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Theory of Collider Phenomena

Abstract

Theoretical research has long played an essential role in interpreting data from
high-energy particle colliders and motivating new accelerators to advance the
energy and precision frontiers. Collider phenomenology is an essential interface
between theoretical models and experimental observations, since theoretical studies
inspire experimental analyses while experimental results sharpen theoretical ideas.
This report—from the Snowmass 2021 Theory Frontier topical group for Collider
Phenomenology (TF07)—showcases the dynamism, engagement, and motivations
of collider phenomenologists by exposing selected exciting new directions and
establishing key connections between cutting-edge theoretical advances and current
and future experimental opportunities. By investing in collider phenomenology,
the high-energy physics community can help ensure that theoretical advances
are translated into concrete tools that enable and enhance current and future
experiments, and in turn, experimental results feed into a more complete theoretical
understanding and motivate new questions and explorations.
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7.1 Introduction

Theoretical research has long played an essential role in interpreting data from high-energy particle col-
liders and motivating new accelerators to advance the energy and precision frontiers. The half-century
quest to understand the Brout-Englert-Higgs mechanism—which describes the origin of elementary particle
masses—is an inspiring, intertwined story of theoretical and experimental ingenuity. Researchers in collider
phenomenology helped translate the quantum field theory that describes spontaneous electroweak symmetry
breaking into the language of theoretical cross section predictions and experimental measurement strategies,
culminating in the discovery of the Higgs boson at the LHC in 2012. Today, precision studies of the Higgs
boson, as well as broader investigations into physics beyond the Standard Model, are again being driven by
advances in collider phenomenology.

In the coming decades, we foresee many opportunities to introduce novel observables, calculations, event gen-
erators, interpretation tools, and search strategies to maximize the physics potential of the High-Luminosity
LHC, advocate for new collider programs, and capitalize on future theoretical and experimental advances.
Collider phenomenology is an essential interface between theoretical models and experimental observations,
since theoretical studies inspire experimental analyses while experimental results sharpen theoretical ideas.
By investing in collider phenomenology, the high-energy physics community can help ensure that theoretical
advances are translated into concrete tools that enable and enhance current and future experiments, and in
turn, experimental results feed into a more complete theoretical understanding and motivate new questions
and explorations.

In this chapter, we showcase the dynamism, engagement, and motivations of collider phenomenologists by
exposing selected exciting new directions and establishing key connections between cutting-edge theoretical
advances and current and future experimental opportunities. We also identify the most promising avenues
where we expect major theoretical breakthroughs to take place in the coming years that could lead to
transformative concepts and techniques in collider phenomenology.

The rest of this chapter is organized as follows. We begin in Sec. 7.2 with a brief review of the role of
collider phenomenology in high-energy physics research. We then describe recent and anticipated advances
in collider phenomenology, organized around key themes: observables (Sec. 7.3), calculations (Sec. 7.4), event
generators (Sec. 7.5), interpretation tools (Sec. 7.6), and search strategies (Sec. 7.7). We highlight theoretical
studies of future colliders in Sec. 7.8, and we conclude in Sec. 7.9 with an executive summary.

7.2 The Role of Collider Phenomenology

At a fundamental level, all theoretical predictions for collider physics boil down to computing cross sections.
In schematic form, a cross section can be written as

σobs ≃
1

2E2
CM

∞∑
n=2

∫
dΦn |MAB→12...n|2fobs(Φn). (7.1)

This formula contains a number of ingredients:

• Beam information: The center of mass collision energy ECM and beam types A and B. For the high
luminosity LHC (HL-LHC), ECM = 14 TeV and the beams are both protons. A variety of different
beam types are being considered for future colliders (Sec. 7.8).
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• Sum over final-state multiplicity: Since there is always a quantum probability to emit an arbitrarily
soft particle, one has to account for the complete sum over n for cross sections to be well-defined. In
the case that final-state particles are stable, the sum starts at n = 2.

• Integration over phase space: Even though particle detectors have finite acceptance, theoretical
calculations are based on integration over the full Lorentz-invariant n-body phase space Φn. Monte
Carlo event generators (Sec. 7.5) are a ubiquitous tool to perform this integration, as this approach
automatically allows to obtain a fully flexible physics simulation of the scattering process.

• Scattering amplitude: The quantum scattering amplitude MAB→12...n is a complex object that
cannot usually be computed from first principles, though in many cases one can factorize the squared-
amplitude |MAB→12...n|2 into a product of perturbative and non-perturbative terms. In principle,
this amplitude could be derived from the SM Lagrangian or come from novel scenarios beyond the SM
(Sec. 7.7). In practice, non-perturbative inputs are obtained directly from data or by ab initio quantum
field calculations, such as those performed on the lattice, while the perturbative parts are organised
in terms of a power expansion in the couplings. In either case, the ability to perform calculations
(Sec. 7.4) is the key to making predictions whose final accuracy is set by the experimental needs.

• Observable: The function fobs determines which regions of phase space contribute to a cross section.
The goal is to pick observables that can be predicted accurately in theory and measured as accurately
in experiment, while probing the desired physics of interest (Sec. 7.3).

Finally, once one has computed a (fully differential) cross section, there is the key question of:

• Interpretation: How does one compare theoretical calculations of σobs to experimental cross section
measurements and thereby draw conclusions about the structure of the universe? There are various
interpretation tools (Sec. 7.6) depending on one’s physics goals.

The field of collider phenomenology is aimed at linking theoretical models to experimental measurements
and vice versa, by innovating each element of Eq. (7.1) to form a bridge between the two communities. Two
recent developments have blurred the lines between theory and experiment, leading to exciting conversations
across subfields:

• The rise of deep learning: Artificial intelligence and machine learning (AI/ML) have shown great
promise to maximize the discovery potential of collider experiments. While one can use AI/ML to
improve theoretical predictions and experimental protocols separately, some of the most powerful
advances involve data-driven approaches where theoretical and experimental insights both play a role.

• The availability of public collider data: Starting in 2014, the CMS experiment at the LHC
released research-grade collider data for unrestricted use. This opened the door for proof-of-concept
studies by theoretical physicists outside of the experimental collaborations. It has also highlighted the
need for archival data strategies since theoretical progress can continue well after an experiment is
decommissioned.

At the same time, experimental advances have highlighted the need for purely theoretical developments to
advance the field:

• The need for precision: An increasing number of flagship experimental measurements are becoming
limited by theoretical uncertainties, so properly interpreting experimental data in the context of
underlying physical models requires improvements to our theoretical understanding.
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• Concrete targets for future colliders: There are a number of proposals for future colliders
after the HL-LHC, including precision Higgs factories and high-energy discovery machines (Sec. 7.8).
Collider phenomenology is an essential tool to estimate the physics reach of these machines and define
benchmarks to shape the machine and detector designs, which feeds into broader conversations about
how best to invest HEP resources.

In the following sections, we highlight some exciting developments in each of these areas. Note that there
is substantial overlap between this report and other developments reported elsewhere in the Theory and
Energy Frontiers. We invite the reader to consult the corresponding reports.

7.3 Observables

At the heart of collider phenomenology is choosing and defining observables. The most basic observable
is the total cross section. It represents the simplest, most robust observable that can be measured and
predicted. Yet, it also contains the least information about the microscopic physics of interest. In general,
the challenge of designing good observables stems from the tension between increasing the information
content while keeping predictability and robustness against theoretical as well as experimental uncertainties.
For example, by making more differential measurements, one gains access to different regions of phase space
and rarer processes, and therefore increases the information. The design of observables also plays a key role
in separating out known background processes from the signals of interest.

For many collider applications, it is important to develop observables that expose kinematic features.
Lorentz-invariant n-body phase space has rich structures, especially if there are intermediate resonances in
long decay chains. Specialized observables have been developed to isolate these kinematic features [1], and
we expect them to play an important role in studying new physics scenarios with multi-body final states [2].
For unpolarized decays, there is a fascinating “invariance” associated with the peak of the energy of the
decay products [3], which has been exploited to study top quark decays.

Over the past decade, there has been enormous progress in the field of jet substructure [4]. Jets are
collimated sprays of particles that arise from the showering and fragmentation of high-energy quarks and
gluons. Collimated jets can also arise if heavier objects, such as top quarks or electroweak bosons, are
produced with a large Lorentz boost. In the past, a key application of jet substructure has been for tagging
jets arising from Standard Model partons. Going forward, we anticipate progress in tagging exotic jet
objects arising from new physics scenarios. For example, long-lived Lorentz-boosted resonances can give rise
to displaced fat jet signatures [5]. Confining dark sectors can give rise to semi-visible jets, which require new
tagging strategies [6].

For precision studies of collider data, there has been a revival of interest inmulti-point energy correlators.
Multi-point correlators are still described by the theoretical formalism in Eq. (7.1), but they require a shift
in thinking from the experimental perspective. In the case of standard observables, each collider event
contributes one entry to a histogram. For energy correlators, by contrast, each event contributes to multiple
histogram bins, with entries weighted by (products of) particle energies. Because of this energy weighting,
energy correlators are less sensitive to soft physics and can be computed to high accuracy [7]. In addition, one
can leverage insights from the conformal limit to understand the scaling behavior of multi-point correlators.

In addition to observables defined from first-principles consideration, there is an explosion of work on
machine-learning-based observables, where data itself is used to accomplish specific analysis tasks.
For supervised learning, this requires reliable training data, and therefore investment in precision event
generation tools (Sec. 7.5). A key insight is that machine learning architectures can incorporate symmetry
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group equivariance [8], such that these methods respect the know theoretical structures of collider physics,
such as permutation and Lorentz symmetries. The continued rise of machine learning will require increased
attention to the computational costs of these methods [9].

A key example of an unsupervised learning strategy for collider phenomenology is optimal transport.
Unlike in Eq. (7.1), where each collider event is treated independently, optimal transport is based on
relationships between pairs of collider events. This open new geometric strategies for collider data analysis
[10], including quantifying the dimensionality of the space of events. Ideas from optimal transport have been
leveraged to develop observables like event isotropy, which are relevant for probing strongly-coupled new
physics scenarios [11].

With the rise of more sophisticated data analysis techniques, there has been recent interest in whether
quantum algorithms might be relevant for high-energy data analysis [12]. Quantum algorithms have been
successfully developed to compute specific collider observables, particularly those related to jet physics.
Whether these algorithms might yield a quantum advantage depends on what quantum hardware will
eventually be available. In particular, many quantum algorithms face significant computational overhead
from encoding classical data into quantum form. Dramatic computational gains could be possible if this
encoding could be made more efficient.

7.4 Calculations

Once an observable has been defined, the theoretical priority is predicting its distribution accurately enough
in the Standard Model to match current and expected precision from experimental measurements. In
addition, predictions in specific beyond the Standard Model (BSM) scenarios or in effective field theories are
needed to establish the sensitivity to new physics as well as to devise optimal search strategies.

Recent process in perturbative calculations—where predictions for observables are obtained order by order in
small coupling expansions—has been tremendous. This has been mostly due to a cross-fertilization between
formal/mathematical developments in understanding the properties of multi-loop amplitudes and to a clever
and efficient reorganization of different contributions into infrared (IR) safe observables up to next-to-next-
to-leading order (NNLO) [13]. Fixed-order perturbative computations of cross sections, however, often
suffer from large logarithmic corrections, which must be resummed to all orders to restore the reliability of
predictions from first principles. Significant progress in devising new strategies and formalisms to obtained
full resummed results has also been achieved. Finally, applications of combining fixed order calculations with
resummed ones, including those in Monte Carlo generators, to complement their accuracy in different areas
of the phase space, have become the standard. Large room for improvement remains for the non-perturbative
inputs. Recent proposals for new approaches in quantum field theory—from measurement of pseudo-parton
distribution functions to the extraction of the strong coupling from lattice—offer novel promising avenues
to go beyond phenomenological models.

One of the key goals of future collider experiments (see Sec. 7.8) is the precise study of the electroweak (EW)
scale and in particular precision EW, Higgs, and top physics. For example, Drell-Yan as well as Higgs
boson production in pp collisions are now at the N3LO (QCD) + NLO (EW) + NLO (mixed EW/QCD) level.
Top/antitop production is at NNLO (QCD) + NLO (EW), moving now the first exploratory steps in the
N3LO region. Further developments to reach N3LO accuracy also at the differential level are expected [14].
These calculations are enabling in an essential way for precision Higgs physics, which is central experimental
program for the LHC and a possible future Higgs factory.
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Beyond fixed-order results, significant improvements are expected by novel developments in resummation

techniques, which are essential for high-precision phenomenology at current and future high-energy collider
experiments. Particular developments include resummation beyond leading power, the joint resummation of
different classes of logarithms relevant for jets and their substructure, small-x resummation in the high-energy
regime, and the QCD fragmentation processes [15]. Key to these developments is progress on understanding
the factorization structure of gauge theories, including collinear factorization in QCD [16]. Factorization
allows for scattering cross sections to be systematically decomposed into different (and sometimes universal)
components that describe physics at different scales in the problem.

The corresponding situation at e+e− collider is quite different, with large room for improvements in precision

calculations for lepton colliders. To date, no fixed-order results at two-loop accuracy are available for
non-resonant processes, not even for the most important process at Higgs factories, i.e., e+e− → HZ.
Similarly, resummation of QED radiation at the accuracy needed to match the expected accuracy of the
experiments offers many compelling challenges [17, 18, 19].

At the phenomenological level, new opportunities will open up at future colliders and studies of elusive

signatures must be continuously explored. For example, production of multi-boson final states [20] or very
rare inclusive and semi-inclusive Higgs boson decay modes [21] might bring up new opportunities to access
light-quark Higgs couplings.

Proven as well as novel methods have been put forward for extracting Standard Model parameters. For
example, the top-quark mass is a fundamental parameter of the Standard Model, relevant for understanding
the stability of the electroweak scale. The top mass could be extracted from the comparison of theory
predictions and experimental measurements of differential cross-sections in tt final states at hadron colliders
[22] or at the tt threshold in µ+µ− collisions [23].

As collider energies rise above the mass scales of the W , Z, and Higgs bosons, electroweak radiation

becomes an increasingly important effect. The very high energies achievable at a 100 TeV pp collider and
a multi-TeV µ+µ− collider will enable probes of a new regime of EW interactions. At these high scales,
EW symmetry is effectively restored and the weak scale becomes small relative to the much larger collision
energy. In this regime, novel phenomena involving both initial and final state EW radiation will be triggered,
with multiple collinear and/or soft emissions enhanced by large logs. At such scales, EW radiation displays
similarities with QCD and QED radiation, yet with remarkable differences that make a full understanding
of this regime an active line of theoretical research [24, 25, 26].

7.5 Event Generators

Very few theoretical calculations can be performed analytically, so Monte Carlo event generators are the
workhorse strategy to make theoretical predictions which can most directly be compared to experimen-
tal data. Once these generators are interfaced with non-perturbative fragmentation models and parton
distribution functions, the generator outputs can be used an inputs to experimental detector simulations.
The progress in event generators has mirrored the progress in calculations, with exciting developments in
perturbative and resummed tools.

As experimental methods become more sophisticated, theoretical innovation in multi-purpose event

generators becomes increasingly important [27]. In precision collider measurements, a significant (or
even dominating) source of uncertainties of experimental analyses is often associated with event generators.
Those uncertainties can arise from different sources, such as the underlying physics models and theory, the
truncation of perturbative expansions, the non-perturbative input and order of the evolution of the PDFs, the
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modeling and tuning of non-perturbative effects, and, finally, the uncertainty on the fundamental parameters
of the theory.

A significant part of recent development activities in Monte Carlo event generators focuses on extending

their applicability and reducing their uncertainties. This depends critically on the collider types and
experimental setups, especially for lower energy processes where non-perturbative effects dominate. At next
generation neutrino experiments—such as DUNE, HyperK, and SBN—the main systematic uncertainties to
the measurements will arise from predicting and modeling neutrino-nucleus interactions. At the Electron-
Ion Collider, precise measurements of deep inelastic scattering (DIS) and other processes over the complete
relevant kinematic range will be performed, advancing our understanding of hadronization as well as QCD
factorization and evolution. This will require the development, validation, and support of novel physics
models. 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 production,
neutrino scattering in the TeV range, and hadronization inside nuclear matter.

Going to higher energies, future lepton colliders would provide per mille level measurements of fundamental
parameters of the Standard Model, such as Higgs boson couplings and W boson and top-quark masses. The
expected experimental precision will require event generators at an unprecedented accuracy at the fixed-order
(EW and QCD) as well as in the resummation (QED and QCD). At a multi-TeV lepton collider, such as a
muon collider, a new range of phenomena involving EW initial-state and final-state radiation and possibly
their resummation, which will be probed for the first time in a controlled environment.

From the theory point of view, event generation at present and future colliders feature many common

ingredients: higher-order QCD and EW corrections, factorization theorems and parton evolution, resum-
mation of QCD and QED effects, hadronization, and initial and final-state modeling. Several experiments
will also need an improved understanding of heavy-ion collisions and nuclear dynamics at high energies.
These common challenges will benefit from cross-talk in the Monte Carlo community. In addition to the
physics components, there are also computing elements, such as interfaces to external tools for analysis,
handling of tuning and systematics, and the need for improved computational efficiency.

In addition to being a theoretical challenge, the increase in precision is becoming a computational chal-

lenge. [28, 29]. The reason is twofold. First, the complexity of higher-order predictions for multi-particle
final states increases exponentially with the order and number of final states. Thus, the desired accuracy of
the calculations, and the need of including also estimates for the uncertainties, make them increasingly
expensive. Second, the expected increase in collected data, for example at the HL-LHC, calls for the
production of very large set of fully simulated events. Among the goals of community, priority is given
to: (i) understanding the best way to promote codes working on standard architecture to GPUs and
vectorized codes; (ii) optimizing phase space sampling and integration algorithms, also by employing machine
learning techniques such as neural networks, (iii) promoting research and development on how to eliminate or
reduce the cost associated with negative weight events using new theoretical approaches; and (iv) supporting
collaboration, training, funding and career opportunities in the generator area.

One way of address the ballooning computational cost of event generators is through machine-learning-

based generators [30]. Modern machine learning is driving recent progress in event generation, simulation,
and inference for high-energy colliders. It is benefiting in a transformative way from new ideas, concepts,
and tools developed under the broad umbrella of AI/ML research. Concrete improvements in LHC event
generation and simulation, as well as new ideas for LHC analysis and inference, are rapidly leading towards
particle-physics-specific contributions to applied machine learning. This in turn is inspiring a new generation
of high-energy physics researchers bridging theory, experiment, and statistics.
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7.6 Interpretation Tools

Interpretation lies at the intersection of theoretical and experimental collider physics, and it is a fascinating
conversation about which community should take primary responsibility for interpreting cross sections. In
cases where theoretical calculations are made available in the form of event generators, experimentalists
can compare their results to generator outputs. In cases where experimental results are made available in
the form of unfolded measurements, theorists can compare their calculations to published data. Ultimately,
interpretation requires dialogue between communities, and collider phenomenology is a language to facilitate
that dialogue.

Model-specific searches for new physics are a well-understood strategy for data interpretation (see Sec. 7.7),
but there is increasing interest in anomaly detection for collider physics. The LHC Olympics 2020
challenge [31] highlighted the promise of machine learning to discover hidden features in complex data
sets. On the other hand, this study also highlighted the need for the high-energy physics community to
develop a rigorous theoretical definition of an “anomaly”.

A quasi-model-independent approach to interpretation is the use of effective field theories. If the impact
of heavy new physics states can be captured by contact interactions involving Standard Model fields, then
one can do a systematic expansion order by order in power counting. In the Standard Model effective field
theory (SMEFT), the impact of dimension-6 operators has been extensively studied, especially at future
collider [32]. While naively the impact of dimension-8 operator are subdominant, new structures can appear
at this order with unique phenomenological implications [33], for example in precision angular distributions.

A key challenge facing collider physics is data and analysis preservation [34]. Data from colliders is
unique, and sometimes new theoretical ideas are proposed well after an accelerator has been decommissioned.
There are multiple different levels of archival data, from raw detector outputs to legacy measurements, each of
which requires different preservation strategies [35]. To maximize the scientific potential of archival collider
data sets, theoretical physicists should actively participate in proposing and stress-testing archival data
strategies [36].

7.7 Search Strategies

There is a huge range of possible scenarios beyond the Standard Model, and each scenario requires different
observables to maximize signal acceptance and minimize background contamination. Model specific searches
remain the gold standard for the field, since they provide a well-defined statistical framework for setting
limits (or announcing a discovery). Model agnostic searches, though, are gaining traction, as it becomes
increasingly possible to automate certain aspects of the search process.

New physics scenarios typically predict new particles in addition to the SM particle content. These new
particles have evaded the observations so far either because they are too heavy or too weakly coupled to
be copiously produced, or because their signatures suffer from large SM backgrounds. Other than indirect
searches via the virtual effects of new physics in SM processes, the direct search for new particles provides
unambiguous evidence for BSM. While it is impossible to cover the numerous studies in the literature for
new physics searches, we list a few highlights below.

TeV-scale scalars, fermions, or vector bosons typically have cascade decay signatures. They could appear
in models with an extended Higgs sector, composite Higgs models with vector-like fermions [37, 38, 39,
40, 41, 42], or warped extra dimension models with Kaluza-Klein (KK) modes [11, 43]. For heavy particles
produced at high-energy colliders, they could leads to boosted objects with interesting substructure. Modern

Community Planning Exercise: Snowmass 2021



14 Theory of Collider Phenomena

event shape variables like event isotropy or a variety of jet substructure observables (see Sec. 7.3) can be
used to identify the signal over the SM backgrounds.

The study of dark sectors has been a subject of interest in recent years, including dark showers [44], portal
matter [45], and multi-field scenarios [46]. Weakly-coupled dark sectors feature missing energy, displaced
vertex, and long-lived particle signatures at colliders. For strongly-coupled dark sectors, there are additional
signatures such as emerging or semi-visible jets for QCD-like scenarios, and soft unclustered energy patterns
or glueballs for non-QCD-like scenarios. Event-level variables, deep neural networks, auto-encoder-based
anomaly detection or better triggering algorithms can be used to identify these unusual signatures.

Finally, low-mass scalars are a key target for current and future colliders, including axion-like particles [47,
48, 49, 50] and light scalars from extended Higgs sectors [51]. Collider searches complement searches at
astronomical, dark matter, and nuclear physics experiments [47].

7.8 Physics at Future Colliders

There have been tremendous efforts by the experimental and theory communities in planning and designing
future generation colliders. The goal of these studies are to sharpen our understanding of existing physics
and explore the potential of precision and energy frontier machines to facilitate the next discovery. An
important role of collider phenomenology is to define the physics cases for future colliders and to present
physics benchmarks to shape the machine parameters and detector design.

In the precision frontier, a future high precision Higgs, electroweak, and top factory has been
considered [52, 53, 54]. The Future Circular Collider (FCC) and Circular Electron Positron Collider
(CEPC) [55, 56, 57] are two circular e+e− colliders with similar design and physics reach. These would
run at four different center-of-mass energies: at the Z-pole, at the WW threshold, at the ZH threshold, and
at the tt threshold. The luminosities range from about 1036 cm−2s−1 per interaction point at the Z pole,
to about 1034 cm−2s−1 per interaction point at the tt threshold. Millions of Higgs bosons will be produced
and most of the Higgs couplings can be measured at percent level, with hZZ coupling at sub-percent level.
Precision measurements of electroweak and strong forces can be performed, which are sensitive to new physics
contributions at loop level. Rare process in heavy-flavor and tau physics can be probed beyond the HL-LHC
reach. In addition, these machines provide the best potential in the direct searches of dark matter, sterile
neutrinos, and axion-like particles with masses up to about 90 GeV.

The International Linear Collider (ILC) is a linear e+e− collider with a starting center-of-mass energy at
250 GeV for Higgs physics. It could accommodate a range of center-of-mass energies from Z pole to 350 GeV
(tt) and above, up to 1 TeV [54, 58]. In addition to the Higgs, electroweak, and top physics similar to the
CEPC and FCC studies, higher center-of-mass energies allows the enhanced Higgs production rate via vector
boson fusion (VBF) process, and precise measurements of top Yukawa coupling and Higgs self couplings. It
also allows the direct detection of BSM particles, especially those with only electroweak interactions. Beam
polarization and complete reconstruction of final states also make the precise measurement of tri-gauge boson
couplings possible. Other physics potential includes the beam dump and dedicated fixed-target experiments
to search for light weakly-interacting particles. The Compact Linear Collier (CLIC) is a high energy, high
luminosity e+e− collider with center of mass energy at 380 GeV, 1.5 TeV, and 3 TeV [59, 60], which offers
a unique combination of high collision energy and clean environment. It can probe new physics beyond the
SM with both indirect search and direct production of heavy new particles. The recently proposed Cool
Copper Collider (C3) [61, 62] offers another possibility for the realization of a multi-TeV lepton machine in
the future.
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At the Energy frontier for hadron colliders, the HL-LHC will extend the existing LHC program with
pp collision at

√
s = 14 TeV and an integrated luminosity of 3 ab−1 [63, 64]. With twenty times the

current available dataset, HL-LHC can perform precise measurements of Higgs, top properties, study rare
process in the flavor sector, perform precision QCD measurements and heavy ion related analyses, as well
as direct search of new particles beyond the SM at the current energy frontier. Future hadron colliders
under consideration are the FCC-hh [65] and Super Proton Proton Collider (SPPC) [66], which are 100 TeV
pp colliders that improve the heavy new particle reach of the LHC by another order of magnitude [56]. In
addition, Higgs self-coupling could be measured with about 3 − 8% precision, which could help to pin down
the shape of the Higgs potential. Relevant parameter space of weakly-interacting massive particle scenarios
of thermal relic dark matter can be tested. Furthermore, QCD matters at high density and high temperature
can be studied. Using the existing LHC tunnel, a 27 TeV pp collider with an integrated luminosity at least
three times of the HL-LHC has also been considered [67].

Lepton-hadron colliders have also been proposed to move the field of deep inelastic scattering (DIS)
to the energy and intensity frontier of particle physics. The FCC-eh [56] collides 60 GeV electron beam
with 50 TeV proton beam at the FCC tunnel with luminosity of 1033 − 1035 cm−2s−1. It could provide
precise information on the quark and gluon structure of the proton in an unprecedented kinematic reach,
and a per mille accurate measurement of the strong coupling constant. It also enables unique measurements
of eletroweak parameters and flavor structure of the SM. Direct searches on leptoquark as well as contact
interactions up to tens of TeV scale can also be explored. A low energy version of the Large Hadron-electron
Collider (LHeC) [68] with the LHC proton beam has also been considered.

An Electron Ion Collider (EIC) [69] planned at Brookhaven National Laboratory will collider polarized
electron beam with polarized protons or light ions with variable center of mass energy 20 − 100 GeV and
luminosity similar to that of LHeC and FCC-eh. The science cases include beyond the SM new physics,
tomogography of hadrons and nuclei, jet physics, heavy flavor physics, and physics at small Bjoeken-x,
which will present many new opportunities to address some of the crucial and fundamental open scientific
questions in particle physics.

A Muon collider [70, 71] with center of mass energy ranging from 3 TeV to 10 TeV or even higher has
been discussed, which provides a unique combination of high energy approach and precision measurements
with a relatively compact collider ring. For direct production of new particles at a muon collider, discovery
up to the production kinematic threshold is typically possible. A higher energy muon collider can also be
viewed as a vector boson collider with the electroweak radiation of a nearly on-shell massive vector boson.
VBF production of both the SM Higgs and new particles will become dominating, especially at higher
center-of-mass energy. Precise measurements of Higgs couplings comparable to an e+e− Higgs factory are
possible, as well as accurate measurements of the Higgs trilinear coupling to a few percent level. High-energy
measurements of SM processes at a muon collider also makes it possible to be sensitive to new physics scale of
about 100 TeV via indirect measurements. Dark sector via Higgs portal, or dark matter can also be studied
at a muon collider. There are also muon specific opportunities like resolving new physics that is responsible
for the muon g− 2 anomaly or lepton flavor universality anomaly. In addition, electroweak radiation at such
a high energy region can be studied, which is important for developing a correct physical picture as well as
achieving the needed accuracy of the theoretical predictions.

A gamma-gamma collider [72, 73, 74] has been considered as a natural part of the linear collider proposals
with high-energy photon beam generated through Compton back-scattering of laser light focused onto the
incoming electron bunch just before the interaction point. The physics case for a γγ collider with center-
of-mass energy ranging from low energy to multi-TeV has been developed, including investigating the Higgs
boson and its properties via single resonance production, searching for new particles beyond the SM, studying
electroweak gauge boson physics, as well as probing photon structure and QCD physics.
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The Forward Physics Facility (FPF) [75, 50] is a proposal to create a cavern located in the far-forward
region from the ATLAS interaction point at the LHC during the High Luminosity era. It could host a suite
of experiments that are designed to search for light and weak-interacting particles (FASER2) including long-
lived particles (LLP), axion-like particles and dark sector particles, neutrinos at TeV energies (FASERν2
and Advanced SND), neutrinos and dark matter (FLArE), and millicharged particles (FORMOSA). It
will allow tests of BSM physics and probe our understanding of strong interactions, proton and nuclear
structure, neutrino physics at high energy, as well as astroparticle physics via the study of high-energy
cosmic rays. Another LLP search experiment, Massive Timing Hodoscope for Ultra-Stable neutraL pArticles
(MATHUSLA) [76] situated at CERN on earth surface near the CMS detector, would be able to extend the
sensitivity in long lifetime and LLP cross section by several orders of magnitude compared to the main LHC
detectors alone. It can probe a wide range of LLP from GeV to TeV scale, as well as dark matter scenarios
with dark matter from LLP decay.

There are also studies on the Fermilab Booster Replacement [77], which can be used for searches of dark
sectors, neutrino physics, a slew of charged lepton flavor violation searches, and precision measurements, as
well as R&D towards a muon accelerator at the energy frontier. Super-Compact Dimuonium Spectroscopy
Collider (DIMUS) [78] proposed at Fermilab can produce copious µ+µ− atoms at the production threshold,
allowing for precision tests of QED and opening the door for searches for new physics coupled to the muon.

Collider studies for particular models or collider signatures at current and future colliders are a continuing
effort in the community. White paper contributions can be found at Refs. [11, 42, 49, 79, 80, 81, 82, 51, 83,
82, 84], as well as those submitted to the Energy Frontier of Snowmass studies.

7.9 Executive Summary

Collider phenomenology is a highly active area of theoretical investigation that connects in crucial ways to
the experimental energy and precision frontier program. Continued investment in this field is necessary to
maximize the physics reach of the HL-LHC, to guide discussions about possible future collider programs,
and then prepare for them. The phenomenology community has provided many inputs to the Snowmass
activities, which are very briefly presented in this report. We would like to highlight the following points:

• Collider phenomenology is an essential interface between the theoretical and experimental high-
energy physics communities. It brings together a broad range of expertise from different fields and
serves various roles: from connecting formal investigations to experiments, such as providing guidance
on the exploration of the physics possibilities, to supporting the experimental community with the
essential tools to simulate and interpret data, bringing information back to the theory community.

• A new generation of observables are being developed that borrow from adjacent fields, such as
optimal transport and conformal field theories. Because of their novel theoretical and experimental
properties, they provide complementary probes of collider phenomena. In some cases, these observables
can be computed to higher accuracy than traditional observables. In other cases, continued research
is need to incorporate these techniques into the collider physics community.

• Precision calculations and state-of-the-art event generators are essential to maximize the
physics potential of the HL-LHC and future colliders. Enormous progress has been achieved in the
last two decades to improve predictions for pp collisions. The corresponding conceptual and technical
advances have not yet been applied to lepton colliders, leaving open the possibility for significant
progress in the coming years. As one goes to higher energies, effects like electroweak radiation must
be included for sufficiently accurate theoretical descriptions.
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• To make accurate predictions in high-dimensional phase spaces, new computational paradigms for

theoretical calculations must be pursued. This is particularly important to enable the incorporation
of theoretical uncertainties at reasonable computational costs.

• There is a growing catalog of model-agnostic search strategies such as anomaly detection and
effective field theory approaches, which complement well-established tools for model-specific searches.

• Exotic collider signatures, such as long-lived particles and dark sector showers, are inspiring new
data analysis strategies and motivate new experimental facilities.

• In addition to searching for physics beyond the Standard Model, we have an opportunity to probe
unexplored Standard Model phenomena. This includes the non-perturbative dynamics of QCD
and the restoration of electroweak symmetry at high energies.

• Machine learning is having a transformational impact on collider phenomenology, from the way
observables are defined, to the tools used to simulate collisions, to the strategies to hunt for anomalies.
Continued advances will require interdisciplinary training in statistics, computation, and data science.

• Collider data sets are unique, with legacy value long after an accelerator is decommissioned. Theoretical
physicists should continue to collaborate with the experimental community to advocate for and assist
with long-term data preservation efforts. One pathway towards long-term usability is making
collider data public as a way to stress-test archival strategies and to encourage novel analyses by the
theory community while the experimental collaborations are still active.

• Theoretical studies plays a key role in defining the physics case for future colliders and presenting
physics benchmarks to shape machine parameters and detector design.

• While the next collider after the LHC is at least one decade away, a widespread sense of urgency

permeates the collider phenomenology community. Considerable work and a number of groundbreaking
results are expected to fully exploit the potential of the data from the HL-LHC and future colliders.
Developing the theoretical tools needed to meet experimental targets—and providing feedback to inform
new and/or more precise theoretical frameworks—will require a community effort which can only be
achieved with significant human and computing resources.
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