement of mb(mH) from the Higgs decay width to a bottom-antibottom quark pair
is expected to increase rapidly in precision as the precision of Higgs coupling measurement im-
proves [165]. The current theory uncertainty from missing higher orders and parametric uncer-
tainties from αs and mH is estimated to be 60 MeV [165], well below the current experimental
precision. The theory uncertainty is dominated by the parametric uncertainty from the Higgs
boson mass. The current uncertainty on the Higgs mass of 240 MeV leads to an uncertainty of
∼40 MeV on mb(mH) and is expected to come down considerably as more precise determinations
of mH appear. Future prospects for Higgs mass measurements are summarized in Ref. [171]. Both
the HL-LHC [172] and the Higgs factory [173] are expected to provide a measurement of the Higgs
boson mass to 10-20 MeV precision, which is sufficient to reduce the impact of this source of uncer-
tainty on mb(mH) to below 10 MeV. The determination of mb(mH) in H → bb̄ decay is expected
to become the “golden” measurement among the high-energy determinations [168].

Ref. [172] provides the projections for the LHC and its luminosity upgrade, extrapolating the
partial run 2 results under the following assumptions: both statistical and systematic uncertainties
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are envisaged to scale with integrated luminosity L as 1/
√
L up to certain limits, while theory

uncertainties are expected to improve by a factor two. This “S2 scenario” leads to a projected
uncertainty on the Higgs branching ratio to bottom quarks of 4.4% (1.5% stat., 1.3% exp., 4.0%
theo.) and on λbz = µbb/µZZ of 3.1% (1.3% stat., 1.3% syst., 2.6% theo.), an improvement by
nearly a factor of ten with respect to the first measurement in Ref. [165]

In the next decades, with the completion of the high luminosity program of the LHC and
the construction of a new “Higgs factory” electron-positron collider, rapid progress is envisaged
in the measurement of Higgs coupling measurement. These precise measurements will enable an
extraction of the MS bottom quark mass mb(µ) at the scale given by the Higgs boson mass,
mb(mH), with a precision of the order of 10 MeV. With a relative precision of 2 per mil, the high-
scale measurement can reach a similar precision as mb(mb) based on low-energy measurements.

The projections and extrapolations discussed above are summarized in Fig. 4. The markers
are centered on the current central values for mb(mZ) and mb(mH) and the error bars indicate
the projected precision. The solid line indicates the evolution of the PDG world average from
mb(mb) to a higher scale using the RGE calculation included in the REvolver code [137] at five-
loop precision. The uncertainty band includes the projected uncertainty of 10 MeV on mb(mb)
(dark grey) and an 0.5% uncertainty on αs(mZ).
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TOPIC STATUS, Snowmass’2013 STATUS, Snowmass’2021
Achieved accuracy of PDFs N2LO for evolution, DIS and vector

boson production
N2LO for all key processes; N3LO for
some processes

PDFs with NLO EW
contributions

MSTW’04 QED, NNPDF2.3 QED LuXQED and other photon PDFs
from several groups; PDFs with
leptons and massive bosons

PDFs with resummations Small x (in progress) Small-x and threshold resummations
implemented in several PDF sets

Available LHC processes to
determine nucleon PDFs

W/Z, single-incl. jet, high-pT Z, tt,
W + c production at 7 and 8 TeV

+ tt, single-top, dijet, γ/W/Z+jet,
low-Q Drell Yan pairs, . . . at 7, 8, 13
TeV

Current, planned & proposed
experiments to probe PDFs

LHC Run-2
DIS: LHeC

LHC Run-3, HL-LHC
DIS: EIC, LHeC, MuIC, . . .

Benchmarking of PDFs for the
LHC

PDF4LHC’2015 recommendation in
preparation

PDF4LHC’21 recommendation
issued

Precision analysis of specialized
PDFs

Transverse-momentum dependent
PDFs, nuclear, meson PDFs

NEW TASKS in the HL-LHC ERA

Obtain complete N2LO and
N3LO predictions for
PDF-sensitive processes

Improve models for correlated
systematic errors

Find ways to constrain large-x PDFs
without relying on nuclear targets

Develop and benchmark fast
N2LO interfaces

Estimate N2LO/N3LO theory
uncertainties

New methods to combine PDF
ensembles, estimate PDF
uncertainties, deliver PDFs for
applications

TABLE III. Top part: Some of the PDF-focused topics explored in Snowmass’2013 [176] and ’2021 studies.
Bottom part: a selection of new critical tasks for the development of a new generation of PDFs that achieve
the objectives of the physics program at the high-luminosity LHC.

III. PARTON DISTRIBUTION FUNCTIONS IN GLOBAL QCD ANALYSES

III.1. Proton parton distributions

III.1.1. Overview

The Snowmass whitepaper “Proton structure at the precision frontier” [13] summarizes the
ubiquitous role of parton distributions functions (PDFs) in future precision measurements. A rev-
olution in computing hard-scattering cross sections in perturbative QCD up to the second and
third order in αs (N2LO and N3LO, respectively) opens appealing opportunities for precision ap-
plications of the PDFs. By knowing the PDFs for the gluon and other quark flavors approximately
to 1–2% accuracy, one greatly reduces the total uncertainties on the Higgs couplings in gluon-gluon
fusion and electroweak boson fusion [172]. The energy reach in searches for very heavy new parti-
cles at the HL-LHC can be extended to higher masses by better knowing the PDFs at the largest
momentum fractions, x > 0.1, and by pinning down the flavor composition of the partonic sea [174].
As interest grows in hadron scattering at very small partonic momentum fractions, x < 10−5, at
hadron colliders (HL-LHC, LHeC, FCC-hh) as well as in the astrophysics experiments, one must
include effects of small-x resummation and saturation the PDFs when warranted [175].

PDFs for unpolarized protons — the cornerstone nonperturbative QCD functions — are tra-
ditionally determined from global analyses of fixed-target and collider data on DIS, production of
lepton pairs, jets, top quarks, and increasingly in other processes [78, 177–185]. Table III illus-
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trates the progress that has been made since the 2013 Snowmass Summer Study [176]. The bottom
part of the table lists new tasks for the PDF analysis that emerge in the HL-LHC era. While the
most precise N2LO or even N3LO theoretical cross sections should be preferably used in the fit
when possible, accuracy of the PDFs also depends on the other commensurate factors that must
be properly estimated. Given the complexity of N2LO/N3LO calculations, their fast approximate
implementations (such as fast NNLO interfaces) must be developed to allow efficient observable
computations in the PDF analyses. Control of experimental and theoretical uncertainties requires,
in particular, to either fit the experiments that are minimally affected by the unknown factors
(for example, to include cross sections only on proton, rather than on nuclear targets to minimize
the associated uncertainties in the most precise determinations), or to estimate the associated
uncertainty of these unknown factors in the fit. The PDFs are provided with uncertainties that
must account for acceptable variations in methodology, including the choice of the functional forms
to parametrize PDFs at an initial energy scale and the method for propagation of experimental
uncertainties, as well as implementation of physical constraints on the PDFs, such as sum rules,
positivity of physical observables, and integrability of relevant PDF combinations. The PDF un-
certainties must representatively reflect these factors [186]. Methodological advances should also
include development of practical standards for the delivery of PDFs to a wide range of users. The
format of the PDF delivery must optimize for accuracy, versatility, and speed across a broad range
of applications—a highly non-trivial task, given the ubiquity of the PDF uses. The PDF4LHC
working group [187] leads the development of such standards and delivery formats for the LHC
community, in particular, by publishing a comprehensive recommendation (PDF4LHC21 [188]) on
the usage of PDFs and computation of PDF uncertainties at the LHC. The PDF4LHC working
group also distributes combined N2LO PDF4LHC21 error sets to streamline computations with
PDFs across typical LHC studies, such as searches for new physics or theoretical simulations.

New experimental measurements are essential for constraining the PDFs to the needed accuracy
in the HL-LHC era. The large volume of the pre-LHC data, combined with the rapidly growing LHC
data, offers a wealth of information about the hadron structure. Yet, the uncertainties on PDFs do
not decrease as the square root of the number of data points because of some disagreements among
the data sets and systematic uncertainties in many experiments. Constraints on the PDFs can be
strengthened by fitting high-luminosity data sets under elevated accuracy control at all stages of
the measurements and their analysis.

Recent studies [30, 190] provide projections using various techniques for the reduction of PDF
uncertainties under anticipated near-future theoretical and experimental developments. As an
illustration, the left panel of Fig. 5 compares the current PDF uncertainty for gg → HSM production
and its reduction when simulated HL-LHC measurements are included in the conservative (scen
A) and optimistic (scen C) scenarios, using PDF4LHC15 NNLO PDFs [189] as the baseline.

The right panel shows an analogous projection for the reduction of the PDF uncertainty on the
SM Higgs and tt̄ cross sections at the LHC upon including the simulated measurements in DIS at
the EIC, this time using the CT18 NNLO framework [78]. The ability of the LHC measurements
to reduce the PDF uncertainty critically depends on the control of systematic effects. A lepton-
hadron collider such as an EIC (see [4] and below), EIcC, MuIC, or LHeC [13, Sec. 3.C] that runs
roughly concurrently with the HL-LHC phase would elevate the precision of PDFs in key HL-
LHC measurements in a synergistic way that would be unattainable via HL-LHC measurements
alone. Section III.1.3 includes some examples. A precision QCD program at the EIC is therefore a
promising opportunity to obtain PDF measurements in the kinematic region of large x and small
Q that is currently accessed only in fixed-target DIS and Drell-Yan experiments. This region is of
high relevance to the LHC, as the currently large uncertainties in the PDFs at x > 0.5 directly
affect the LHC high-mass BSM searches. These uncertainties at the largest x (outside of the reach
of current experiments) and Q = 1 − 10 GeV propagate to smaller x at Q = 100 − 1000 GeV via
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FIG. 5. Examples of projections for PDF uncertainties in the HL-LHC era. Left: Uncertainties for NNLO
Higgs production via gluon fusion at

√
s = 14 TeV obtained with published PDF4LHC15 NNLO PDFs [189]

(green band) and after additional constraints are imposed on these PDFs using simulated HL-LHC data in
two scenarios (red and blue bands) [190]. Right: 90% C.L. uncertainty ellipses for NNLO predictions for
gg → HSM and tt̄ production at the LHC 14 TeV obtained using CT18 NNLO PDFs [78] and after imposing
simulated constraints from inclusive DIS at the EIC [30].

QCD evolution and affect the LHC precision measurements.

III.1.2. HL-LHC experiments to probe PDFs

At the HL-LHC, a large range of experiments can either constrain the PDFs or depends on the
PDFs [191, Sec. 3.A]. There are significant opportunities for constraining the PDFs and general
appreciation of their importance. Even so, available estimates of the projected impact on the PDFs
may vary considerably even for the same experimental data set, reflecting the methodology of the
analysis and adopted definitions of the PDF uncertainties. These uncertainty estimates gener-
ally account for a combination of experimental, theoretical, parametrization, and methodological
sources. Just as in the case of world-average QCD coupling determinations discussed in Sec. II, the
reduction of the PDF uncertainty due to a combination of experiments reflects both the accuracy
of individual experiments and mutual consistency of experiments.

Taking production of hadronic jets as an example, large differences exist between predictions
using different PDF sets at the highest jet transverse momenta, pT,j and dijet invariant masses mjj.
These differences are due to sensitivity of the jet cross sections to the gluon density in the proton.
As an illustration, Fig. 6(a) [1] shows the ratio of several PDF sets as a function of pT,j. An LHC
data set with a large number of events has high statistical precision in these regions. However, since
the shown PDFs already include significant constraints from various jet data sets, the achievable
reduction even more depends on the LHC systematic uncertainties, which are insufficiently known.
Progress in understanding of the systematic uncertainties is critical for taking full advantage of
these promising measurements. This issue is explored in Sec. 5.A of Ref. [13].

Figure 6(b) estimates the impact that inclusion of the HL-LHC measurements into a PDF fit
could have on the HL-LHC dijet production cross section [190]. Under various HL-LHC running
scenarios, the uncertainty estimated with the PDF4LHC15 error PDF ensemble [189] decreases
upon adding simulated data in (di)jet, gauge boson, and top quark production. The degree of
reduction depends on the various factors mentioned above. In the shown ”optimistic” scenario,
the reduction of the PDF uncertainty on jet cross sections (and, by extension, on Higgs and other
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FIG. 6. (a) Ratio of cross-sections predictions for several PDF sets to the CT14 PDF prediction and CT14
uncertainty (gray band) for inclusive jet cross-section at

√
s = 14 TeV [192]. (b) Comparison of the PDF

uncertainty in the dijet cross-section calculated using the CT14 PDF [178] and PDF4LHC HL-LHC sets at√
s = 14 TeV with 3000 fb−1 [192]. (c) An estimated reduction of the relative uncertainty on the gluon PDF

by profiling NNPDF3.1 PDFs [182] using simulated tt̄ measurements at the HL-LHC [193]. The reduction
of the uncertainties depends on the estimation methodology, see the main text.

cross sections dominated by gluon scattering) is quite dramatic.
Figure 6(c) shows the possible impact on NNPDF3.1 PDFs [182] upon adding tt̄ cross section

measurements at the HL-LHC, also sensitive to the gluon PDF, using the profiling method in the
xFitter program [19]. The plot is based on estimations of differential tt̄ cross-section measurements
in the e/µ+jets channels at the HL-LHC with an integrated luminosity of 3000 fb−1 at

√
s =

14 TeV by CMS [193]. This final uncertainty can be below 5%, also reflecting an optimistic
projection, as the default profiling in xFitter emphasizes the selected experiment more than the
other experiments placing relevant constraints in the fit [Appendix F in 78]. The most significant
increase in accuracy is expected to come from an improved jet energy calibration and a reduced
uncertainty in the b-jet identification—the dominant systematic uncertainties. The precision will
profit from the enormous amount of data and the extended η-coverage of the Phase-2 CMS detector,
which enables fine-binned measurements at high rapidity that are not possible with the current
detector.

Many other LHC processes over a wide kinematic region—production of direct photons, massive
bosons with jets or heavy quarks, heavy quarks of all three generations—can provide valuable
insights about proton PDFs. We refer the reader to the Snowmass PDF whitepaper [13] and recent
reviews and textbooks [190, 194, 195]. It is critical to determine the same (combinations of) PDFs
in multiple accurate measurements to pin down systematic uncertainties both in experiment and
theory. For example, to further reduce the uncertainty on the critical gluon PDF, one must reconcile
occasionally inconsistent pulls on the gluon in the relevant x regions imposed by fixed-target DIS,
HERA DIS, jet, and tt̄ production measurements.1 New measurement channels therefore can
provide desired independent information. As an illustration, direct photon production studied
differentially in EγT and ηγ is sensitive to the gluon PDF over a large x range [192]. The photon+jets
measurements can be insightful when performed differentially in EγT, pT,jet, cos θ∗, and mγj. With
the full 3000 fb−1 dataset, the reach of these measurements will increase, from 3 TeV to 7 TeV
in mγj, and from 2.5 TeV to 3.5 TeV for EγT and pjetT . The projected impact of these and other
precision measurements at the HL-LHC is shown in Fig. 7, which compares the PDF uncertainties
from the MMHT2014 PDF set to PDF sets derived using projections of measurements from the
HL-LHC [190]. Better control of photon isolation is needed to take full advantage of this channel.

1 The pulls on the PDFs can be examined by adding individual experiments into a PDF fit or removing them, or
directly in a fit to many experiments using a fast sensitivity technique like in [196], with examples in [78, 197].



18

 [TeV]
γ
TE

0.4 0.5 1 2 3

P
D

F
 r

el
at

iv
e 

un
ce

rt
ai

nt
y

-0.1

-0.05

0

0.05

0.1
NLO QCD (Jetphox)

-1 = 14 TeV, 3 abs
 > 0.4 TeV

γ

T
Isolated photon, E

| < 0.6γη|

MMHT2014 PDF
Ultimate PDF scenario 1
Ultimate PDF scenario 2
Ultimate PDF scenario 3

FIG. 7. Relative uncertainty in the predicted number of inclusive isolated photon events due to the uncer-
tainties in the PDFs as a function of EγT . [192]

III.1.3. PDFs at the EIC

An EIC can significantly reduce PDF uncertainties both in HL-LHC EW precision measurements
and, as importantly, searches for the heaviest final states, by measuring a range of interactions up to√
s=140 GeV in comparatively clean ep DIS processes. Spin-averaged EIC data on inclusive DIS,

production of heavy quarks and QCD jets using neutral- and charged-current exchanges will allow
for comprehensive flavor separation of (un)polarized PDFs and enhanced-precision determinations
of QCD and EW couplings and quark masses.
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FIG. 8. (a) The strange quark ratio Rs(x,Q) = (s + s̄)/(ū + d̄) at Q=10 GeV for a selection of PDFs at
partonic momentum fractions accesible at the EIC. (b) Flavor tensor charges δu, δd as well as the isovector
charge gT from the JAM’20 PDF analysis [198] as well as a re-fit that includes EIC Collins effect pion
production pseudodata for a proton beam only and for both proton and 3He beams together. Also shown
are the results from two recent lattice-QCD calculations [199, 200] (purple). All results are at Q2 = 4 GeV2

with error bands at 1σ CL. From [4].

The EIC can resolve long-standing questions regarding the precise balance of quark flavors
contributing to the proton’s structure, in particular the strangeness content of the proton. As
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Fig. 8(a) illustrates, the ratio Rs(x,Q) = (s + s̄)/(ū + d̄) has significant uncertainty in the EIC’s
kinematical region due to the insufficiently known strangeness PDF. As explored in Ref. [201],
these uncertainties translate into large event-level shifts in CC DIS charm-jet production at the
EIC, implying considerable potential to constrain the strangeness PDF.

Lattice QCD is making impressive advances in computations of nonperturbative QCD functions
at x > 0.1 and factorization scales Q of a few GeV (Sec. V). This is precisely the region covered
by the EIC kinematics, which creates ample opportunities for comparing lattice QCD predictions
against the EIC data on 3-dimensional hadron structure. Lattice QCD can be compared against
precisely known spin-averaged PDFs and make predictions for various spin-dependent PDFs. Not
only the x dependence of PDFs can be compared, but also various Mellin moments integrated over
the whole x range, as illustrated in Fig. 8(b) on an example of isovector tensor charges predicted
based on the current JAM’20 PDFs, upon adding the EIC data on the proton and helium beams,
or using two lattice QCD calculations. Section V.2 reviews lattice calculations of collinear PDFs
in more depth.

III.2. Nuclear parton distributions

The structure of nucleons and nuclei are both key to understanding heavy-ion collisions as well
as fundamental features of the nucleus. Much less is known about the nuclear PDFs than about
the nucleon ones, especially for heavy nuclei at momentum fractions x below 0.1 and above 0.5,
where modifications in a nuclear medium rapidly increase. In particular, particle production at
small x of the nucleus and the possible QCD effects that may be revealed in it, such as the Color
Glass Condensate [202] regime, are poorly known. Measurements made during the LHC Run 1 and
Run 2 in Pb-Pb and especially p-Pb collisions have favored the inclusion of nuclear modification
to the parton distribution functions (PDF) extracted for free protons. The p-Pb collision system
is an excellent tool to study and constrain these nuclear parton distribution functions (nPDFs),
since the asymmetric system allows one to select low-x regions of the nucleus by looking at forward
rapidity, namely, the proton-going direction.
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FIG. 9. Distributions of mtop in the (a) 0, (b) 1, and (c) 2 b-tagged jet categories. The sum of the
predictions for the tt̄ signal and background is compared to pseudodata (sampled randomly from the total
of the predictions in each category). The bottom panels show the ratio between the pseudodata and the
sum of the predictions. The shaded band represents the relative uncertainty due to the limited event count
in the simulated samples and the estimate of the normalization of the QCD multijet background [203].

To this end, ATLAS and CMS both intend to measure W and Z boson production from p-Pb
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collisions to constrain the quark nPDFs [203, 204], especially differentially in rapidity of the Z boson
or charged lepton pseudorapidity of the W boson. Complementing these measurements, CMS has
projected the measurement of dijet pseudorapidity which is sensitive to the gluon nPDF [203]. The
measurement of differential tt̄ cross sections in p-Pb collisions is a novel and potentially precise
probe of the nuclear gluon density [38]. Figure 9 shows the mass distributions of the top quark and
relevant backgrounds projected for p-Pb collisions for three different selections on the number of
b-tagged jets [203]. Additional experimental leverage of the event-by-event sensitivity to Q2 and
nuclear x may be obtained by EW boson (W and Z) plus jet events, as projected by ATLAS [204].
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FIG. 10. Left: Estimated reduction in the EPPS16* [205] uncertainty for the gluon distribution in gold
upon inclusion of EIC inclusive and charm production data [30]. Right: Nuclear PDF uncertainties based
on nNNPDF2.0 [206, 207] for CC neutrino-nucleus DIS cross sections, without and with the EIC pseudodata
included. Cross sections are plotted as a ratio to predictions for the proton as a function of the neutrino
energy Eν . See details in [4, Sec. 3.2.3].

The EIC can revolutionize understanding of nuclear PDFs for a large span of nuclear mass and
charge quantum numbers, A and Z. As in the case of nucleon PDFs, studies of nuclear scattering at
the EIC and HL-LHC are highly complementary. They will result in the reduction in nuclear PDF
uncertainties and flavor separation at previously unaccessible x down to 10−2, where modifications
due to partonic saturation may kick in. As an illustration, the left Fig. 10 shows the reduction the
relative uncertainty on the gluon PDF in gold after fitting inclusive DIS and semi-inclusive charm
production pseudodata for the EIC, using the present EPPS16* nuclear PDFs as the baseline. In
turn, better knowledge of nuclear PDFs will improve theoretical predictions for neutrino-nucleus
scattering at future facilities like DUNE/LBNF. The right Fig. 10 shows the estimated reduction
in the PDF uncertainty for CC neutrino scattering on an isoscalar heavy nucleus with A = 31 after
including the EIC simulated data.

At x < 10−2, ratios of cross sections of vector meson photoproduction in ultraperipheral col-
lisions (discussed in Sec. VIII) of ions or protons offer a method to probe the small-x nuclear
gluon PDF by tying it to the better known gluon PDF in the nucleon. First LHC measurements of
this kind [208–210] all show moderate suppression in lead compared to a proton-target reference,
consistently with models predicting moderate shadowing such as [211]. However, this method cur-
rently has large uncertainties and feels contamination from quarks [212]. Photoproduction of dijets
[213] and heavy quarks will open additional avenues to test universality of nuclear PDFs at small
x and look for evidence of partonic saturation.

Interpretation of many pA and AA collision experiments will require to know nuclear PDFs as a
function of the initial parton’s impact parameter b, in addition to the parton’s momentum fraction
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x. Various models predict the A and x dependence of the nuclear modification to the b-dependent
PDFs and can be tested in the LHC and EIC experiments. At small x, a natural assumption is
that the nuclear modification primarily depends on the parton thickness at a given b. One could
try to determine b dependence of nuclear PDFs in a model in which hard and soft collisions are
not correlated [214] or using the leading-twist shadowing theory [215].

III.3. Meson parton distributions

Global fits of PDFs for pions and kaons can clarify mechanisms of formation of hadronic bound
states and hadron mass generation – the central topics in nonperturbative QCD [216, 217]. New
measurements sensitive to meson PDFs are expected to be performed at fixed-target energies, the
EIC [30] and the EIcC [56], then confronted against predictions from nonperturbative approaches
and lattice QCD. As an example of what may be feasible in the near future, Fig. 11 shows a
phenomenological PDF for a valence quark in the pion extracted from pion-nucleus Drell-Yan
and tagged-neutron DIS data in NLO QCD with threshold resummation, and complemented with
constraints from lattice QCD [218]. Such studies can be extended to other processes at NNLO and
include more accurate lattice QCD predictions. They offer a window to elucidate the bound-state
dynamics and transition to the perturbative QCD regime.
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FIG. 11. Determination of a valence quark PDF in a pion using a combination of experimental and lattice
QCD data, and including resummation of threshold radiative contributions [218].

IV. HADRONIZATION AND FRAGMENTATION FUNCTIONS

The process of hadronization describes how detected final-state hadrons are formed from par-
tons. Since hadronization is governed by nonperturbative dynamics, it cannot be calculated ana-
lytically and, in contrast to the partonic structure of hadrons, is elusive in lattice calculations [219].
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Having an accurate description of hadronization is, however, important for many measurements in
high-energy physics and crucial for all measurements at hadron colliders.

IV.1. Hadronization measurements at Belle II

A fragmentation function (FF) quantifies the probability for a parton to hadronize into a de-
tected final-state particle of a known momentum. Precision measurements of FFs are instrumental
for extracting the spin-averaged and spin-dependent nucleon structure [220] in the planned exper-
iments at the EIC and Belle II. The emphasis of the Belle II program will be on investigation of
full multidimensional dependency of FFs with complex final states, such as dihadrons or polar-
ized hyperons. These final states are sensitive to spin-orbit correlations in hadronization. Their
factorization universality properties and kinematic dependencies are still to be fully mapped out.
However, they are important, as tagging on such final-state degrees of freedom allows more targeted
access to the hadron structure in semi-inclusive deep inelastic scattering (SIDIS) experiments, e.g.,
at JLab and the EIC. One recent example of this is the extraction of the twist-3 PDF e(x) via
dihadron correlations, which is sensitive to the force that the gluons exert on a fragmenting quark
as it traverses the nucleon remnant [221–224].

Detailed understanding of hadronization is necessary to model background and signal processes
for new physics discoveries at B-factories themselves, but also at the LHC. Currently, modeling
of backgrounds originating from light-quark fragmentation is mainly performed by Monte-Carlo
Event Generators (MCEGs), such as Pythia [225], HERWIG [226] or Sherpa [227]. Tuning those
generators to a precision needed for discovery science requires a model for correlated production
of multiple hadrons that can only be verified with clean semi-inclusive e+e− annihilation data.
Experimental data for this purpose are mostly available from LEP, but, to confidently extrapolate
the model to LHC energies, input measurements are also necessary at CM energies an order of
magnitude below LEP. The relatively low CM energy at Belle II, paired with extremely high
luminosity, provides a large lever arm when combining Belle II and LEP/SLD data to probe
hadronization effects over a wide energy range.

A comprehensive program with the high-statistics Belle II data is also needed to reach the
precision necessary for the Belle II analyses themselves. MCEGs are also crucial for inference-
based models, e.g. [228], which will be applied in the future to extract physical quantities. A
recent development has been the extension of MCEGs to include spin-orbit correlations. Belle II
measurements can inform the development of these novel MCEGs by benchmarking against spin
dependent di-hadron correlations.

Where MCEGs describe full events, and the most common single-hadron FFs integrate over the
whole event with the exception of the hadron in question, intermediate representations accounting
for more correlations in hadronization gain more recognition in the field. The fragmentation func-
tions for production of hadron pairs mentioned above are such an example. Beyond the current
factorization theorems, there have been significant recent efforts to define correlation measurements
that are sensitive to hadronization dynamics, can be interpreted within hadronization models (e.g.,
a QCD string model), and, while not yet realized, might be describable in a full QCD calculation
with future, extended factorization theorems. These kind of correlation measurements have al-
ready been a focus at the LHC (see e.g., Ref. [229]). At Belle II, correlations between leading
particles can be precisely measured. Accurate knowledge of parton (in particular gluon [230]) FFs
into hadrons (both inclusively and for individual hadron species) in e+e− collisions is also of ut-
most importance to have an accurate “QCD vacuum” baseline to compare with the same objects
measured in proton-nucleus and nucleus-nucleus collisions and thereby quantitatively understand
final-state (“QCD medium”) modifications of the FFs [231, 232].
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IV.2. Measurements at the Electron Ion Collider

To capitalize on a new era of experiments like the EIC and HL-LHC, sound predictions for par-
ton dynamics beyond collinear evolution are necessary. Transverse-momentum-dependent (TMD)
PDFs and FFs will become the primary means to investigate the mechanism of hadronization in a
3D-picture [4]. Historically, they have been accessed through Semi-Inclusive DIS (SIDIS) and e+e−

annihilation with observation of two final-state hadrons. However, phenomenological extractions
based on such processes are complicated by the fact that, in the cross section, the TMD FF does
not appear on its own, but it is always convoluted with another TMD (two TMD FFs in e+e−

annihilations, one TMD PDF and one TMD FF in SIDIS). Disentangling these functions is usually
difficult. The problem can be bypassed if one can extend the TMD factorization scheme to cross
sections that involve only one TMD FF. In this sense, the cleanest process that accesses one TMD
FF is single hadron production in e+e− annihilations, e+e− → hX.

A factorization theorem was recently derived in Ref. [233] for e+e− → hX, where the trans-
verse momentum PT of the detected hadron is measured with respect to the thrust axis. Under
certain approximations, this cross section can be written as a convolution of a TMD FF with a
coefficient that is totally predicted by perturbative QCD and can be interpreted as a partonic cross
section [234, 235]. Since this process is more inclusive than SIDIS and e+e− annihilation into two
hadrons, the role of the soft gluons is different. The soft nonperturbative part of the TMD can
be disentangled, and it becomes possible to define a phenomenology work plan that involves a
much larger number of different processes by dealing with one single unknown at a time. Within
this framework, the future EIC, which will explore a very broad kinematical region, could provide
informative measurements for both TMD PDFs and FFs.

IV.3. Measurements at future e+e− colliders

The reaction of e+e− annihilation has always been a method of choice to access hadronization in
a clean environment. Much of the predictivity of QCD at colliders in fact stems from factorization
theorems paired with measurements at PETRA, PEP, LEP and SLD. There is a class of universal
nonperturbative inputs that were not yet defined at the time of LEP and SLD, which could be
measured precisely at the ILC and other future e+e− machines, and would have a significant impact
on the LHC physics program. Modern measurements rely strongly on the use of particle flow and
tracking information. However, only observables that are completely inclusive over the spectrum of
final states can be computed purely from perturbation theory. The nonperturbative input needed
for theoretical predictions of track-based observables is universal and can be parametrized by so-
called “track functions” [63, 236], which describe the fraction of energy carried by charged particles
from a fragmenting quark or gluon. Recently it has been shown how to compute jet substructure
observables by incorporating track functions [237, 238] as a step toward precision jet substructure
measurements at the HL-LHC and future colliders.

IV.4. Hadronization and color reconnection at the HL-LHC and FCC-ee

Nonperturbative uncertainties from final-state hadronic effects linked to power-suppressed in-
frared phenomena, such as color reconnection (CR), hadronization, and multiparticle correlations
(in spin, color, space, momenta)—which cannot be currently computed from first-principles QCD
and often rely on phenomenological Monte Carlo modeling– may limit the ultimate accuracy at
hadron-hadron colliders. Whereas the perturbative radiation in the process can be in principle the-
oretically controlled, there is a CR “cross talk” among the produced hadronic strings that can only
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be modelled phenomenologically [239]. In the pp case, CR can limit precision in the extraction of
the top mass, contributing 20–40% of the net uncertainty [240]. In contrast, the FCC-ee would offer
a relatively clean radiation environment for systematic study of such effects [241]. In e+e− → tt,
as the top quarks decay and hadronize closely to one another, their mutual interactions, decays
into bottom quarks, and/or gluon radiation rearrange the color flow and thereby the kinematic
distributions of the final hadronic state. To understand CR dynamics that limits the reach of
CP-violation searches in H →W+W− hadronic decays [242], one can optimally study the process
e+e− → W+W− → q1q̄2q3q̄4 [242], where CR can lead to the formation of alternative “flipped”
singlets q1q̄4 and q3q̄2, and correspondingly more complicated string topologies [243]. The combi-
nation of results from all four LEP collaborations excluded the no-CR null hypothesis at 99.5%
CL [244], but the size of the WW data sample was too small for any quantitative studies. At the
FCC-ee, if the W mass is determined to better than 1 MeV by a threshold scan, the semileptonic
WW measurements (unaffected by CR) can be used to probe the impact of CR in hadronic WW
events [241, 245].

Ultimately, enormous data sets collected at the FCC-ee would lead to negligible statistical and
small systematic uncertainties on such observables sensitive to the geometric pattern of soft QCD
interference. Even at the HL-LHC, these issues can be put under better control in spite of its
typically larger uncertainties on particle production due to the underlying event, multiple parton
scattering, and dense particle tracks. For example, in production of top-quark pairs, t jets are
defined when the top quark decays hadronically, and the decay products are clustered as a single
jet. Figure 12 shows tt̄ cross-section as a function of the azimuthal angle separation ∆(φ) between
the two leading tt̄ jets. In this analysis by the CMS Collaboration [246], kinematic distributions
of jets in inclusive jet production, top quark jets and jets arising out of the hadronic decay of
W-bosons have been studied, following previous

√
s =7 TeV analyses [247–250]. The azimuthal

correlation between the two jets is indicative of the interference effects arising out of the color
connection of the jets.
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FIG. 12. The particle level cross-section of the tt̄ process as a function of the ∆(φ) between the two leading
tt̄ jets. [246]

At the HL-LHC, hadronization uncertainties can also be studied and reduced by taking advan-
tage of better event generators and GEANT detector simulation code, reduced material in trackers,
higher reconstruction efficiency, wider angular and momentum acceptance [251]. During the LHC
measurements themselves, hadronization uncertainties can be further reduced thanks to detec-
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tors with advanced hadron identification capabilities (e.g., via timing, dE/dx, and/or dN/dx) and
modern data analysis methods, such as those exploiting the jet substructure and the Lund plane
approaches [35, 252]. Better models for hadronization will lead to more accurate experimental
measurements and deeper understanding of strong interactions to all orders.

V. PARTON DISTRIBUTION FUNCTIONS IN LATTICE QCD

Lattice QCD (LQCD) is a theoretical tool that allows us to study the nonperturbative regime of
QCD directly with full systematic control. The approach is based on regularizing QCD on a finite
four-dimensional Euclidean spacetime lattice and is often studied using numerical computations
of QCD correlation functions in the path-integral formalism using national-scale supercomputers.
To make contact with experimental data, the numerical results are extrapolated to the continuum
(with lattice spacing a → 0) and infinite-volume (L → ∞) limits. When the calculation is done
using heavier-than-physical quark masses (to save computational time), one also has to take the

mq → mphys
q limit. Lattice QCD has been known for great precision in providing flavor-physics

inputs, CKM matrix elements, quark masses and more (See Snowmass Rare Precision and Lattice
Gauge Theory reports). The progress of lattice PDF calculations has long been limited by compu-
tational resources, but recent advances in both algorithms and worldwide investment in pursuing
exascale computing have led to exciting progress in LQCD calculations. Many collaborations have
performed hadronic structure calculations directly at physical pion mass with multiple lattice spac-
ings to control lattice artifacts. Some LQCD calculations have reached a level where they not only
complement, but also guide current and forthcoming experimental programs, such as on nucleon
tensor charges and the strange-quark contribution to proton spin [253, 254].

There has been rapid progress in new methodology for calculating the momentum fraction (x)
dependence of PDFs on the lattice. Here, we will mention a few select examples of this progress;
for recent reviews, see Refs. [253–256].

• Extensive calculations have been carried out for isovector PDFs and distribution amplitudes
(DAs). Precision calculations require control over systematics from renormalization, the
continuum limit, the inverse problem in short-distance factorization (SDF) and extrapolation
to large lightcone distance in large-momentum effective theory (LaMET). Calibrations can
be made against lattice moments and high-precision experimental data. Closure tests with
artificial data can be used to assess the robustness of the current procedures. To make
an impact on high-energy collider phenomenology, developing calculations at the 5% level
(total systematics) for isovector collinear PDFs and improving the precision of the current
PDF calculations including sea-quark distributions (as well as large-x quarks and gluons)
will require significant increases in computational resources.

• Methods for calculating collinear PDFs, generalized parton distributions (GPDs), TMD dis-
tributions and evolution kernels have undergone extensive development. While one-loop
matching kernels are widely available, high-precision calculations require two-loop (only
available for isovector PDFs) or higher-order matching, as well as quantitative understanding
of renormalon uncertainties and higher-twist effects. The key systematic uncertainties that
need to be understood arise from inverse problems and coordinate-space extrapolations at
large distances.

• While many lattice exploratory studies have been undertaken, extensive high-statistics
lattice-QCD data spanning different hadron momenta, quark masses, lattice spacing, vol-
umes, valence and sea quarks, are needed to understand systematic effects. New methods
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are needed to increase the signal-to-noise ratio for hadronic matrix elements, particularly for
large hadron momentum and large spatial correlations. Criteria need to be established for
reducing the excited-state contamination, finite-volume effects, and the effects of nonzero
lattice spacing.

• Lattice computations are complementary to phenomenological PDF analyses, and in certain
cases they can be used together to obtain hybrid parton distribution sets [257–260]. This
is particularly important for three-dimensional nuclear femtography, because extracting the
GPDs from experimental data alone can be extremely challenging. The connected-sea and
disconnected-sea partons are innately coded in lattice calculations of the PDFs, GPDs and
TMDs via the respective insertions. Lattice calculations and phenomenological analyses of
the PDFs and their moments can go hand-in-hand in discriminating between the connected-
sea and disconnected-sea components of the PDFs. This separation will help to understand
the partonic composition of the proton’s spin, for example.

• Besides the collinear PDFs, exploratory calculations have been undertaken for other salient
QCD functions, including GPDs, higher-twist distributions, as well as the Collins-Soper
rapidity evolution kernel and soft functions introduced by TMD factorization. As some of
these functions are not easy to assess in experiment, their controlled lattice calculations can
play a prominent role in future studies.

V.1. New methodologies for PDF computations

Mellin moments of the collinear PDFs are the simplest quantities to calculate on the lattice.
Moments provide “global” momentum-space information about partons. It is, however, not easy
to connect them directly to a particular experiment in which particles of definite momentum are
measured. A more desirable theoretical approach is to directly access dependence of PDFs on
the partonic momentum fraction x, i.e., “local” information in momentum space. Toward this
goal, two approaches have been developed by lattice QCD in recent years. The first focuses on
the SDF in coordinate space, and the other is based on an expansion in terms of a large hadron
momentum, LaMET. Both methods require calculating coordinate-space correlation functions in
large-momentum hadron states.

Multiple SDF methods have been developed by the lattice community, based on hadronic ten-
sors [261–264], Compton amplitudes or “OPE without OPE” [265–269], current-current correla-
tors [270–276] and pseudo-PDFs [277]. All these approaches provide constraints on collinear PDFs
beyond individual moments. To determine the PDFs from the discrete lattice data on a range of
coordinate-space correlations (a “Ioffe-time distribution”), one solves the inverse problem, which
may take the form of a fit with either a fixed parametrization or a neural network. The lattice data
can be fitted on their own or included into a global analysis of PDFs together with experimental
hard-scattering data, as described in Secs. III.1.3 and III.3.

An alternative approach to parton physics on the lattice follows from Feynman’s original con-
ception of partons as constituents of hadrons traveling closely to the speed of light [278]. In this
formulation, PDFs quantify distributions of quarks and gluons in hadrons with large longitudinal
momentum, P∞ = Pz → ∞. This approach can compute the collinear PDFs, TMD PDFs and
light-front wave functions using standard twist-2 operator definitions in Euclidean space [279]. The
UV behavior of these functions is usually renormalized by (modified) minimal subtraction in n < 4
dimensions. A finite large momentum Pz is used to approximate P∞, and a large-momentum ex-
pansion is carried out, with systematic power corrections characterized by the expansion parameter
Λ2
QCD/(xPz)

2. This follows from the physical picture of partons, which lose their meaning if their
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FIG. 13. Comparisons of lattice calculations of the nucleon isovector PDFs. (a) Unpolarized PDFs from
the physical-continuum limit, “MSULat’20” [281], a single lattice spacing calculation at (or extrapolated to)
physical pion mass using LaMET methods, “LP3’18” [282] and “ETMC’18” [283], and pseudo-PDF method,
“ETMC’20” [284] and “HadSpec’20”[274]. (b) Helicity PDFs from LP318 [285, 286] and ETMC18 [287, 288]
lattice computations, and global fits NNPDFpol1.1 [289], JAM17 [290], DSSV08 [291]. (c) Transversity PDFs
MEX19 [292], PV18 [293], LMPSS17[257].

longitudinal momentum reaches the soft nonperturbative scale ΛQCD, corresponding to zero or
soft modes instead of collinear ones. More importantly, the UV cut-off ΛUV is always taken to be
much larger than Pz, and the lattice matrix elements must be matched on the standard lightcone
parton distributions to account for different UV behavior. This approach to partons is similar
to heavy-quark effective theory, in which heavy-quark masses are taken to infinity, and has been
called large-momentum effective theory or LaMET [255, 280].

V.2. Examples of computations

V.2.1. Nucleon isovector PDFs

The most studied x-dependent structure is the nucleon unpolarized isovector PDF u(x)− d(x).
Multiple collaborations have reported either direct lattice calculations at physical pion mass or
extrapolations to physical pion mass using quasi-PDF [281–283, 294] and pseudo-PDF meth-
ods [274, 284]. Figure 13(a) shows the results of lattice calculations using at least one near-physical
pion mass, with systematic effects taken into account to varied degrees. Overall, there is a rea-
sonable agreement at x = 0.1 − 0.6 after scaling up the systematic uncertainties where they may
be underestimated. The SU(2)f antiquark asymmetry, d(x)− u(x), can be also computed, albeit
with a lower accuracy unless an increased value of Pz is used [282, 285, 294]. Increasing the boost
momentum of the lattice calculations will be critical for computing these PDF combinations at
smaller or larger x.

When predicting spin-dependent PDFs, lattice calculations already may provide comparable
predictions than phenomenological global analyses. Figures 13(b) and (c) summarize lattice pre-
dictions for helicity and transversity nucleon isovector PDFs at physical pion mass for the helicity
and transversity PDFs [283, 285–287].The helicity lattice results are compared to two phenomeno-
logical fits, NNPDFpol1.1 [289] and JAM17 [290], exhibiting nice agreement. The lattice results
for the transversity PDFs have better nominal precision than the global analyses by PV18 and
LMPSS17 [257]. As none of these polarized lattice calculations have taken the continuum limit
(a → 0), and they have remaining lattice artifacts (such as finite-volume effects), further studies
will be warranted with more computational resources and multiple lattice spacings and volumes.
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FIG. 14. (a) Impact of constraints from lattice QCD (black dashed area) on the difference between strange
quark and antiquark PDFs in a recent CT18As NNLO fit [15]. The red (green) error bands are obtained
with the current (reduced by 50%) lattice-QCD errors. (b) The unpolarized gluon PDF xg(x, µ) in MS at
µ = 2 GeV, obtained from the fit to the lattice data at pion masses mπ = 135 (extrapolated), 310 and
690 MeV by MSULat [295] and at pion mass mπ = 380 MeV by HadStruc21 [296], compared with the
NNLO CT18 and NNPDF3.1 gluon PDFs. (c) Lattice results on the valence-quark distribution of the pion,
BNL [297] and MSULat [298] lattice groups using LaMET method, JLab and W&M group [276], using LCS
method.

V.2.2. Strange and anti-strange PDFs

The experimental uncertainty on the strange quark and antiquark PDFs remains large: in the
global fits they contribute in subleading channels or in neutrino-nucleus DIS experiments with
substantial uncertainties. DIS and LHC experiments, while not in a certain disagreement on the
amount of strangeness in the proton, may exert contradicting pulls on it that depend on the type of
the global analysis [78, 183, 299–302]. Some of these tensions are relieved by allowing s(x) 6= s̄(x)
at the Q0 scale, as is done in some [183, 184] but not all analyses. The strangeness contributes
a large part of PDF uncertainty in precision W and Z boson measurements at the LHC [303], so
understanding its behavior is important. Lattice QCD can already provide competitive constraints
on the strangeness asymmetry s−(x) ≡ s(x)− s̄(x) and reduce some of the uncertainties that are
not constrained in the experiment [15]. Figure 14(a) shows that the uncertainty on s−(x) in the
CT18As NNLO fit is tangibly reduced upon adding the first lattice-QCD constraints on s−(x) at
x ∈ [0.3, 0.8]. In the figure, the uncertainty in the lattice data points at x > 0.3 is quite small
compared to the error band of CT18As determined from the global fit, so that including the lattice
data in the CT18As Lat fit greatly reduces the s−-PDF error band size in the large-x region. The
reduction of the CT18As Lat error band at x < 0.3 depends on the chosen parametrization form
of s−(x) at Q0 = 1.3 GeV. Hence, it is important to have more precise lattice data, extended to
smaller x values. The figure also illustrates the projected reduction in the CT18As Lat uncertainty
on s−(x) if the current uncertainties on lattice data are reduced by half.

V.2.3. Gluon PDF

There have been attempts in lattice QCD to constrain the notorious gluon PDFs, which usu-
ally require orders-of-magnitude higher statistics than their quark counterparts to get a nonzero
result within the statistical uncertainty. The first exploratory study of this kind was done by the
MSULat group [304], using msea

π = 330 MeV. Up to perturbative matching and power corrections
at O(1/P 2

z ), the lattice results are compatible with global fits within the statistical uncertainty
at large z. Since then, there have been improvements in the operators for the gluon-PDF lattice
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calculations [305–307], which will allow us to take the continuum limit for the gluon PDFs in the
future. The followup work using the “pseudo-PDF” method by MSULat group [295] attempts an
extrapolation of the gluon PDF to the physical pion mass at a single lattice spacing. HadStruc col-
laboration [296] used a different numerical technique in extracting the gluon PDF with a 360-MeV
pion. These results are shown in Fig. 14(b). While currently these calculations are done at x of
order 0.1, the future lattice calculations may be valuable in predicting the gluon PDF at x > 0.5,
where the experimental constraints on the gluon weaken considerably.

V.2.4. Pion and kaon PDFs

Lattice QCD predictions are already included in some global fits of pion PDFs [218], as reviewed
in Sec. III.3. Future experiments, such as COMPASS++ and AMBER, will greatly improve our
knowledge of both the pion and kaon PDFs. Since 2018, there have been several LQCD calculations
of the valence-quark dependence of PDFs for pseudoscalar mesons [275, 276, 297, 298, 308–312].
Reference [298] was the first study of lattice pion and kaon PDFs to take the continuum-physical
limit of the matrix elements with a sufficient number of lattice spacings and light pion masses. There
has also been a first next-to-next-to-leading order (N2LO) matching [313, 314] lattice calculation
of the pion valence-quark PDF [297] with 300-MeV pion mass. Both works take important steps
toward precision PDFs from lattice QCD. Figure 14(c) illustrates selected lattice PDF predictions
for the valence-quark PDF at x → 1, where it can be compared against various nonperturbative
approaches [218, 275, 308, 315–321].

Gluon PDFs of mesons suffer from significant signal-to-noise issues, so it is harder to get precise
signals than for their valence-quark counterparts. Recently, attempts were made to study the gluon
PDFs of the pion [295] and kaon [322] with lightest pion masses of 220 and 310 MeV, respectively.
These studies show mild dependence of the pion gluon parton distribution on lattice spacing and
pion mass. The lattice results can be used to improve the large-x region of the global fits with
more computational resources and implementation of mixing with the quark PDFs.

V.2.5. Other lightcone quantities

There has been also recent progress made in determining the x-dependent meson distribution
amplitudes (DAs) [273, 323–332]. DAs are important universal quantities to describe exclusive
processes at large momentum transfers Q2 � Λ2

QCD using factorization theorems. Some well-
known examples of such processes, which are relevant to measuring fundamental parameters of
the Standard Model, include B → πlν, ηlν giving the CKM matrix element |Vub|, B → Dπ used
for tagging, and B → ππ, Kπ, KK̄, πη, etc., which are important channels for measuring CP
violation (see e.g. Ref. [333]). The lattice studies also help us to understand the flavor SU(3)
symmetry breaking among light flavors before attributing the effects to enhancement of higher-
order amplitudes or even new physics.

New experiments and facilities will explore the three-dimensional structure of hadrons described
by the GPDs and TMDs. GPDs are hybrid momentum and coordinate-space distributions of
partons that bridge the standard nucleon structure observables, form factors and inelastic cross
sections. Only recently have there been a few lattice calculations made for the pion GPDs with
the pion mass of 310 MeV [334], and for nucleon GPDs with the pion masses of 260 MeV [335]
and 139 MeV [336, 337]. These calculations require an increase in computational resources by
at least an order of magnitude relatively to PDF calculations due to the additional boost mo-
menta required. For the best determinations of GPDs, the lattice results can be combined with
experimental measurements in a global analysis.
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TMDs depend on the parton’s transverse momentum kT , in addition to the longitudinal mo-
mentum fraction x. They are nonperturbative inputs for processes that follow TMD factorization,
such as Drell-Yan process and SIDIS. Early lattice studies computed selected TMD functions at
heavier-than-physical pion masses ranging down to about 300 MeV [338–342]. Recently, there were
first extraction of the Collins-Soper kernel, soft function and wavefunctions for TMDs [343–348].
Like for the PDF calculations, lattice precision calculations of TMDs will require large hadron
momentum to suppress the power corrections at O(1/(PzbT )2).

V.3. Outlook and challenges

A Snowmass whitepaper [14] provides more details on the rapid advances in LQCD calculations
of PDFs and other QCD functions and has more complete references to relevant work. Experi-
mental exploration of the three-dimensional structure at the Jefferson Lab, EIC, other facilities
will match the ongoing theoretical advancements that open doors to many previously unattainable
predictions, from the x dependence of collinear nucleon PDFs to TMDs [338–340, 342, 349] and
related functions [343, 345–348], GPDs [334–337], and higher-twist terms, progress that was not
envisioned as possible during the 2013 Snowmass study.

There remain challenges to be overcome in the lattice calculations, such as reducing the noise-
to-signal ratio, extrapolating to the physical pion mass, and increasing hadronic boosts to suppress
systematic uncertainties. Computational resources place significant limitations on the achievable
precision, as sufficiently large and fine lattices are necessary to suppress finite-size and higher-twist
contaminating contributions. New ideas can bypass these limitations. With sufficient support,
lattice QCD can fill in the gaps where the experiments are difficult or not yet available, improve
the precision of global fits, and provide better SM inputs to aid new-physics searches across several
HEP frontiers.

VI. FORWARD SCATTERING AND SATURATION

Studies of forward and diffractive scattering processes provide rich opportunities to probe QCD
dynamics. In this section, we review select examples of ongoing studies and future experiments in
this important area.

VI.1. Low-x physics and BFKL resummation

In hadron-hadron collisions, final states produced at large rapidities, small partonic momentum
fractions x, as well as those with the absence of energy in the forward region (with the so-called
rapidity gap) in elastic, diffractive, and central exclusive processes offer multiple avenues to learn
about QCD dynamics. In these processes, the standard collinear QCD factorization discussed in
Secs. III and IX is generally not applicable. Some of these configurations originate from purely
non-perturbative reactions, while others can be explained in terms of multi-parton chains or other
extensions of the perturbative QCD parton picture such as the Balitsky-Fadin-Kuraev-Lipatov
(BFKL) formalism [350–353].

When scattering contributions are evaluated in the high-energy or Regge limit, the conver-
gence of the perturbative series is spoiled by large logarithms, and an all-order resummation of
these large logarithms must be carried out. The BFKL approach performs this resummation by
factorizing QCD cross sections into a convolution of two process-dependent impact factors and a
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process-independent Green’s function. This factorization has been proven up to the next-to-leading
logarithmic accuracy (NLA).

The BFKL Pomeron predicts a fast powerlike rise of the gluon distribution in the proton in the
kinematic regions where x→ 0. While such a rise is seen in data, unitarity bounds prohibit such a
rise to continue forever: at a certain value of x, this rise must slow down to a logarithmic growth.
The latter is strongly related with the formation of an over-occupied system of gluons, known as the
Color Glass Condensate, whose exploration is one of the central physics goals of the EIC. While at
the EIC a dense QCD state will be achieved through scattering of electrons on heavy ions, forward-
rapidity experiments at the LHC, including the FPF, allow for a complementary exploration, since
high-gluon densities are produced through the low x evolution of the gluon distribution in the
proton.

Closely related to diffractive events are photon-induced reactions at the LHC and other colliders.
These reactions are reviewed in the dedicated Section VIII. In such events, either one or both initial-
state protons or ions act as a photon source. The first configuration results in exclusive photon-
hadron interaction at highest CM energies and therefore yields another tool to study the highest
gluon densities with high precision. Such exclusive reactions are complementary to ion scattering
at the EIC, since at the LHC high parton densities are predominately generated by high-energy
evolution, while the EIC at its lower CM energy relies on the nuclear enhancement. A dedicated
Snowmass whitepaper [16] elaborates in detail on BFKL and low-x physics, especially Mueller-
Navelet jets, jet-gap-jet events, very forward jets, and vector meson production as a possible sign
of BFKL resummation and saturation phenomena.

VI.2. Hard diffraction and sensitivity to the Pomeron

Hard diffraction corresponds to events when at least one proton is intact after interaction and
corresponds to the exchange of a colorless object called the Pomeron. Measurements at the LHC
can constrain the Pomeron structure in terms of quarks and gluons that has been previously
derived from QCD fits at HERA and at the Tevatron [354, 355]. One can probe if the Pomeron
is universal between ep and pp colliders. Tagging both diffractive protons in allows to probe
the QCD evolution of the gluon and quark densities in the Pomeron and to compare with earlier
measurements. In addition, it is possible to assess the gluon and quark densities using the dijet and
γ+jet productions [356–359]. The measurement of the dijet cross section is directly sensitive to the
gluon density in the Pomeron and the γ+jet and W asymmetry measurements [359] are sensitive
to the quark densities in the Pomeron. However, diffractive measurements are also sensitive to
the survival probability which needs to be disentangled from PDF effects, and many different
measurements will be needed to distinguish between them. It is clear that understanding better
diffraction and probing different models will be one of the key studies to be performed at the high
luminosity LHC, the EIC, and any future hadron collider.

VI.3. Soft diffraction and the Odderon

Soft diffraction and elastic interactions have been studied for the last 50 years at different
colliders. Elastic pp and pp̄ scattering at the high energies of the Tevatron and LHC corresponds
to the pp → pp and pp̄ → pp̄ interactions, where the protons and antiprotons are intact after
interaction and scattered at very small angle, and nothing else is produced. Many experiments
have been looking for evidence of the existence of the Odderon, a C-odd counterpart of the Pomeron
associated with colorless gluon exchanges [360, 361]. At ISR energies [362–366], there was indication
of a possible 3σ difference between pp and pp̄ interactions. This was not considered a clean Odderon
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signal, as elastic scattering at low energies can be due to exchanges of additional particles such as
ρ, ω, φ mesons and Reggeons. Distinguishing between all these possible exchanges is not simple
and becomes model-dependent. The advantage of using higher energies such as at the Tevatron or
LHC [367–371] is that meson and Reggeon exchanges can be neglected. Recently, a combination
of measurements of elastic cross sections for pp̄ at D0 and for pp by TOTEM was interpreted as
a discovery of an Odderon exchange with a significance that ranges from 5.3 to 5.7σ (depending
on the model) [372]. Further measurements of elastic pp cross sections will happen at higher
LHC energies, and search for Odderon exchanges will be performed in additional channels, such as
production of ω mesons. It is also clear that the discovery of the Odderon is likely related to the
existence of glueballs, and the search for their production will happen at the LHC, RHIC, and the
EIC.
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VI.4. Forward Physics Facility

VI.4.1. Overview

Experiments at the Forward Physics Facility (FPF) [2, 3] introduced in Sec. I.2 offer a unique
opportunity to test and study QCD in a new regime. Three FPF experiments, with tungsten or
liquid argon targets, will detect far-forward neutrinos that come from decays of hadrons produced in
collisions at the LHC ATLAS interaction point, including from decays of charm mesons illustrated
in Fig. 15(a). With its capability of distinguishing neutrinos and antineutrinos of different flavors,
the FPF will provide versatile experimental data on both light- and heavy-flavor production at the
LHC.

The kinematic reach of the FPF in pp collisions is illustrated in Fig. 15(b). The figure also
indicates the approximate kinematic coverage for other experiments that provide inputs for global
PDF analyses, including future facilities such as the EIC [30] and the ALICE Forward Calorimeter
(FOCAL) upgrade [373]. The FPF will extend the coverage of the low-x region by almost two
orders of magnitude at low-Q, reaching down to x ' 10−7. The FPF will be sensitive to very
high-x kinematics as well.

These kinematic ranges open a wide range of opportunities for QCD studies, such as charting the
gluon at very low x, revealing BFKL and saturation dynamics, and testing Monte Carlo models for
forward hadron production. Understanding small-x dynamics in pp collisions, already important at
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the LHC and HL-LHC [172, 374], is crucial for any future higher-energy pp collider such as FCC-
hh [375–378], where even standard electroweak processes such as W and Z production become
dominated by low–x dynamics, and an accurate calculation of the Higgs production cross section
requires accounting for BFKL resummation effects. Therefore, FPF measurements would provide
a bridge between the physics program at the HL-LHC and that of an eventual higher-energy pp
collider. On the top of that, they will provide improved predictions for DIS in key astroparticle
physics processes, such as improving the extrapolations of the neutrino-nucleus cross section to
ultra-high energies and the modeling of showers in cosmic ray interactions in the atmosphere.

By going more differential, e.g., by covering a wide rapidity range either by placing the FPF
detectors at different radial distances from the beam collision axis or by making the FPF detectors
work in coincidence with the ATLAS detector, the FPF may clarify the transition from collinear to
BFKL factorization. Azimuthal-angle distributions, should they be accessible, may allow studies
of transverse momentum dependence of production and decay, as well as enhanced searches for
BSM signals. As multiple QCD phenomena would contribute at the FPF, disentangling them will
strongly benefit from a coordinated program with other facilities, including forward production at
LHCb, large-x CC DIS at the EIC [30], and small-x particle production at the HL-LHC and in
future DIS experiments such as the MuIC [10] or LHeC [59].

Heavy-ion collisions at the HL-LHC will produce a large number of hadrons, creating a neutrino
flux that can be observed at the FPF. These data could be used to study hadron propagation
through nuclear matter or the quark-gluon plasma in different kinematic regimes. In addition,
charm production in heavy-ion collisions may potentially probe nuclear PDFs for initial-state gluons
and test gluon saturation, which is expected to be present at higher x compared to the proton case.
For these studies to be feasible, the detection process of neutrino DIS on a nuclear target must be
well understood. Again, this makes concurrent studies of CC DIS on heavy ions at the EIC highly
beneficial for the success of the FPF program, see Sec. VI.4.3.

VI.4.2. Forward charm production

Forward charm production at the LHCb is an emerging process to probe the small-x gluon
PDF [379–382]. Figure 16(a) illustrates the impact of the LHCb forward charm production data
on the gluon PDF in the nucleon and lead at x < 10−2 in the recent NNPDF analyses. [The figure
does not include large theoretical uncertainties, which will be reduced in upcoming NNLO and
resummation calculations.] The FPF measurements will probe this PDF at x < 10−5, where the
current uncertainty is even bigger, and the PDF is reconstructed by extrapolation from large x.

The large-x kinematic region is of interest due to the sensitivity of the FPF experiments to an
intrinsic charm component of the proton [383]. The nonperturbative charm component, known as
intrinsic charm, may arise due to long-distance interactions of the charm quark with one of the beam
remnants. Intrinsic charm results in a characteristic enhancement of the charm PDF at x > 0.1, as
illustrated in Fig. 16(b) on the example of the ratio of charm-to-light flavor PDFs as a function of x
for Q = 2 GeV. While charm production in pp collisions is dominated by gluon-gluon scattering, in
the presence of the intrinsic charm, the charm-gluon initial state enters and may even be dominant
for forward D-meson production. Several studies have investigated the possible existence of this
intrinsic charm, including measurements by LHCb [384–387]. FPF measurements would provide
a complementary handle on intrinsic charm, which in turn could enhance the expected flux of
prompt neutrinos arising from the decays of charm mesons produced in cosmic-ray collisions in
the atmosphere [388–391]. These represent an important background for astrophysical neutrinos
at neutrino telescopes such as IceCube [392] and KM3NeT [393]. See the Snowmass white paper
on high-energy and ultra-high-energy neutrinos [394].
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VI.4.3. Neutrino-induced deep inelastic scattering

Among the various detectors proposed for the FPF, the principal detection modes will effectively
realize an experiment on high-energy neutrino-induced deep-inelastic scattering (DIS), with event
properties being reconstructed from the kinematics of the outgoing charged lepton and hadrons.
The ability of neutrino DIS measurements to probe specific quark flavours via the weak current
significantly improves global determinations of proton and nuclear PDFs [194]. Neutrino–induced
CC DIS structure functions provide access to different quark flavour combinations compared to
charged lepton DIS, and hence FPF data can complement other planned experiments such as
the EIC. The FPF potential can be further enhanced by using a range of nuclear targets. The
coverage for CC nuclear structure functions at the FPF broadly overlaps with that for NC charged-
lepton expected at the EIC [30, 395]. Analogous information from previous neutrino-induced
DIS measurements on nuclear targets, such as NuTeV [396], NOMAD [397], CCFR [398], and
CHORUS [399], plays a prominent role in many global PDF fits of nucleon and nuclear PDFs
(with the two related via nuclear corrections).

Inclusive CC DIS and especially semi-inclusive charm production in CC DIS are the primary
channels to probe the PDFs for strange quarks and antiquarks. Strangeness PDFs offer insights
about the nonperturbative proton structure [400], while they are also responsible for a large part
of the PDF uncertainty in weak boson mass measurements at the LHC [303]. On the experimental
side, determination of the (anti-)strangeness PDF has been a hot topic for the PDF community
as the fits prefer somewhat different shapes for the strangeness PDFs [78, 301, 302, 401]. The
elevated PDF uncertainty from fitting such inconsistent experiments propagates into various pQCD
predictions (see e.g. those recently presented in Ref. [402]).

VI.5. Probing the multidimensional structure of hadrons

Extensions of collinear PDFs can be defined based on alternative factorization theorems to
describe strong interactions in special kinematical regions. These include transverse-momentum-
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dependent PDFs (TMDs) introduced in the context of TMD factorization (see e.g. [403]) and the
related unintegrated PDFs (uPDFs) in the context of high-energy factorization at small momentum
fraction x. The connection between the two has been investigated in several papers (see e.g. [24,
404, 405]). There is an extended literature on the theory and phenomenology of TMDs, for quarks
and gluons, with or without polarization. Most recent global fits of quark TMDs [406–409] are
based on data from semi-inclusive DIS, Drell-Yan, and Z-boson production processes. Studying
these and other processes in the low-x and high-x regions opens a window on detailed behavior of
QCD radiation.

Among the TMDs, the gluon unpolarized TMD correlator operator is the least known and has
non-trivial spin dependence [410]. Besides the unpolarized gluon TMD, the counterpart distribution

of linearly polarized gluons in an unpolarized nucleon, h⊥g1 , gives rise to spin effects even in collisions
of unpolarized hadrons [411–418]. Golden channels for the study and extraction of the gluon TMD
and uPDF in hadron-hadron collisions correspond to the inclusive emission of a single particle over
forward ranges of rapidity as well as over more central regions in gluon-induced hard scatterings
[24, 419–422].

TMD factorization is violated at high orders in processes with multiple identified hadronic states
[423]. These violations are likely more pronounced in forward regions and should be experimentally
investigated for interpretation of various applications.

The gluon and quark GPDs characterize the three-dimensional nucleon structure in terms of
longitudinal momentum fraction x and momentum transfer to the nucleon, t. The GPDs play an
important role in many processes. For instance, the amplitude of onium hard diffractive production
in the scaling limit is proportional to the gluon GPD. There are indications, based on HERA data,
that the universality limit for J/ψ production is reached already for photoproduction, while in ρ
production it is reached only at Q2 & 15 GeV2 [424]. Investigation of universality of t dependence
in Υ and J/ψ production, as well as of connections of GPDs to collinear PDFs [425, 426], would
be insightful tests of the current GPD models.

Vector meson photoproduction in UPCs (see Ch. VIII) is also an effective way to measure GPDs
in ions [427], with proof-of-principle measurements of these kinds already available [428]. Multi-
dimensional distributions that go beyond TMDs – the so-called generalized transverse-momentum
distributions (GTMDs) [429–431] – can be measured in forward processes, for instance exclusive
double Drell–Yan [432], ultraperipheral pA collisions [433], and diffractive forward production of
two quarkonia [434]. High-energy studies of TMD’s, GPDs, and GTMDs complement the program
of three-dimensional femtography at the EIC and JLab.

VII. HEAVY ION PHYSICS

The heavy-ion (HI) program at the LHC has been a successful and important part of the LHC
physics program in Runs 1 and 2. The LHC experiments including ALICE, the dedicated detector
focuses on HI physics, general purpose detectors CMS, ATLAS and LHCb, have been participated
in the data-taking. Its chief aim was the identification and characterization of a Quark Gluon
Plasma (QGP) in lead-lead (Pb-Pb) collisions. In addition to QGP studies, the program has
included many advances in the understanding of the partonic nuclear structure, collectivity in
small collision systems [435–439], and electromagnetic (EM) interactions [440, 441]. A detailed
plan for the goals and expected measurements at the HL-LHC is presented in Ref. [442]. These are
summarized below covering results on jet modification and heavy-flavor (HF) hadrons, primarily in
Pb-Pb collisions, bulk particle collectivity in both Pb-Pb as well as smaller collision systems, nuclear
parton density in proton-lead (p-Pb) and photonuclear collisions, and finally EM interactions from
ultraperipheral Pb-Pb collisions. The latter topic is discussed in the next chapter.
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The nominal expectations for the LHC Run 3 and Run 4 are for: 13 nb−1 of Pb-Pb collisions
at
√
sNN = 5.5 TeV and 1.2 pb−1 of p-Pb collisions at

√
sNN = 8.8 TeV. In addition to the

larger available luminosity, detector upgrades planned for both ATLAS and CMS experiments will
benefit the HI program. In particular, the increased charged particle tracking pseudo-rapidity
acceptance will be a boon to bulk particle measurements, the upgraded Zero Degree Calorimeters
(ZDC) [443, 444] will improve triggering and identification for ultraperipheral collisions (UPC),
and the addition of time-of-flight particle identification capability enabled by the MIP Timing
Detector [445] will allow to differentiate among low momentum charged hadrons, such as pions,
kaons, or protons, improving the HF measurements. The ALICE ITS3 upgrade that is planned
for installation before Run 4 will significantly improve the heavy flavor meaurements down to very
low transverse momentum. For data-taking in LHC Run 5, the ALICE collaboration planned a
major upgrade of its detector referred to as ALICE 3 [446] which will enable an extensive program
to fully exploit the LHC for the study of the properties of the QGP.

At RHIC, the construction of sPHENIX detector [447], equipped with calorimeters as well
as high precision inner trackers, will be finished and start the heavy-ion data-taking in 2023.
The electromagnetic and hadron calorimeter will enable full jet analyses in pp and heavy ion
collisions at RHIC energies for the first time. Together with the high precision tracking systems,
the collaboration aims to provide high precision heavy flavor meson and quarkonium data in Au-Au
collisions.

VII.1. Jet Quenching

High momentum-transfer interactions between partons in the nuclei produce hard probes of
the QGP. One can study the impact of QGP on color charges with fast-moving partons. In QGP,
medium-induced gluon radiations and elastic scatterings could transfer the parton energy to a large
angle from the original mother parton momentum vector. The partons inside the jets could excite
a QGP wake. The effect of QGP on color charges can therefore be observed as the attenuation
of the jets [448–461], and the modification of their substructure [462–474], often referred to as jet
quenching.

The large data samples and the improved jet reconstruction due to the upgrade of the tracking
system of the CMS and ATLAS detectors will provide significantly reduced statistical and sys-
tematic uncertainties for key measurements of medium modification of light (heavy) quark jets
using photon/Z (D0-meson) tagged samples [475, 476]. Moreover, the sPHENIX detector with
large acceptance calorimeters [477] will enable the high precision full jet measurements for the first
time at RHIC. Since electroweak bosons don’t participate in the strong interaction, by measuring
the jets tagged against recoiling isolated photons or Z bosons, one can access the energy loss of
a parton by using the boson energy as the reference for that of the parton before quenching. In
particular, the jet fragmentation functions and the jet shapes will be measured precisely for high-z
region where the difference between pp and Pb-Pb collisions is not resolved yet [475, 476], as shown
in Fig. 17a, thus providing information on the medium-modified structure of quark-initiated jets.
The azimuth and transverse momentum correlations between bosons and jets, measured in γ+jets
and Z+jets events presented in Fig. 17b, are valuable observables to study parton energy loss in
the QGP [475]. By comparing the LHC and RHIC data, we aim to constrain the temperature
dependence of the transport coefficients of QGP.

Another significant improvement expected at the HL-LHC is the measurement of radial distribu-
tion of D0 mesons in jets [475]. By studying the modification of this observable in Pb-Pb compared
to pp, one can gain insights into the dynamics of heavy quarks in the QGP. In addition, the large
low-PU pp data samples at

√
s =14 TeV can be a great opportunity for precision measurements of
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the system-size dependence of the jet quenching phenomena. In this regard, high multiplicity pp
events provide the reference results in small systems, thus completing the system-size dependence
of the jet quenching phenomena.
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FIG. 17. (a) The statistical precision of the ratio of jet fragmentation functions in Pb–Pb and pp collisions
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TeV in CMS [475].

VII.2. Heavy Quarks

Heavy quarks provide a unique opportunity to probe the QGP with slow-moving probes. Charm
and beauty quarks, as a consequence of their large masses (mc,b > λQCD), are mostly produced
during the early stages of the collision in hard scattering processes. As HF quarks propagate
through the medium, they are expected to lose less energy than light flavor through radiation due
to the dead-cone effect, i.e., the suppression of small-angle gluon radiation induced by the lower
heavy quark velocity at the same kinetic energy as light quarks. These interactions may lead to
the thermalization of low-momentum HF quarks, which would then take part in the expansion and
hadronization of the medium. In addition, HF mesons, such as quarkonia, can be dissociated in the
medium due to Debye color screening or recombined from individual heavy quarks and anti-quarks
diffusing through the medium [478–480]. Therefore, the measurement of HF hadrons can provide
crucial information on the full evolution of the system and allows us to get information on the
quark-mass dependence of the medium-induced radiations.

The larger experimental data samples at the HL-LHC, combined with improved detector per-
formance and measurement techniques, will allow the ALICE, CMS, and ATLAS experiments to
significantly improve over the current HF hadron [481–489], and quarkonia [490–497] measure-
ments. The new ALICE ITS2 inner tracking system will give ALICE greatly improved capabilities
for charm and bottom [498]. Looking further ahead, the ALICE ITS3, planned for installation
before the start of Run 4 will push this even further [499]. Those upgrade projects aim to measure
charm hadrons down to pT = 0. The pT dependence of the quarkonium nuclear modification factor
(RAA) will be measured with high precision up to about 80 GeV for prompt J/ψ and 50 GeV for
Υ(1S) [500] (compared to 50 and 30 GeV respectively, with the present data), allowing to discern
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whether quarkonium formation at high pT is determined by the Debye screening mechanism, or by
energy loss of the heavy quark or the quarkonium in the medium. The elliptic flow measurements
of charm mesons in p-Pb collisions [501] and of HF decay muons [502] and Υ(1S) mesons [500]
in Pb-Pb collisions will be significantly improved as observed in Fig. 18, providing insights on the
collective expansion and degree of thermalization of HF quarks in the medium at low pT, and
on the presence of recombination of bottomonia from deconfined beauty quarks in the QGP. The
production of strange B mesons and charm baryons in pp and Pb-Pb collisions [500] will also be
measured with sufficient precision to further investigate the interplay between the predicted en-
hancement of strange quark production and the quenching mechanism of beauty quarks, and the
contribution of recombination of HF quarks with lighter quarks to the hadronization process in HI
collisions. Finally, the precise measurements of beauty mesons in p-Pb collisions [500] will help to
elucidate the relative contribution of hadronization and nuclear-matter effects (e.g. nuclear PDF,
gluon saturation, and coherent energy loss), as well as serve as a baseline for the understanding of
beauty-quark energy loss in Pb-Pb collisions.

At RHIC, the sPHENIX detector with enhanced capability for the studies of heavy flavor mesons
and baryons could provide high precision data at lower collision energy. Together with data from
HL-LHC, the measurements of HF hadron spectra, HF particle ratio, and azimuthal anisotropy will
provide strong constraints on the heavy quark diffusion coefficient and its temperature dependence.
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VII.3. Hadronization and Exotic Hadrons

Insight into the hadronization process in QGP is provided by the comparison of the pT distribu-
tions of various hadrons in Pb+Pb collision and in pp collisions. In particular, mechanisms such as
recombination, involving soft partons close in phase space, could be important for the description
of hadron production in high-density environments.

The abundant production of light nuclei and antinuclei measured by ALICE can be greatly
improved in HL-LHC. In analogy with the case of light nuclei and of charmonium, the statistical
hadronization or coalescence ansatz can be used to gain unique insight into the structure (e.g.
tetraquark or molecular state) of exotic hadrons, such as the X(3872) studied by LHCb in high-
multiplicity pp collisions [503] and by CMS in Pb+Pb collisions [504]. Those initial measurements
will be followed up with the high statistics data in LHC Run 3 and 4.

In LHC Run 5, the ALICE 3 detector would provide high precision measurement of multi-charm
baryons, expanding the studies of hadronization performed in Run 3 and 4. ALICE 3 would also
be the perfect tool for the study of the formation of light nuclei, hyper-nuclei, super-nuclei, and
the experimental investigation of exotic states such as X(3872) and the newly discovered T+

cc .

VII.4. Particle collectivity in small and large systems

With the large minimum bias samples of pp, pPb, and PbPb datasets of HL-LHC, it will be
possible to reach an unprecedented experimental precision that will help us to understand the
collectivity of small and large systems. The pivotal upgrades of trackers in CMS and ATLAS
will enable the measurement of charged particles in the wide pseudo-rapidity range (|η| < 4). In
small systems, a significant statistical improvement is expected for the elaborate flow variables.
In particular, the symmetric cumulant observables, SC(m,n) which are the correlations between
Fourier coefficients based on 4-particle correlations will be assessed [505]. Since those are very
sensitive to the initial state and its fluctuation, precision measurements of them will constrain the
current interpretation of the ridge phenomenon in small systems [438, 506–508], as well as catching
hold of non-flow effects in early stages [501]. In addition, we expect a crucial improvement in our
understanding of the system size of collisions by measuring the Hanbury Brown and Twiss (HBT)
radii in small systems [502]. With azimuthally sensitive femtoscopy, the spatial ellipticity of the
medium at freeze-out can be measured. In particular, the HL-LHC p-Pb data will allow us to
unambiguously investigate the normalized second-order Fourier component of the transverse HBT
radius as a function of the magnitude of flow. In Pb-Pb collisions, an interesting observable which
can be highly enriched by HL-LHC data is the flow decorrelation [509]. The extended η acceptance
in Run 4 will lead to significant improvement in characterizing the rapidity dependence of the
factorization breaking. A significant improvement of the forward-backward multiplicity correlation
and multi-particle cumulants will bring a better understanding of the fluctuations of the medium
in early stages [502].

VIII. PHOTONUCLEAR AND PHOTON-PHOTON INTERACTIONS AT COLLIDERS

Ultraperipheral ion collisions (UPCs) are electromagnetic interactions of relativistic heavy ions.
They occur when the nuclei pass by with impact parameter b > 2RA, where RA is the nuclear radius
[510, 511]. These photon fields may interact with the opposing nucleus, in a photonuclear interac-
tion, or with each other, in a γγ collision. At a lepton-lepton collider, hadroproduction in photon-
photon fusion offers complementary ways to study QCD dynamics. Photonuclear interactions at
the LHC (Sec. VIII.1) can probe target nuclei down to very small x values, x . 10−6. Meanwhile,
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photon-photon collisions both at the (HL-)LHC (Sec. VIII.2) or an e+e− collider (Sec. VIII.3) can
probe high-energy QCD resummations, diffractive interactions, and BSM phenomena.

In the UPCs, the strongly Lorentz-contracted electromagnetic fields of relativistic nuclei act as
nearly-real photon fields that extend up to high energies. The maximum photon energy is γ~c/b,
where b is the transverse distance from the interaction point to the center of the emitting nucleus.
The LHC can reach γA center-of-mass energies up to 1.5 and 5.4 TeV for proton and lead targets,
respectively [512]. For γγ interactions, the maximum collision energies are 170 GeV and 4.2 TeV
in Pb-Pb and pp collisions, respectively.

These opportunities were recognized early [513], and all four LHC experiments have studied
UPCs, along with STAR and PHENIX at RHIC. There are extensive plans for UPC studies at the
LHC during Runs 3 and 4 [514]. These studies will benefit from the extensive detector upgrades
that were implemented during the second long shutdown, such a new streaming DAQ readout in
ALICE, which will remove a bottleneck when triggering on low-multiplicity UPC events [515].

VIII.1. Photonuclear interactions

Photonuclear collisions are an effective tool for the study of the nuclear structure, and several
collision observables may be used to constrain the nPDF (similar to the p-Pb studies discussed in
Section III.2). So far, most UPC studies of photonuclear interactions have involved vector mesons,
which are experimentally very clean, but are subject to significant theoretical uncertainty [516].
These uncertainties can be alleviated by going beyond the NLO perturbative approximation that
is currently used e.g. in [212], or by taking the ratio of the cross-sections on proton and ion targets
to measure shadowing.

The HL-LHC will allow ALICE and CMS to extend such measurements to the ψ(2S) and poten-
tially the Υ(1S) meson [203]. They will also allow for a substantially expanded set of measurements,
including photoproduction of dijets (already pursued by ATLAS [213]) and of open charm, likely
bottom and possibly even top quark pairs [514, 517–521]. As was discussed in Sec. VI.5, in the
limit of high virtualities, exclusive photoproduction of vector mesons provides direct information
about the transverse distribution of partons for a given x. In the scaling limit, the transverse
spread is given by a Fourier transform of photoproduction amplitude A(x, t), which should exhibit
universal t dependence. Testing this universality with data will be informative.

Inelastic hard diffraction at small t provides a unique information on fluctuations of the gluon
field. The ratio of differential cross sections for incoherent and coherent onium production at
t = 0 reflects event-by-event fluctuations of the square of the gluon density [522], while at t > 0,
competition between the fluctuations and parton knockouts takes place [424, 427].

Production of multiple vector mesons in UPCs can be also studied, as illustrated in Fig. 19
showing projections for the nuclear correction in PbPb scattering at ALICE and CMS, including
expected uncertainties. For estimated rates for vector meson production in the different LHC
experiments during Run 3 and Run 4, refer to [514].

VIII.2. Photon-photon scattering

This section considers ultraperipheral events in pp scattering at the LHC, during which the pro-
tons remain intact and are measured in special units called roman pots. In these photon-exchange
events, quasi-real photons are emitted by the incoming interacting protons. Both the ATLAS and
CMS-TOTEM collaborations have installed roman pot detectors at about 220 meters from the in-
teraction points, the so-called ATLAS Forward Proton (AFP) and CMS-TOTEM Precision Proton
Spectrometer (PPS). In standard runs at high luminosity, the ATLAS or CMS detectors with intact
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FIG. 19. Pseudodata projections for nuclear suppression factor by ALICE and CMS measured with the
photoproduction of three heavy vector mesons in PbPb UPCs are shown. From Ref. [514].

protons tagged in the roman pots can detect final states with typical invariant mass 400-2300 GeV,
enabling sensitivity to a wide range of new physics effects. The events are especially clean. As an
example, one may observe exclusive pairs of photons or W bosons in the central region. In the
same way, one can look for exclusive production of ZZ, γZ, tt̄ events via photon induced processes.
The UPCs will be also sensitive to a variety of BSM scenarios, such as those that contain loops of
virtual heavy particles coupling to photons that introduce an effective photon quartic compling ζ1
at a low energy [523, 524].

VIII.2.1. Photon-photon collisions at the LHC without tagging intact protons

The ATLAS and CMS measurements of exclusive dimuons from γγ → µ+µ− will reach a
precision that can be used to calibrate the photon flux and reduce the uncertainty on the nuclear
charge distribution [525]. The rare light-by-light (LbyL) scattering process [526], measured by both
ATLAS and CMS, is statistics limited and will greatly benefit from the increased luminosity as well
as improvements in triggering capabilities [525]. Of particular note is the search for BSM axion-
like particles, which may be detectable via γγ → a→ γγ [527], and where LbyL interactions from
Pb-Pb measured by both ATLAS and CMS already set the most stringent limits for axion masses
between ∼ 5−100 GeV and will improve with the new data as shown in Fig. 20 where we show the
sensitivities in pp, p-Pb, Pb-Pb and Ar-Ar collisions. We clearly see the complementarity between
heavy ion and proton collisions. Fig. 20, left, does not assume the tagging of intact protons whereas
Fig. 20, right, does, as described in the next section. These analyses will benefit from upgrades to
forward detectors, see for example [528] and [529].

The γγ →WW process is unique because it occurs at leading-order only via electroweak gauge
boson couplings, and is thus an ideal probe for searching for new physics via anomalous gauge
boson couplings [535–537]. The rare electroweak process γγ → W±W∓ → e±νeµ∓νµ was first
observed (rejecting the background-only hypothesis with a significance of 8.4σ) in proton-proton
collisions at the LHC by the ATLAS Collaboration in 2020 using 139 fb−1 of data collected in
Run 2 [538]. The increased luminosity at the HL-LHC will allow differential measurements and
a large improvement in the statistical precision of this measurement, provided pile-up mitigation
and track reconstruction challenges are addressed. The impact of the HL-LHC environment and
planned ATLAS detector upgrade is studied in [539].

An example is given in Figs. 21a and 21b for a differential measurement in the dilepton invariant
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FIG. 20. Left: Compilation of exclusion ALPs sensitivities obtained by different studies [20, 442, 530].
In light green, the ATLAS γγ → γγ from 10 nb−1 limit at

√
sNN = 5.52 TeV is presented. The ATLAS

γγ → γγ represents the exclusion limit derived from the LbyL cross section measured in Pb-Pb collisions
by ATLAS [525], the CMS γγ → γγ limit comes from the recent analysis described in Ref. [531] and the
projected performance with ALICE 3 detector [532]. Right: Sensitivity predictions on ALPs using pp, p-Pb,
Pb-Pb and Ar-Ar interactions at the LHC [533, 534].

mass, m``, with the aim to probe the sensitivity in the high-m`` region most sensitive to dimension-
8 EFT operators [537]. Figure 21a shows the expected signal and background yields at the HL-LHC
stacked and as a function of m``, illustrating the improvements at high dilepton mass compared to
the Run 2 analysis. Figure 21b compares the main sources of the uncertainty for the HL-LHC and
the Run 2 analyses. While the Run 2 analysis is mainly limited by statistical uncertainties, the
background systematic uncertainty will be dominant for most of the dilepton mass spectrum at
the HL-LHC. It demonstrates the impact of the background modeling uncertainty by considering
a reduction in this uncertainty by a factor of 2 and 4 compared to the Run 2 relative uncertainties.

VIII.2.2. Photon-photon collisions at the LHC with proton tagging

Turning now to photon-induced processes at ATLAS and CMS-TOTEM in which scattered
protons are detected intact in the roman pots, we will first concentrate on diphoton exclusive
production as an example. The conclusions can be generalized to exclusive WW , ZZ, γZ, and tt̄
production via photon exchanges. Diphotons can be produced exclusively either via QCD or QED
processes, with the cross sections as a function of a diphoton mass available in [537, 540–542].
Observing two photons in ATLAS/CMS and two tagged protons means a photon-induced process,
with the acceptance of the roman pot detectors starting at about 400 GeV.

The number of exclusive diphoton production events for a luminosity of 300 fb−1 at the LHC
is shown in Fig 22. SM exclusive diphotons (red dashed dotted line) and exclusive dileptons
with leptons misidentified as photons (blue dotted line) can be neglected. The only background
that matters is shown in red dashed lines and corresponds to inclusive diphoton production that
coincides with detection of intact protons from the pileup. The BSM signal (black lines) is shown
for an effective photon quartic complings ζ1 of order 10−12 and 10−13 GeV−4 that are common in
BSM models [523, 524].

Measuring intact protons is crucial for suppressing the pileup and other background. The
method matches the kinematical information, as measured by the two photons, with the one using
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FIG. 21. (a) The expected signal and background yields at the HL-LHC shown stacked and as a function of
the dilepton mass, with the relative statistical and total uncertainty on the signal shown in the bottom panel
assuming the same background systematic as in Run 2 of 12%. (b) A comparison of the total uncertainty
when considering a reduction in the nominal background systematic by a factor of 2 and 4 and compared
to the Run 2 relative uncertainties, with the ratio of the total relative uncertainty on the signal yield at the
HL-LHC as a ratio to the Run 2 uncertainty shown in the bottom panel. The average pileup in Run 2 was
〈µ〉=33.7. [539]

the two protons. The results are shown in Fig. 23 for the mass ratio (left) and the rapidity
separation (right) between the pp and γγ systems. With these exclusivity cuts, one can reduce the
background from 80.2 to less than 0.1 events for 300 fb−1, lifting the sensitivity to ζ1 to a few 10−15

GeV−4 – better by more than two orders of magnitude compared to “standard” methods [537, 540–
542]. This is now becoming a reality, with both CMS-TOTEM and ATLAS reporting observations
of QED exclusive dilepton production, and CMS-TOTEM reporting the first limits on ζ1 with
about 9.4 fb−1 of data.

This method can be applied directly to search for axion-like particles (ALPs). For example, if
an ALP interacts with the photons, the exclusive pp → p(γγ → γγ)p process at the LHC with
300 fb−1 significantly extends the reach of the ALPs search at masses of order 1-2.3 TeV, see the
sensitivity plot (coupling vs mass) in Fig. 20, right [533, 534]. In the 1 TeV ALP mass range,
about two orders of sensitivity are gained by tagging on the protons, as compared to the standard
methods. This is complementary with the strong sensitivity of Pb-Pb runs in the region of lower
masses in Fig. 20, ∼ 10 − 500 GeV, where the cross section for Pb-Pb runs is enhanced by the
fourth power of the large nucleus charge [20, 527].

In addition to γγ final states, tagged Zγ andWW states can be also observed. In Zγ production,
both leptonic and hadronic decays can be studied using the same kinematic techniques as above,
which may achieve sensitivities to the γγγZ anomalous coupling up to 10−13 GeV−4, better by
three orders of magnitude [543] than with the standard untagged method based on the Z → γγγ
decay.

In the WW exclusive channel, quartic γγWW anomalous couplings can be tested [544]. Fig-
ure 24 shows that the SM and anomalous (BSM) contributions can be observed at low and high
invariant masses of WW pair, respectively. The best sensitivity to the SM exclusive WW produc-
tion originates from the leptonic decays of the W s, with fast timing detectors desirable to suppress
the neutrino background. One strategy to assess the γγWW quartic anomalous couplings is to
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FIG. 22. Number of events as a function of the diphoton mass for signal and background for exclusive γγ
production.

FIG. 23. Mass ratio and rapidity difference between the pp and γγ information for signal (in full line) and
pile up background (dashed line).

look for hadronic decays of W bosons at large mWW , even if the dijet background is quite high.
Advanced jet variables such as subjettiness can help to reject the dijet background.

Following the same ideas, one can also look for exclusive production of ZZ and tt̄ [545], as it
was recently performed by the CMS and TOTEM collaborations.

VIII.3. Photon-photon scattering at e+e− colliders

An e+e− collider can function as a photon-photon collider when the two initial-state leptons are
detected at small angles to the beam pipe. Since the virtual photons scatter as small transverse-size
objects with no hadronic activity in the initial state, they offer interesting opportunities to test
QCD in the Regge regime. In this γ∗γ∗ reaction, a future measurement combined with the available
LEP2 data would constrain the growth of the total cross section with energy that is predicted by
BFKL theory [546–551]. Diffractive production of two vector mesons (V ), γ∗γ∗ → V V , can test
NLA predictions for ρ [552–554] and J/ψ [555] mesons. Also, heavy-quark pair production can be
observed [25, 556]. The BFKL resummation – an important formalism of QCD theory described
in Sec. VI.1 – has been difficult to confirm in hadronic collisions. In γ∗γ∗ scattering, dependence
on the initial photons’ virtualities gives an additional powerful lever.
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FIG. 24. WW mass distribution for exclusive WW production (SM is red dashed line and anomalous
couplings in full ball line).

IX. PERTURBATIVE PRECISION CALCULATIONS FOR EXPERIMENTS

Perturbative precision calculations are crucial for measurements of SM parameters and a key
ingredient for the reliable estimation of SM backgrounds to new physics searches [557]. They also
serve as an input to precision simulations in modern MC event generators for collider physics.

IX.1. Fixed-order techniques

There has been significant recent progress in the computation of QCD radiative corrections [191,
558–560]. Several groups have used different approaches to achieve the first 2→ 3 NNLO calcula-
tions of hadron collider process. There have also been significant steps forward in the development
of improved infrared subtraction schemes including methods to deal with higher-multiplicity pro-
cesses at NNLO. There has also been remarkable progress in the area of differential N3LO calcu-
lations, with first results obtained for 2→ 1 benchmark processes. A summary of the state of the
art and targets for future measurements is shown in Tab. IV. This Les Houches precision wishlist
has served as a summary and repository for the higher-order QCD and EW calculations relevant
for high-energy colliders, providing a crucial link between theory and experiment.

Computing fixed-order amplitudes for scattering processes remains one of the key challenges and
obstacles to producing precise predictions for the LHC. Broadly speaking, one can divide the com-
putation into two categories: Obtaining and reducing the amplitudes, and calculating the integrals
which appear. A thorough review of recent formal developments can be found in [561]. The stan-
dard approach is the projector method, where the amplitude is expressed as a linear combination
of all potential D-dimensional tensor structures each multiplied by a scalar coefficient contain-
ing scalar integrals. For on-shell/physical processes, one can restrict the space-time dimension of
the external particles to D = 4 and directly construct projectors for individual helicity ampli-
tudes [562–564]. The integrals are related through integration-by-parts identities (IBPs) [565, 566]
and Lorentz-invariance identities (LIs) [567]. Redundancies can be eliminated using the Laporta
algorithm [568], leading to a set of master integrals, the evaluation of which is one of the biggest
obstacles in obtaining multi-loop/multi-leg amplitudes. A useful technique for avoiding the inter-
mediate expression swell in the reduction to master integrals is the use of finite fields, typically
integers modulo some prime number [569–571]. A modern introduction to various techniques for
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TABLE IV. Summary of the LesHouches precision wishlist for hadron colliders [558]. HTL stands for
calculations in heavy top limit, VBF* stands for structure function approximation.

process known desired

pp→ H N3LOHTL, NNLO
(t)
QCD, N(1,1)LO

(HTL)
QCD⊗EW N4LOHTL (incl.), NNLO

(b,c)
QCD

pp→ H + j NNLOHTL, NLOQCD, N(1,1)LOQCD⊗EW NNLOHTL⊗NLOQCD + NLOEW

pp→ H + 2j NLOHTL⊗LOQCD NNLOHTL⊗NLOQCD + NLOEW,

N3LO
(VBF∗)
QCD (incl.), NNLO

(VBF∗)
QCD , NLO

(VBF)
EW NNLO

(VBF)
QCD

pp→ H + 3j NLOHTL, NLO
(VBF)
QCD NLOQCD + NLOEW

pp→ V H NNLOQCD + NLOEW, NLO
(t,b)
gg→HZ

pp→ V H + j NNLOQCD NNLOQCD + NLOEW

pp→ HH N3LOHTL⊗NLOQCD NLOEW

pp→ HHH NNLOHTL

pp→ H + tt̄ NLOQCD + NLOEW, NNLOQCD (off-diag.) NNLOQCD

pp→ H + t/t̄ NLOQCD NNLOQCD, NLOQCD + NLOEW

pp→ V N3LOQCD, N(1,1)LOQCD⊗EW, NLOEW N3LOQCD + N(1,1)LOQCD⊗EW, N2LOEW

pp→ V V ′ NNLOQCD + NLOEW , + NLOQCD (gg) NLOQCD (gg,massive loops)

pp→ V + j NNLOQCD + NLOEW hadronic decays

pp→ V + 2j NLOQCD + NLOEW , NLOEW NNLOQCD

pp→ V + bb̄ NLOQCD NNLOQCD + NLOEW

pp→ V V ′ + 1j NLOQCD + NLOEW NNLOQCD

pp→ V V ′ + 2j NLOQCD (QCD), NLOQCD + NLOEW (EW) Full NLOQCD + NLOEW

pp→W+W+ + 2j Full NLOQCD + NLOEW

pp→W+W− + 2j NLOQCD + NLOEW (EW component)

pp→W+Z + 2j NLOQCD + NLOEW (EW component)

pp→ ZZ + 2j Full NLOQCD + NLOEW

pp→ V V ′V ′′ NLOQCD, NLOEW (w/o decays) NLOQCD + NLOEW

pp→W±W+W− NLOQCD + NLOEW

pp→ γγ NNLOQCD + NLOEW N3LOQCD

pp→ γ + j NNLOQCD + NLOEW N3LOQCD

pp→ γγ + j NNLOQCD + NLOEW, + NLOQCD (gg channel)

pp→ γγγ NNLOQCD NNLOQCD + NLOEW

pp→ 2 jets NNLOQCD, NLOQCD + NLOEW N3LOQCD + NLOEW

pp→ 3 jets NNLOQCD + NLOEW

pp→ tt̄

NNLOQCD (w/ decays)+ NLOEW (w/o decays)

NLOQCD + NLOEW (w/ decays, off-shell)

NNLOQCD

N3LOQCD

pp→ tt̄+ j
NLOQCD (w/ decays, off-shell)

NLOEW (w/o decays)
NNLOQCD + NLOEW (w/ decays)

pp→ tt̄+ 2j NLOQCD (w/o decays) NLOQCD + NLOEW (w/ decays)

pp→ tt̄+ Z
NLOQCD + NLOEW (w/o decays)

NLOQCD (w/ decays, off-shell)
NNLOQCD + NLOEW (w/ decays)

pp→ tt̄+W NLOQCD + NLOEW (w/ decays, off-shell) NNLOQCD + NLOEW (w/ decays)

pp→ t/t̄
NNLOQCD*(w/ decays)

NLOEW (w/o decays)
NNLOQCD + NLOEW (w/ decays)

pp→ tZj NLOQCD + NLOEW (w/ decays) NNLOQCD + NLOEW (w/o decays)
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computing multi-loop Feynman integrals can be found in Ref. [572], and further details on recent
developments can be found in [573, 574]. Another technique that has been recently developed
to compute multi-scale two-loop scattering amplitudes is based on numerical unitarity [575–577],
which effectively sidesteps tensor integral reduction and directly delivers helicity amplitudes.

The use of the differential equations technique [567, 578], and particularly Henn’s canonical
form [579] remains as one of the most important methods for computing Feynman Integrals. New
developments concerning the use of differential equations and their application to cutting edge
multi-loop integrals can be found in, e.g., Refs. [580–586]. In Ref. [587], a procedure for introducing
an auxiliary dimensionless parameter into the kinematics of a process and deriving differential
equations with respect to this parameter, known as the simplified differential equations approach,
was described. It has recently been used to compute the 2-loop planar [588] and non-planar [584] 5-
point functions with one massive leg. The method of differential equations is reviewed in [589, 590].

It is not only the amplitude community that has seen impressive development recently. There
have been significant steps forward on the side of subtraction schemes. While a full automation of
NLO subtractions has been achieved, this is not yet the case at NNLO. This puts the next frontier
in NNLO calculations to 2 → 3 processes, as well as revisiting prior approximations that could
potentially limit the interpretation of theory–data comparisons (e.g. combination of production
and decay subprocesses, flavoured jet definition, photon-jet separation and hadron fragmentation,
on-shell vs. off-shell, etc.). Antenna subtraction [591, 592] is applicable to processes with hadronic
initial and final states with analytically integrated counterterms. It has been extended to cope with
identified jet flavours [593, 594] and the photon fragmentation function [595, 596]. Sector-improved
residue subtraction [597–599] is capable of treating hadronic initial and final states through a fully
local subtraction that incorporates ideas of the FKS approach at NLO [600, 601] and a sector
decomposition [602] approach for real radiation singularities [603–605]. It has been extended to deal
with flavoured jets [606] and B-hadron production [607]. qT -subtraction [608] is a slicing approach
for processes with a colourless final state and/or a pair of massive coloured particles and is publicly
available in the Matrix program [609] and the MCFM program [610]. It has been extended to cope
with a pair of massive coloured particles [611, 612] and applied to top-pair production [613, 614]
and bb̄ production [615]. N -jettiness [616–618] is a slicing approach based on the resolution variable
τN (N -jettiness) that is suited for processes beyond the scope of the qT method, i.e. involving final-
state jets and is available in the MCFM program [619, 620]. ColorFul subtraction [621] is a fully
local subtraction extending the ideas of the Catani–Seymour dipole method at NLO [622]. Nested
soft–collinear subtraction [623–625] is a fully local subtraction with analytic results for integrated
subtraction counterterms. Analytic local sector subtraction [626, 627] is a local subtraction with
analytic integration of the counterterms aiming to combine the respective advantages from two
NLO approaches of FKS subtraction [600, 601] and dipole subtraction [622]. Finally, projection to
Born [628] is a method based on knowledge of inclusive calculations that retain the full differential
information with respect to Born kinematics. All these developments will lead to more NNLO
precise results becoming available for use by experiments in the near future.

A separate challenge is to make the NNLO 2 → 2 predictions or complex NLO predictions
publicly available to experimental analyses. Root nTuples have been a useful tool for complicated
final states at NLO and allow for very flexible re-weighting and analysis. An extension of AP-
PLgrid [629] and fastNLO [630] to NNLO offers a convenient method to distribute higher-order
predictions. Despite progress in this direction [631], more of these grids should become publicly
available.
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IX.2. Monte-Carlo simulations

Most QCD experimental programs rely on the modeling of hadronic final states provided by
particle-level Monte-Carlo event generators. Uncertainties on the results of experimental analyses
are often dominated by effects associated with these simulations. They arise from the underlying
physics models and theory, the truncation of perturbative expansions, the PDFs and their im-
plementation, the modeling of nonperturbative effects, the tuning of model parameters, and the
fundamental parameters of the theory.

The types of experiments discussed in Sec. I span a wide range of energies, beam particles,
targets (collider vs. fixed target), temperature and chemical potential. An event generator employed
for a given experimental configuration may require some dedicated physics models, while other parts
can be similar or even identical to those used for other configurations. A particular strength of event
generators derives from the factorization or assumed factorization of physics at different energy
scales. This principle allows some physics models to be universal and often enables the modular
assembly of (parts of) a generator from existing tools when targeting a new experiment. In this
manner, previously gained knowledge and experience can be transferred, and a more comprehensive
understanding of the physics models is made possible by allowing them to be tested against a wealth
of data gathered in past and current experiments. These cross-cutting topics in event generation
have been identified as a particular opportunity for the theory community [11].

A shared feature of all experiments is the hard interaction, which probes the colliding beams
or fixed targets at the shortest distance scales. This component of any reaction is often the most
interesting, since it is most susceptible to new physics effects. It is described in simulations using
full quantum mechanical calculations, including interference, and typically at the highest order in
perturbation theory that is practicable. Since measurements happen at much larger distance scales,
the particles produced in hard interactions can radiate a substantial number of additional quanta
before being detected. This radiation is implemented in quasi-classical cascade models, which are
matched to the quantum mechanical calculation of the hard process to increase precision. If the
active degrees of freedom at the hard scale are the asymptotically free quarks and gluons of QCD,
the transition to color-neutral hadrons must be accounted for, typically through the cluster or
string model. Particles produced in this simulation chain may undergo transport through nuclear
matter. They may also still be unstable and decay on timescales that can in some cases be
resolved by detectors. Uncertainties on the results of experimental analyses are often dominated
by effects associated with the simulation of the above effects in event generators. They arise
from the underlying physics models and theory, the truncation of perturbative expansions, the
PDFs and their implementation, the modeling of non-perturbative effects, the tuning of model
parameters, and the extraction of fundamental parameters of the theory. The need to address
these uncertainties for various facilities and experiments is the driving force behind the efforts of
the community of Monte-Carlo event generator developers. Ref. [11] discusses these questions in
the context of the larger facilities that continue to drive the development in the near term.

High Energy Colliders: In the coming decade experiments at the LHC will make precise
measurements of Standard Model parameters, such as the W mass and the Higgs boson couplings.
Both the extraction of these parameters and their interpretation will be limited primarily by the
precision of perturbative QCD and EW calculations, both fixed order and resummed. The results
of some analyses will however also be limited by the number of Monte Carlo events that can
be generated, and computing efficiency will play a crucial role. Future highest-energy colliders,
including a potential muon collider, may/will require electroweak effects to be treated on the same
footing as QCD and QED effects.

Neutrino Experiments: The next generation neutrino experiments DUNE and HyperK will
make precise measurements of the CP violating phase, mixing angles and the mass hierarchy.



49

The SBN program will focus on precise measurements of neutrino cross sections and searches for
new physics. None of these experiments will be limited by statistical uncertainties. Since all
running and planned experiments use nuclear targets, one of the leading systematic uncertainties
to the measurements arises from the modeling of neutrino-nucleus interactions. This requires the
use of state-of-the-art nuclear-structure and -reaction theory calculations. The implementation of
physics models with complete error budgets will be required to reach the precision goals of these
experiments.

Electron-Ion Collider: The EIC will investigate the structure of nucleons and nuclei at
an unprecedented level. This will be accomplished by performing precise measurements of DIS
and other processes over the complete relevant kinematic range including the transition region
from perturbative to non-perturbative QCD. Highly polarized beams and high luminosity will
allow probes of the spatial and spin structure of nucleons, which will need to be simulated at high
precision. This currently not possible with standard event generators and requires the development
of new tools at the interface between particle and nuclear physics. It is expected that measurements
at the LHC will greatly benefit from these developments.

Forward Physics Facility: The Forward Physics Facility at the LHC will leverage the intense
beam of neutrinos, and possibly undiscovered particles, in the far-forward direction to search
for new physics and calibrate forward particle production. These measurements will require an
improved description of forward heavy flavor – particularly charm – production, neutrino scattering
in the TeV range, and hadronization inside nuclear matter, including uncertainty quantification.

Lepton Colliders: Future lepton colliders would provide per mill level measurements of Higgs
boson couplings and W and top-quark masses. The unprecedented experimental precision will
require event generators to cover a much wider range of processes than at previous facilities, both
in the Standard Model and beyond. In addition, predictions for the signal processes must be
made with extreme precision. Some of the methodology is available from the LEP era, while other
components will need to be developed.

Event generation for the above facilities contains many common physics components, such as
higher-order QCD and electroweak perturbative corrections, factorization theorems and parton evo-
lution equations, resummation of QCD and QED effects, hadronization, and final-state modeling.
Various experiments also require the understanding of heavy-ion collisions and nuclear dynamics
at high energies as well as heavy-flavor effects. In addition to the physics components, there are
similar computational ingredients, such as interfaces to external tools for analysis, handling of
tuning and systematics, and the need for improved computing efficiency. Many of these aspects
may profit from developments in artificial intelligence and machine learning. A detailed discussion
of all these aspects can be found in [557].

X. ANALYSIS TECHNIQUES

X.1. Jet Substructure

Jets produced from high energy quarks and gluons through QCD have a complex composition.
This jet substructure has emerged as a powerful framework for studying the SM at particle colliders,
and provides a key set of tools for probing nature at the highest energy scales accessible by terrestrial
experiments [34, 35, 632–637]. In general, jet substructure techniques are applied to explore the
structure of the strong force in final state radiation on small angular scales, and to identify Lorentz-
boosted massive particles (H/W/Z bosons, top quarks, and BSM particles). For all of these
signatures, there are a variety of physics backgrounds that obfuscate the target signatures. At
hadron colliders, this is the result of multiple, nearly simultaneous collisions (pileup) as well as
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underlying event, and multi-parton interactions. A variety of jet grooming techniques have been
developed to mitigate these effects (see e.g., Refs. [632–635]). While similar backgrounds in e+e−

are often much smaller, beam-induced backgrounds in muon colliders [50] could potentially benefit
from similar techniques developed for hadron colliders.

There are several detector technologies that will improve jet substructure and related techniques.
These include finer calorimeter granularity [638, 639], more hermetic coverage of tracking detectors,
and precise measurements of timing information. The experience of the LHC has shown that such
information can be used to more accurately reconstruct the interaction of hadrons with various
detector elements, much of which is used in the ‘particle flow’ (PF) concept already deployed by the
LHC experiments. At future muon colliders, ‘beam background’ detectors could also in principle
be deployed to reduce the impact on jet substructure.

X.1.0.1. Light Quark and Gluon Jets High-energy quark and gluon jets are important probes
of a variety of QCD phenomena. These jets can be used to study perturbative aspects of QCD
as well as features of QCD that cannot currently be described with perturbation theory. For the
latter case, there are cases where scaling relations can be predicated and tested across a wide range
of energies. These final states can be used to measure the strong coupling constant, to extract
various universal objects within factorized QCD, to tune parton-shower Monte Carlo generators,
as well as other tasks. Quark and gluon jets were also studied at previous colliders, but higher
energy machines allow for a suppression of nonperturbative effects as well as a larger lever arm for
testing scaling behaviors.

Quark and gluon jets are statistically distinguishable due to their different fragmentation pro-
cesses. Quark versus gluon jet tagging has been a standard benchmark for the development of new
classical and machine learning-based jet taggers. Many SM and BSM final states of interest are
dominated either by quark or gluon jets, in contrast to the dominant background processes. Quark
versus gluon jet tagging can help enhance such signals, although these jets are not as separable as
other objects. See also references [39, 191, 640] for further details.

Currently, quark vs. gluon tagging has not fulfilled its promise due to large uncertainties in
the modelling of gluon jets. Having pure samples of gluon jets in QCD would significantly change
this situation and have a major impact on the LHC physics program. This would be a particular
advantage of future lepton colliders for the study of QCD, as they provide pure samples of gluon
jets through the process e+e− → HZ, with Z decay to leptons and Higgs boson decay to gg [38–40].
Although the understanding of gluon jets is quite poor, there in fact exist a wide range of precision
perturbative calculations of event shapes on H → gg, which have never been compared to data.
Since the perturbative features of gluon jets are well understood, and already available to high
accuracies, comparison with data would enable detailed studies of the nonperturbative structure
of gluon jets.

X.1.0.2. Heavy Flavor Jets Bottom quark jets are highly separable from other jets due to
the long lifetime of the bottom quark and the heavy mass of bottom-flavored hadrons. In addition
to lifetime information, jet substructure can be used to further separate these jets from other
jets [641, 642]. A similar conclusion holds to a lesser extent for charm quark jets [643, 644] and to
an even lesser extent for strange quark jets [645–647].

X.1.0.3. Strahlung Jets Many future collider scenarios result inH, W , and Z bosons radiating
off of very high energy jets (“Weak-strahlung”). In the H → bb and H → cc final states, flavor
and lifetime information can be used in addition to the jet substructure to improve categorization.
The identification of W and Z bosons is similar to the H boson, however the masses are slightly
lower and they often do not decay to bottom or charm quarks, so there are fewer handles to use
to identify them.

There may also be top quark production within a jet that originates from light quarks or gluons
via gluon splitting to tt, similar to the case at the Tevatron and LHC for bottom quarks. These
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types of events will need to be handled separately from events without these gluon splittings. The
jet substructure of top quarks is, in some sense, an ideal case, since there are two heavy SM particle
masses to utilize (the top quark and W boson), as well as lifetime and flavor information in the final
state particles. This provides a strong handle to identify top quarks. Especially at higher-energy
future colliders, the analysis of collisions containing top quarks will be reliant on jet substructure
and boosted topologies.

X.1.0.4. Unconventional Jets Unconventional signatures include cases where jets are com-
posed of leptons and hadrons, only leptons, only photons, hadrons and missing transverse energy
etc. In addition to the jet kinematics and substructure, the jet timing [648] information and other
information can be used for classification. Examples include jets containing one or more hard lep-
tons [649–653], displaced vertices [651], hard photons [654, 655], or significant missing transverse
momentum [656, 657]. Some of these anomalous signatures are already started being explored at
the LHC [658–662].

X.2. Event Shapes and Energy Correlations

Measurements of the flow of radiation provide one of the most interesting tests of our under-
standing of QCD. High energy collisions are particularly interesting, since they provide a probe
of the dynamics of QCD from asymptotically free quarks and gluons, through the confining phase
transition to free hadrons at asymptotic infinity. Energy flow can be studied either using event
shapes or using correlation functions. Both approaches have seen significant progress driven by jet
substructure at the LHC, giving rise to many interesting new observables that could be measured
at future colliders, providing a significantly extended understanding of energy flow in quantum
field theory.

Energy correlation functions [663–668] exhibit simple structures in QCD perturbation theory.
A measurement of the two-point correlator using Open Data from the CMS experiment is shown in
Fig. 25, illustrating beautiful scaling behavior of weakly coupled quarks and gluons, and a transition
to the scaling of free hadrons [669]. Measurements of this quality at future lepton colliders would
provide remarkable insights into the dynamics of QCD jets, and the hadronization transition [670].

An insight of the jet substructure program has been the introduction of grooming algorithms
that systematically remove low-energy soft radiation [671, 672], thereby reducing traditional dou-
ble logarithmic observables to single logarithmic observables, and reducing nonperturbative correc-
tions [12]. Fig. 25 shows the groomed hemisphere mass as an example. Although the corresponding
groomed observables are theoretically cumbersome, they are practically very useful. The most pre-
cise extractions of αs from event shapes are currently based on thrust and the C-parameter [36, 37],
which are closely related double logarithmic observables. Using the standard methodology, one of
the complexities in the measurement is the determination of nonperturbative corrections. These
corrections cannot be computed from first principles. Theoretical progress in understanding these
power corrections has been made in [673–675]. Nevertheless, they must be simultaneously fit for
along with the value of αs. Due to the differing theoretical structure of groomed event shapes,
an extraction of αs from the groomed thrust would provide a relatively independent measurement
of the value of the strong coupling. The groomed thrust can be computed to high perturbative
accuracy, using a factorization formula, as shown in Fig. 25. Nonperturbative corrections to the
groomed thrust distribution have been studied in [676].

While the groomed thrust provides many complementary features to the standard thrust based
extraction of αs, it is ultimately based on the same event shape paradigm, and therefore similar
assumptions enter in the treatment of nonperturbative effects. Another interesting complementary
measurement would be to perform a measurement of the two-point energy correlator (EEC) in
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FIG. 25. (a) The groomed mass observable in e+e−. The hadronization region is to the left. Figure taken
from [681]. (b) A precision measurement of the two-point correlator in the collinear limit at the LHC [669].
Both of these new observables provide interesting probes of αs
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FIG. 26. Left: resummed distributions in the back-to-back limit up to N3LL accuracy. Note that results are
not normalized by σ in the τ interval shown. Right: TEEC φ distribution matched with a nonperturbative
model. The orange, blue and green bands are the final predictions with scale uncertainties up to N3LL+NLO.

the collinear limit [677]. Due to new analytic results at NLO [678, 679] and the resummation at
N3LL′ in the back-to-back limit [680], the EEC has seen a resurgence of interest. Its collinear limit
is described by completely different physics (fixed spin DGLAP) than the Sudakov region, and
furthermore, since the energy correlators are not event shape observables, they have a different
structure for their nonperturbative effects. Despite being an old observable that was measured
at LEP, extractions of αs from the collinear limit were never performed at LEP. Comparing the
measurement of the two-point correlator at LEP vs. using the modern calorimetry of the LHC
shows a completely different understanding of the collinear limit. Achieving a similarly precise
measurement in the clean e+e− environment of the ILC or FCC-ee would be extremely valuable
for precision measurements of αs (once it reaches NNLO, or beyond, pQCD accuracy), and might
resolve the longstanding tensions in the values extracted from event shapes.

Moreover, the EEC/TEEC event shape observables can be studied in e+e−, ep and pp collisions,
which provides a way to test the universality of QCD factorization in different colliding systems.
These observables can also be used to study TMD physics, which is one of the most important
goals of the EIC. Hadron colliders present a more complex environment than e+e− or ep collid-
ers, nevertheless, high accuracy can still be achieved. Once EEC/TEEC are computed at NNLO
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pQCD accuracy, a new avenue will be opened for the rich HL-LHC data to be combined with
precision resummed QCD predictions to obtain precision measurement of SM parameters, such as
strong coupling constant and various TMD functions. The simplicity in the theoretical structure of
EEC/TEEC makes higher-order calculation feasible and can shed light on the structure of pertur-
bation theory. Both of these lead to valuable addition to our understanding of QCD. Finally, the
EEC/TEEC observables can be generalized to eA, pA, and AA collisions. They can shed new light
on the many-body QCD dynamics in reactions with nuclei, specifically multi-parton interactions
and the formation of parton showers in matter. In these environments, precise extraction of trans-
port properties of various forms of nuclear matter will greatly benefit from the high perturbative
accuracy achieved in the baseline ep and pp reactions.

XI. CROSS-CUTTING QCD

QCD interactions play a ubiquitous and multifaceted role in collider phenomenology, and hence
successes across many areas depend on future developments at the intersections of QCD and other
domains. To take the full advantage of precise perturbative QCD calculations discussed in Sec. IX.1,
commensurate advances must be achieved in determinations of long-distance QCD contributions
including PDFs, computations of electroweak radiative contributions, event generation, machine
learning, and last but not least, accurate and fast practical implementations. These tasks require
collaboration between experimentalists and theorists, model-builders and QCD experts, and, more
broadly, support of the QCD infrastructure that adapts theoretical tools for experimental analy-
ses and provides protocols to validate these tools and assess uncertainties from experimental or
theoretical sides. This subsection presents examples of such cross-cutting issues.

XI.1. Comprehensive uncertainty estimates

Achieving the targeted accuracy on the PDFs and key measurements such as W boson mass
at the HL-LHC requires better control of systematic uncertainties at all stages [13], in experi-
mental measurements as well as in numerical computations. This requires a close collaboration
between experimentalists and theorists on the consistent usage of QCD predictions and the con-
version from parton to particle level (see also Sec. IX.2). Making higher-order calculations for
complex final states available in a form suitable for experimental analyses remains a significant
part of this challenge [629, 630, 682]. In addition, more efforts are necessary to present models
of systematic uncertainties in the complete form that can be interpreted by external users [683].

QCD at 1% accuracy

QCD infrastructure 
for these calculations

N2LO and N3LO 
calculations

all-round standards 
for accuracy control

representative 
uncertainty estimates

FIG. 27. Prerequisites for achieving percent-level accuracy in QCD calculations.
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New types of complexity issues emerge in comparisons of models with many parameters to very
large data samples expected at the LHC Run-3 and HL-LHC. Such comparisons may be subject to
increased risks of undetected biases due to non-representative exploration of contributing system-
atic factors [684], as has been recently demonstrated on the example of a PDF global fit [186]. In
short, elevating the accuracy of QCD calculations to one percent requires both individual precise
theoretical calculations as well as accurate supporting theoretical infrastructure that would allow,
in particular, to explore exhaustively the relevant systematic factors. Reaching this target also
requires agreed-upon standards and practices for accuracy control at all stages of the analyses, as
is illustrated in Fig. 27.

XI.2. AI/ML innovation for QCD

QCD applications are a fertile ground to explore innovative developments in machine learning
(ML) and artificial intelligence (AI) [685]. ML methods have been proposed to solve a variety of
tasks both in experiment (particle reconstruction, event unfolding, anomaly detection) and theory
(phase space integration, calculations of scattering amplitudes, simulations of parton showers, and
modeling of parton distribution and fragmentation functions) [686]. ML methods are explored at
the same time in the context of lattice QCD calculations [687]. Conceptually, there are signifi-
cant overlaps between ML and methods of large-scale and multivariate data analysis and fitting
that traditionally have been used e.g. for collider particle detection and fitting of nonperturba-
tive functions. ML provides technical tools that can facilitate many advances. Across-the-board
outstanding questions also need to be resolved, notably interpretability and faithful estimation of
uncertainties of ML/AI results, as detailed in the dedicated Snowmass whitepaper [688].

XI.3. QCD in new physics searches and SM EFT fits

The energy reach of many BSM searches depends on the interplay between precision calculations
of matrix elements and global PDF analyses. Examples include searches for new vector bosons,
referred to as Z ′s and W ′s. Current LHC bounds on mass disfavor extra vector bosons lighter
than approximately 4-5 TeV. BSM searches of W ′/Z ′s with even larger masses are progressively
more sensitive to PDFs at large x where uncertainties are still large [174] and affected by nuclear
corrections, higher-twist contributions, intrinsic heavy-quark components. Either forward particle
production at the LHC or, often more cleanly, DIS at the EIC can constrain PDFs in the large-x
region and increase sensitivity of BSM searches in the TeV mass range.

Search for deviations from SM examined in the language of Effective Field Theories (EFTs) [689]
can set lower bounds on the scales in a number of new physics scenarios. Such analyses is an active
research area covered in the other EF reports, for example, in a widely adopted EFT expansion
of the Standard Model, or SMEFT [690]. SMEFT contributions extracted from collider data may
significantly depend on including subleading (dimension-eight) SMEFT operators as well as SM
radiative contributions, as examined, e.g., in Refs. [691–698]. This dependence must be kept in
mind when interpreting the SMEFT fits to data from both lepton and hadron colliders.

As an example, Fig. 28(a) illustrates the change in confidence regions for SMEFT coefficients
extracted from LEP data upon adding higher-order (dimension-8) operators into the analysis [694].
As illustrated in Fig. 28(b), when including high-mass LHC data in a fit of PDFs and in a fit of
SMEFT coefficients, and neglecting the interplay between them, the uncertainties on the EFT
parameters may be underestimated. Although the proton structure parametrized by PDFs is
intrinsically a low-energy input and should in principle be separable from the imprints of SMEFT
operators, the complexity of the LHC environment might well intertwine them [699–704]. The
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FIG. 28. (a) 68%/95%/99.9% exclusion limits on select SMEFT coefficients up to dim-6 and dim-8 in an
analysis of LEP electroweak precision data [694]. (b) The 95% confidence level bounds on the plane of the
Wilson coefficients considered in Ref. [699] obtained using either fixed SM PDFs (blue) or conservative SM
PDFs that do not include high-energy data (green). PDF uncertainties are included in the solid lines and
not included in the dashed lines. Results are compared to those obtained in a simultaneous fit of SMEFT
and PDFs, when the PDFs are allowed to vary when varying the values of the Wilson coefficients (orange).

bounds on the respective Wilson coefficients are relaxed once the are fitted together with the PDFs.
Constraints on either the PDFs or EFT operators in low-energy experiments, where at least some
new physics contributions are absent, can be crucial for disentangling the SM/BSM degeneracies.
In this light, the SM and SMEFT studies at the EIC and other low-energy facilities again are
synergistic to those at the (HL-)LHC [705, 706], especially for spin-dependent EFT operators.

XI.4. QCD theory for FCC-hh

In 100 TeV pp collisions, in addition to the unprecedented experimental environment reviewed
in Sec. I.8, synergistic developments across multiple areas of QCD theory will be necessary to meet
objectives of the FCC-hh experimental program. Hadronic and electromagnetic shower components
up to several TeV need to be simulated, where extrapolations to these high energies come with
large uncertainties. Differences in the hadronic shower simulation models in Geant4 [707] have
been reported for pions in the energy range 2–10 GeV [708], warranting future detailed studies of
hadronic showers for the highest-energy regime. Multi-loop perturbative calculations combining
both QCD and EW radiative contributions will be combined with PDFs of commensurate precision
at multi-TeV energy scales. A BFKL-like QCD formalism will be necessary to predict parton
scattering at momentum fractions as low as 10−7. Electroweak gauge bosons W and Z, leptons,
and top quarks will be copiously produced at the FCC-hh energy and will need to be included into
the PDFs together with quarks and gluons [709].

XI.5. Legacy data preservation

Electron-positron and lepton-hadron colliders still provide the most precise data for a number
of QCD studies and will likely not be superseded by the LHC dataset. Legacy data from LEP/SLC
and HERA therefore continue to be important for QCD analysis (including event generator tuning



56

and other studies). In particular, there has been significant theory and experimental innovation
(including with machine learning) since these data were collected. These new insights can be used
to extract novel information from these pristine datasets. A funding model for supporting such
analysis does not currently exist, but even a modest investment could produce significant physics
results.

XII. SUMMARY

In this report, we reviewed the rich landscape, wide impact, and interconnectedness of QCD
studies in 2020’s. During the Snowmass 2021 process, QCD has drawn strong interest in numerous
discussions as the only QFT that can be experimentally studied in perturbative and nonpertur-
bative phases, and as the key theory in HEP phenomenology now and in the future. QCD is rich
both in data and in ideas. While being the least accurately known fundamental force of the Stan-
dard Model, the strong force plays the central role in many measurements. In particular, success
of many precision measurements in Higgs, top, electroweak boson production channels relies on
both advancements in perturbative QCD calculations and detailed modeling of nonperturbative
contributions. Various domains of QCD theory undergo rapid development. Completion of the
HL-LHC and EIC programs, together with a Higgs factory, will provide unprecedented levels of
precision in QCD, in turn impacting most areas in the Energy Frontier.
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