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1 Introduction1

There are several reasons why physics beyond the Standard Model (BSM) of particle physics is2

likely and, in some cases, unavoidable. Such reasons are connected to fundamental questions for3

which seeking an answer of is among the highest priority of particle physics. Current and future4

experiments at the energy frontier can offer unique capabilities in exploring many of these questions.5

Without the presumption of being complete, we can group for convenience a subset of the most6

relevant questions in three categories:7

1. The first, seek answers to phenomena that have been observed but where a fundamental8

explanation is still lacking. Two of the most relevant for the purpose of this report are:9

• What is the fundamental composition of Dark Matter and does it have weak interac-10

tions?11

• What is the additional source of CP violation needed to explain the current matter-12

antimatter asymmetry observed in our universe? How can we address the origin of13

matter anti-matter asymmetry of our universe via future colliders?14

2. Second, some of the guiding principles at the basis of the successful stories behind the current15

Standard Model and, more in general, of modern theoretical physics can also offer insight on16

where the theoretical framework is “hinting” for a more complete description of Nature:17

• Naturalness has many faces. How can future colliders address these puzzles of nature18

to an extent that either new physics will appear or new paradigm thinking about the19

naturalness problem can emerge?20

• Can the underlying explanation of the flavor structure of the SM be probed with existing21

or technologically envisionable energy-frontier machines?22

3. additionally, as history as shown many times, particle physics should maintain a wide open23

view for possible new phenomena that might not fit in the simplest theoretical extensions of24

the Standard Model:25

• Are there new interactions or new particles around or above the electroweak scale? To26

what extent can future experiments and colliders probe this ?27

• Is lepton universality violated ? What do we learn from high energy/pT searches ?28

• Long-lived and feebly-interacting particles represent an alternative paradigm with re-29

spect to traditional BSM searches. To what extent can future detectors and accelerators30

probe such particles ?31

• How do we conduct searches in a more model-independent way ?32

• How do we compare the results of different experiments in a more model-independent33

way to ensure complementarity and avoid gap in coverage?34

While some of the most conventional extension of the Standard Model can provide candidate35

explanation for part of these questions, an extensive search program that is wide open to different36

mechanisms that are still theoretically viable is of paramount importance, especially given the large37

scientific investment to design, operate and analyze data of experiments at the energy frontier.38

The focus of this chapter is to look beyond more conventional theoretical extension of the39

Standard Model, presented in Ref. [1]. The landscape of possible experimental and theoretically-40

motivated models and signature is very large and it is not practical nor useful to try to be exhaustive41

in projecting the scientific output as a whole of projects that will involve a large number of scientists42

for many years. Instead, we focus on a representative set of models and signatures that are deeply43

connected with the fundamental questions above and represent a wide range of physics that can44

be explored at the energy frontier. The implications of such experimental program in terms of45

explaining the nature of Dark Matter merits a separate chapter and will be discussed in Ref. [2].46

Two main theoretical approaches in exploring BSM physics can be commonly identified. The47

first consists in seeking self-consistent theories that aim to address the questions above and can48

significantly boost our understanding of the fundamental laws of Nature. The drawback of such49

“complete” theories is that they often involve a large number of degrees of freedom and are difficult50

to rule out or even confirm without a large set of observations. The second approach tries to simplify51
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the problem into well-defined but incomplete theories that are either simplifications of complete52

theories or try to extend specific areas without the expectation of full self-consistency, as simplified53

models or portal models. Such an approach has the advantage of providing a manageable framework54

where different experimental results can be easily compared and, eventually, mapped into the55

parameter space of complete theories. However, the drawback is that those have intrinsically a56

larger degree of arbitrariness and should be viewed as simpler guiding frameworks for the more57

general exploration of BSM physics.58

For the studies presented in this chapter, a set of benchmark models - either from complete59

theories or simplified models that are inspired by complete theories - are used as main mean of eval-60

uating the reach of different energy frontier experimental options. Additionally, some experimental61

methods target specific signatures that are motivated with very specific models, which is neces-62

sary to show the complementarity and individual strengths of each of the methods or experiment63

presented.64

To simplify the presentation of results, the rest of this chapter is divided in sections. Section 265

looks into experimental reach for new bosons; such new bosons, if discovered, can provide clues66

to the existence of new forces beyond the ones currently known. The important case of heavy67

new scalars, that are Higgs-like, is addressed in Ref. [3]. Section 3 seeks instead to assess the68

potential to discovery new fermions at the high-energy frontier. A set of signatures that have been69

drawing increased attention in the recent years and during this Snowmass 2021 process comprises70

of experimental collider signatures where new particles are created that possess a macroscopic71

lifetime before, if at all, decaying. The observation of such new particles and their theoretical72

motivation is distinct enough that merits its own section and will be discussed in Section 4. Given73

the exploratory nature of particle physics, it is equally important to maximize the ability to identify74

phenomena that are either not expected or corners of parameter-space of specific theories that tend75

to be harder to probe extensively. Section 5 discuss such scenarios and how different techniques and76

experimental setups can be used to ensure a coverage as wide as possible and limit the theoretical77

and experimental bias in looking for new phenomena at the energy frontier.78

2 New bosons and heavy resonances79

In this section, we present an overview of the prospects for new heavy vector bosons that are probed80

by resonance searches at colliders. We begin with the canonical example of a Z ′ boson, which is81

a neutral vector particle coupling to a SM fermion and antifermion. This example demonstrates82

the discovery capability of lepton colliders, hadron colliders, and the necessity of an HEP program83

that includes both machines. There was a diversity of ideas for new bosons and heavy resonances84

presented at Snowmass, so we conclude this section with a discussion of those other models and85

channels.86

2.1 Z ′: the standard candle of BSM physics87

In the Standard Model, the Z and γ bosons mediate the flavor-conserving weak and electromagnetic88

neutral currents between SM fermions, respectively. In general, we can model the interactions of a89

new vector boson via the current coupling to SM fields, where the overall proportionality constant90

is the new gauge coupling. The remaining model dependence is dictated by the pattern of charge91

assignments of the SM fields in the current coupling, which could include both vector and axial-92

vector interactions as long as the ultraviolet theory fulfills gauge anomaly cancellation requirements.93

Hence, the Z ′ boson benchmark paradigm is characterized by the new physics parameters of the94

Z ′ mass, the new gauge coupling, and a fixed pattern of SM fermion charge assignments.95

From the phenomenological perspective, resonance searches are generally characterized by the96

production coupling, the decay coupling, and the resonance mass, where the decay coupling is97

typically traded for the branching fraction to the desired final state. Correspondingly, any given98

Z ′ model will have a prediction for the final state branching fraction dictated by the pattern of99

charge assignments of the SM fermions, which reduces the parameter space to the Z ′ coupling and100

Z ′ mass. This is also true even when the Z ′ is too heavy to be probed directly as a resonance at101

the given collider energy and instead is tested via angular correlations or effective operators of SM102

fermions. In this way, different Z ′ models are essentially distinguished by their patterns of charge103

assignments and otherwise can be characterized by their common phenomenological parameters of104

coupling and mass.105
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This coupling vs. mass framework for Z ′ searches [4,5] thus fulfills a twofold purpose especially106

suited for the Snowmass process. First, the framework helps distill the Z ′ resonance signal from107

disparate ultraviolet models into the minimal new physics parameter space relevant for resonance108

searches at colliders. Second, the framework also affords the direct comparison of experimental109

reach across different collider proposals, including a comparison of e+e−, pp, and µ+µ− colliders110

as well as other collider options. This will be illustrated and discussed in our summary table 1,111

presented at the end of this subsection. We first discuss the specific Z ′ models studied in different112

Snowmass contributions.113

2.1.1 Universal Z ′
114

Universal Z' at Muon Collider
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Figure 1: (left) The coupling versus mass reach for a universal Z ′ at the muon collider [6], for
95% CL exclusion (solid) and 5σ discovery (dashed), and the envelope of other colliders [7] for 95%
CL exclusion (dashed blue). (right) Coupling versus mass reach at each of the other colliders.

The universal Z ′ model features a Z ′ boson with unit charges for all SM fermions, hence its115

universal designation. Figure 1 compares a Snowmass result on the sensitivity to a universal116

Z ′ at the muon collider [6] with other colliders [7]. A 3 TeV muon collider is competitive with117

other colliders, and a 10 TeV muon collider has the highest mass reach for a universal Z ′ with118

large couplings gZ′ , uniquely probing masses MZ′ > 100 TeV. Lepton colliders have an edge in119

sensitivity when the boson is so heavy that only indirect effects can be measured, arising from120

the fact that in the signal kinematic distributions, the lepton collider experiments benefit from121

relatively smaller systematic uncertainties.122

2.1.2 Lepton-specific Z ′ boson123

Motivated by the B-physics anomalies and indications for violation of lepton universality, Ref. [8]124

considered the benchmark of a Z ′ mediating gauged Lµ − Lτ number, which can also address the125

anomalous magnetic moment of the muon from the Muon g-2 experiment. Here, the special nature126

of the specific lepton charges highlights the capability of a 3 TeV muon collider since it produces127

the Z ′ boson directly, as shown in Fig. 2 from Ref. [8].128

2.1.3 Sequential standard model Z ′
129

The sequential standard model (SSM) Z ′ boson follows the same coupling pattern of the SM Z130

boson, and is the benchmark model most commonly used by experimental searches. The recently131

begun running period of LHC, Run 3 at
√
s = 13.6 TeV with 160 fb−1), when combined with the132

previous running period, Run 2 at
√
s = 13 TeV with 140 fb−1), is expected to result in a mass133

reach of 5.4 TeV for SSM Z ′ at 95% CL in the dilepton channel [9]. HL-LHC will significantly134

extends LHC sensitivity to the SSM Z ′ model, as shown in the upper right panel of Figure 2 for135

several channels and experiments that were studied for Snowmass [9–11]. ILC would extend the136

sensitivity beyond HL-LHC, and the lower right panel of Fig. 2 shows a set of Z ′ benchmarks137

including the SSM Z ′ for different ILC machine operating conditions [12]. Further increases in138
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sensitivity to the SSM Z ′ would come from future proton-proton (pp) colliders, and table 2 lists139

that sensitivity for decays to dijets, and the dependence on integrated luminosity is shown in Fig. 5.140
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Figure 2: (left) The coupling versus mass limits for a lepton universality violating Z ′ at the
muon collider [8] (orange), compared to the mass reach of LHC (black curve) and LHC+ILC
(black dashed curves), and the favored regions of parameter space from measurements at Muon
g-2 (yellow) and LHCb (violet). (right) SSM Z ′ mass reach for 5σ discovery and 95% CL exclusion
from (top) HL-LHC in the dijet channel [10], dimuon, dielectron and combined dilepton channel
in ATLAS [11] and in CMS [9] and (bottom) from ILC at three operating energies for SSM and
four other Z ′ models decaying to pairs of fermions. [12].

2.1.4 Machines ordered by Z ′ sensitivity141

In this subsection, we organize the Snowmass contributions into a summary table to enable an142

illustrative comparison between the various Z ′ models and current and possible collider scenarios.143

To enable the comparison and focus on the mass reach of the different colliders, we adopted the144

g′Z = 0.2 coupling parameter for the universal Z ′ model, since it roughly aligns with the mass145

reach for the SSM Z ′ model in the resonance channels studied. As we move down the table shown146

in table 1, the Z ′ mass reach steadily increases.147

At first glance, this table shows the obvious correlation that higher center of mass collider148

energy affords higher reach in Z ′ mass, where the orders of magnitude spanned in collider energy149

pay off in orders of magnitude in Z ′ mass reach. This is justified since the resonance signal is150

assured when the Z ′ boson is within the kinematic reach of the collider. Moreover, for a given151

operating point of a collider, we see that the two Z ′ model benchmarks have very comparable152

results, which reflects the fact that the underlying charge assignments of SM fermions to the Z ′
153

currents only differ by O(1) factors, and so these results would be broadly applicable in other154

models where Z ′ bosons couple to all SM fermions, such as in gauged B − L models. For more155

fermion-specific models, such as Lµ − Lτ or gauged baryon number, which are equally relevant to156

the model benchmarks shown in table 1, the distinction between the different colliders becomes157

dramatically more important since the Z ′ resonance would be produced via a tree-level coupling158

in some colliders while only produced via a kinetic mixing coupling or a loop-induced coupling in159

others. As a first estimate, the corresponding reach for a point of comparison to table 1 would160

then adopt a coupling suppressed by a loop factor when the model does not couple to the initial161

partons at tree-level.162

In table 1 the relationship between the Z ′ mass reach at 95% CL and the mass reach at 5σ163

depends on the machine type and final state. The two sensitivities are roughly equal for dilepton164

final states at pp colliders, because the Z ′ peak is beyond the highest masses of the dilepton165

continuum background from electroweak production via Drell-Yan, a convincing and background-166

free exclusion or discovery. For dijet final states at pp colliders, the direct searches for a Z ′
167
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dijet mass bump has a 95% CL mass reach that is roughly 20-30% larger than the 5σ mass reach,168

because here the continuum background is larger from strong production of dijets via QCD. Finally,169

lepton colliders search within the kinematic distributions of fermion pairs for the indirect effects of170

a Z ′, with huge backgrounds at di-fermion masses significantly lower than the Zprime pole mass,171

resulting in a 95% CL mass reach that is roughly 60-100% larger than the 5σ mass reach. Therefore,172

table 1 illustrates both the power of lepton colliders for indirect discovery of new physics, and the173

subsequent necessity of a hadron collider to directly produce and confirm that new physics, within174

a complete program for the future of HEP like that discussed at Snowmass for FCC [13].175

Question from Felix: To what extent do we want to make a "judgement call" about the impor-176

tance of jumps in sensitivity from more futuristic colliders?177

Table 1: For each collider we list the operating point and mass reach, for 5σ discovery and 95%
CL exclusion, of the SSM Z ′ model taken from Refs. [9–12,14], and the mass reach of the universal
Z ′ model with a coupling gZ′ = 0.2 from Refs. [6, 7] that we determined from Fig. 1.

2.2 Other models and channels178

2.2.1 W ′
179

Models that feature W ′ bosons differ from Z ′ models since W ′ bosons mediate a charged current180

interaction and hence necessarily extend the SM electroweak gauge symmetry either via a product181
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gauge group or embedding the SM electroweak group in a larger symmetry. We show the sensitivity182

of HL-LHC to the di-fermion decays of a right-handed W ′
R gauge boson or an SSM W ′ boson in183

the table on the left side of Fig. 3. The sensitivity for SSM W ′ decaying to dijets at future pp184

colliders is also shown in table 2 and Fig. 5. For all di-fermion decays, the W ′ mass reach is185

larger than Z ′, due to the larger production cross section. Di-boson decays are more challenging,186

and no mass reach projections were done for snowmass, but the multi-body mass distributions of187

W ′
SSM → WZ ′

SSM at HL-LHC were studied [15] and are shown on the right side of Fig. 3.188

Figure 3: (left) W ′ mass reach for 5σ discovery and 95% CL exclusion from HL-LHC, for a right-
handed model decaying to a top and bottom quark in ATLAS [11], and for the SSM model in the
dijet channel [10], the tau channel in CMS [16], and the muon, electron, and combined channel in
ATLAS [11]. (right) The distribution of dijet mass (points) and dijet + lepton mass (histogram)
of the simulated decay W ′

SSM → WZ ′
SSM → (lν)(qq̄) for HL-LHC [15].

2.2.2 Axion-like particles189

An axion-like particle (ALP) . . . Figure 4 shows the results of Snowmass studies on the sensitivity190

of the muon collider to an ALP [8, 17] compared with other colliders [7, 13]. For ALP decays to191

diphotons, the muon collider and CLIC are the most sensitive to high ALP masses ma > 100 GeV,192

and FCC-ee has the best sensitivity in the medium mass range 1 < ma < 100 GeV.193
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Figure 4: (left) The axion-like particle (ALP) coupling in the diphoton channel gaγγ versus 95%
CL mass reach is shown at multiple colliders [7, 13] and superimposed is the same at the muon
collider (black) for ma < 100 GeV [8]. (right) A related ALP coupling in the diphoton channel
CB̃/fa = gaγγ/4 (red), and the coupling for other channels, versus 5σ mass reach at the muon
collider for ma > 200 GeV [17].
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2.2.3 Dijet resonances at proton-proton colliders194

The sensitivity to dijet resonances at pp colliders was explored during Snowmass 2021 as discussed195

in Refs. [10,13,18]. The process, pp → X → 2 jets, is an essential benchmark of discovery capability196

of pp colliders and is sensitive to a variety of models of new physics at the highest mass scales. The197

sensitivity to a dijet resonance is mainly determined by it’s cross section. The study considered198

strongly produced models, those with large production cross sections, that include scalar diquarks,199

colorons and excited quarks. These high mass resonances can only be observed at a pp collider.200

Also considered are weakly produced models, with production cross sections that are roughly two201

orders of magnitude smaller, that include W ′s, Z ′s and Randall-Sundrum gravitons, which can202

also be observed at lepton colliders. The 5σ discovery mass is shown as a function of integrated203

luminosity in Fig. 5 for these two sets of models organized by production strength. Note two204

scaling behaviors of the sensitivity: the mass sensitivity is roughly proportional to the collision205

energy, and for any fixed value of
√
s, the sensitivity is roughly proportional to the logarithm of206

the integrated luminosity. In table 2 the study summarizes the sensitivity of five major options207

for future colliders, a selection of the results contained in the full study [10], conducted for eight208

collision energies and ten integrated luminosities. Again, the production strength is useful for209

organizing the results, and very roughly speaking, the discovery mass reach of a proton-proton210

collider is about half it’s collision energy for strongly produced dijet resonances, and about one211

quarter of it’s collision energy for weakly produced dijet resonances. These masses are all very212

large compared to the mass scales directly accessible by other colliders, and demonstrate a pp213

collider’s unique ability to deeply explore the energy frontier.214
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Figure 5: Sensitivity to strongly and weakly produced dijet resonance models. The 5σ discovery
mass for four values of collider

√
s (colors) as a function of integrated luminosity for dijet resonances

from (left) the large cross section models of diquarks (boxes), colorons (Xs), and excited quarks
(circles) and from (right) the smaller cross section models of W′ SSM bosons (crosses) Z ′ SSM
bosons (stars) and Randall-Sundrum gravitons (diamonds). From Ref. [10].

2.2.4 Composite Higgs215

One example of a composite Higgs model was discussed at Snowmass [19], and its phenomenology216

includes a new Higgs doublet with mass less than about 0.5 TeV, and new vector mesons with mass217

greater than about 1 TeV that decay to pairs of bosons.218

2.2.5 Kaluza-Klein gluons219

Sensitivity to the Randall-Sundrum model of the Kaluza-Klein gluon decaying to tt̄ was discussed220

at Snowmass, and is 5.7(6.6) TeV for 5σ(95% CL) during HL-LHC at
√
s = 14 TeV with 3 ab−1,221

and 9.4(10.7) TeV during HE-LHC at
√
s = 27 TeV with 15 ab−1 [20]. A model of a Kaluza-Klein222
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Table 2: Comparison of the sensitivity to dijet resonances of five pp colliders at their approximate
baseline integrated luminosities. The mass for discovery at 5σ, or exclusion at 95% confidence
level, is listed for six models in descending order of model cross section. From Ref. [10].

gluon decaying to a SM boson and a radion was also discussed [21], in particular the three-gluon223

final state which has been searched for at the LHC [22].224
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3 New fermions225

3.1 Neutral Leptons226

Overview of benchmark considered by projections: Type-1 seesaw with heavy right-handed Dirac227

or Majorana neutrinos, or Type-3 seesaw with a triplet of Majorana leptons (either charged or228

neutral). Mention prompt versus displaced signatures, covering prompt results here. Mention229

typically small variations in anticipated bounds between Dirac and Majorana fermions.230

Type-1: production via e+e− of (W/Z)Nν, and decays of the HNL to Wℓ. The EIC can231

access very low HNL masses, while higher-energy e+e− colliders offer the strongest limits up to232

approximately 3 TeV in HNL mass. At very high masses pp collisions at 27 or 100 TeV provide the233

strongest constraints. Bounds expected for various collider scenarios are listed in Table 3.234

Type-3: production of pairs of heavy Σ leptons (1 charged, 1 neutral), and decays of the Σ235

to Wℓ or Wν based on charge. Easily produces final states with 3 or more charged SM leptons236

which have small SM backgrounds. Bounds on the coupling of Σ0 to electrons are fixed at 0.00035237

(EWPD-e) and 0.00025 (EWPD-U) by electroweak precision observables, regardless of Σ mass.238

Bound from future e+e− colliders can be considerably stronger, as summarized in Table 4.239

Collider Energy L mN = 10 GeV 100 GeV 1 TeV 3 TeV
EIC 141 GeV 100 fb−1 0.0003 ∼ 0.05
ILC 1 TeV 10−7 0.02

CLIC 3 TeV 5× 10−6 5× 10−6 0.005
LHC 100 TeV 0.0001 0.0005 0.001

Table 3: Comparison of limits on |U |2, the coupling between a HNL and SM charged lepton in
the Type-1 seesaw benchmark. FIXME: reference, figure out dashes in EIC plot; find lumis for
ILC/LHC plot.

Collider Energy L mΣ0 = 800 GeV 900 GeV 1 TeV 2.5 TeV
ILC 1 TeV 1 ab−1 0.0003 0.0005
ILC 1 TeV 5 ab−1 0.00015 0.0002

CLIC 3 TeV 1 ab−1 0.0001 0.00025
CLIC 3 TeV 5 ab−1 0.00008 0.0001

Table 4: Comparison of limits on |Ue|2, the coupling between Σ0 and the SM electron in the Type-3
seesaw benchmark. FIXME: reference

3.2 Charged Leptons240

No specific Snowmass contributions (we think), but Google search reveals some published projec-241

tions, and big compendia like ILC physics case, etc. We will summarize, and this will be the main242

addition here beyond the contributions.243

3.3 Heavy Quarks244

Cover traditional production and decay modes. Pair production:245

pp → T T̄ , BB̄ (1)

Single production of up-type vector-like quark:246

pp → TW, T + jet (2)

Decay modes:247

T → th, tZ, bW

B → bh, bZ, tW (3)
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Figure 6: The cτ of SM particles versus their mass. Plot by Brian Shuve and reproduced in [24].

3.4 Exotic Signals248

Many submissions on more exotic production and decay modes in extended simplified models.249

4 Long-lived particles250

Particles with long lifetimes are an important possibility in the search for new phenomena. The251

Standard Model has many examples, spanning a wide range of lifetimes (See Fig. 6)1. The reason252

is that the SM is equipped with an approximate symmetry (flavor) and a hierarchy of scales (QCD253

vs electroweak), which results in some particles being vastly more long-lived than others, even254

if their masses are similar. Approximate symmetries and multiple scales are also ingredients in255

most BSM models, including supersymmetry, extended neutrino sectors and models of dark matter256

and/or baryogenesis [24]. As such, new long-lived particles (LLPs) are a generic signature of BSM257

physics and appear in many models.258

When produced at the LHC, LLPs have a distinct, unconventional experimental signature:259

they can decay far from the primary proton-proton interaction but within a detector, such as260

ATLAS or CMS, or even completely pass through the detector before decaying. Some specific261

examples of LLP signatures include displaced and delayed leptons, photons, and jets; disappearing262

tracks; and nonstandard tracks produced by monopoles or heavy stable charged particles. Standard263

triggers, object reconstruction, and background estimation are usually inadequate for LLP searches264

because they are designed for promptly decaying particles, and custom techniques are often needed265

to analyze the data.266

In Section 4.1, we discuss strategies and detector R&D that are particularly relevant for LLPs,267

and in Section 4.2, we discuss the projected results for different LLP signatures and models.268

4.1 Strategies and detector R&D269

As the Snowmass community begins to design future detectors, it is important to keep LLPs in270

mind, lest we design new detectors that are biased against LLP signatures. For example, overly-271

aggressive filtering can introduce biases that limit the acceptance for displaced tracks [25]. In272

addition, careful studies of beam-induced backgrounds will be necessary in order to reduce these273

background contributions without removing possible LLP signals [26]. At the same time, we can de-274

velop technologies, such as dedicated trigger algorithms, displaced tracking algorithms, and timing275

detectors, to explicitly reconstruct and identify LLPs. We are also designing detectors dedicated276

to searching for LLPs, such as FASER [27], CODEX-b [28], MATHUSLA [29], milliQan [30], and277

FACET [31].278

1Results are often presented as a function of cτ , where c is the speed of light and τ is the proper lifetime. See [23]
for the calculation of the proper lifetime.

11



4.1.1 Triggers279

Being able to trigger on the unusual signatures of LLPs is especially crucial, because there is no280

search without the data collected by the trigger. At the trigger level, in ATLAS and CMS, tracking281

has only been available so far at the high-level trigger (HLT). The HLT is latency limited, and as282

such only simplified tracking algorithms are available, which sometimes only cover small regions of283

the detector, require an associated object in the calorimeter or muon system, or come with more284

stringent kinematic requirements than offline tracking. ATLAS and CMS are therefore investing285

heavily in tracking in the Level 1 (L1) trigger for the Phase II Upgrades. To qualitatively expand286

the reach for LLPs, it is important that these developments take note of the specific requirements287

for such signatures, such as the ability to reconstruct tracks with non-zero impact parameters.288

CMS plans to address this challenge in Phase II by implementing double tracking layers, which289

can independently from each other reconstruct track “stubs”. A rudimentary pT measurement of290

these stubs will allow them to reduce the combinatorics sufficiently to render track finding feasible291

in the L1 trigger [32]. Though this method is aimed at prompt tracks, it was shown that it has292

the potential to find displaced tracks as well, if certain software and latency requirements are293

met [33, 34]. The full potential of this technique can be unlocked if also displaced vertices can294

be reconstructed [35, 36], though the feasibility of this is more speculative at the moment. [SK:295

Simone, add sentence or two about iTK?]296

A general, truth-level study of track-based triggers at the HL-LHC [37] was performed for 3297

unconventional signatures: soft unclustered energy patterns (SUEPs) that produce high multi-298

plicity, low transverse momenta tracks; GMSB long-lived staus that produce displaced leptons or299

anomalous prompt tracks; and Higgs portal long-lived scalars that decay to displaced hadrons.300

The trigger efficiency was measured as a function of the baseline parameters of a track trigger,301

including transverse momentum and impact parameters. This study concludes that, in order to302

address all of the unconventional signatures simultaneously, the best track-trigger design would303

keep the transverse momentum threshold as low as possible for prompt tracks, and for increasing304

transverse momentum values, the allowed transverse impact parameter range can be increased.305

[38] - [JA: does this qualify?] [SK: happy to include it, if experimentally reasonable.306

Not qualified to judge :)]307

4.1.2 Data scouting308

Since the trigger systems are typically limited in bandwidth and data storage rather than in309

computing power, a very intriguing option is to perform a large piece of the analysis online and only310

write a very reduced data format to tape. This idea is known as the turbo stream at LHCb [39], data311

scouting at CMS [40] and trigger-level analysis at ATLAS [41]. LHCb has successfully deployed this312

concept for charm physics in particular and plans to further build on this in Run 3, by performing313

full online event reconstruction at 40 MHz. This is expected to provide a big gain in sensitivity314

to displaced signatures of dark photons and dark scalars in particular [42,43]. Furthermore, CMS315

plans to extend the scouting program to the L1 trigger for the HL-LHC [44].316

Until recently, ATLAS and CMS had utilized the scouting technique only for prompt signatures,317

most notably low mass dijet resonances. A recent CMS data scouting search that used Run 2 data318

showed excellent sensitivity for displaced dimuon pairs, which can have transverse momenta as319

soft as a few GeV [45]. As a result, it is an excellent probe for dark scalar models as well as320

certain exotic Higgs decays. The power of these (projected) searches provides strong motivation321

to preserve and expand the data scouting program into Run 3 and the HL-LHC.322

4.1.3 Displaced tracking323

[38] - does this qualify?324

4.1.4 Applications of timing detectors325

[46]326

4.1.5 Dedicated detectors for LLPs327

General-purpose particle detectors like ATLAS and CMS are advantageous when searching for328

LLPs because these hermetic detectors are close to the collision point, providing a large acceptance.329
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Figure 7: Overview of dedicated LLP detectors at the LHC. Plot by Matthew Citron.

In addition, they are relatively large, with radii of several meters, which provides sensitivity to330

a wide range of lifetimes, and since general-purpose detectors have multiple detector subsystems,331

they are sensitive to a wide range of experimental signatures. However, these general-purpose332

detectors are limited by the large amount of prompt and long-lived SM backgrounds and by the333

challenge of triggering on and reconstructing these unusual signatures.334

Detectors that are, on the other hand, designed specifically to search for LLPs can circumvent335

many of these limitations. For example, SM backgrounds coming from particle collisions can be336

mitigated by rock or dedicated shielding. In addition, the trigger can usually be relatively simple337

or in some cases, not needed at all, and the reconstruction is designed for specific LLP signatures.338

In short, these dedicated detectors are designed and positioned optimally for the targeted LLP339

signature. Given the wide range of possible LLP signatures, then, it is clear that a wide range of340

dedicated detectors are also needed. Figure 7 gives an overview of the proposed dedicated LLP341

detectors.342

FASER [27] will search for light LLPs that are produced at or close to the ATLAS interaction343

point, move along the beam collision axis line of sight, and then decay within the volume of FASER344

into visible decay products. The Forward-Aperture CMS ExTension (FACET) [31] is a proposed345

extension of the CMS detector that is designed to search for very forward decays of LLPs such346

as dark photons, heavy neutral leptons, axion-like particles, and dark Higgs bosons. It will be347

sensitive to any particle that can penetrate at least 50 m of magnetized iron and decay in an 18 m348

long, 1 m diameter vacuum pipe.349

In addition to looking for LLPs in a forward direction, we can also search for them with350

dedicated detectors that are transverse to the beam line. For example, the COmpact Detector for351

EXotics at LHCb (CODEX-b) [28] will be installed in the DELPHI/UXA cavern next to LHCb’s352

interaction point and will search for displaced decays- in-flight of exotic LLPs. In addition, the353

Massive Timing Hodoscope for Ultra Stable neutraL pArticles (MATHUSLA) [29] is a large-scale354

(100x100 m2) surface detector that can detect the decay of neutral LLPs produced in proton-proton355

collisions at CMS interaction point.356

The milliQan experiment [30] will search for millicharged particle that have fractional electron357

charge and come from a dark quantum electrodynamic field.358

[JA: where to focus this section? the physics we can do with each detector? What359

is new? Basically - what message do we want to give about the dedicated detectors?]360

HECATE etc 2011.01005, 2201.08960, 1911.06576361

4.2 Signatures & models362

The space of LLP signatures is very rich and complicated, ranging from exotic-looking tracks to363

heavy stable charged particles to various types of displaced vertices, a subset of which is illustrated364

Fig. 8. A comprehensive overview is beyond the scope of this summary, and we instead highlight365

an incomplete set of examples, which are chosen because of their strong theory motivation, their366
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Figure 8: Overview of LLP signatures at the LHC. Plot by Jamie Antonelli.

usefulness to benchmark experiments and colliders, or their unique nature.367

Concretely, we discuss the disappearing track signature in Section 4.2.1, light neutral LLPs in368

Section 4.2.2, and heavy neutral LLPs in Section 4.2.3. Here, “light” refers to LLPs with masses369

such that they are difficult to trigger on at the LHC, whereas “heavy” LLPs are relatively easy to370

trigger on at the LHC, due to their high momenta.371

4.2.1 Disappearing tracks372

[SK: propose to restrict to DT’s for simplicity? HCSP’s are not really qualitatively373

different for future colliders, as in both cases one is typically just kinematically lim-374

ited.][JA: ok, we can do that in this section, but HSCPs are a flagship analysis and375

no LLP summary would be complete without at least mentioning them, which I have376

now done farther up]377

LLPs that are electrically charged can be produced by many different models, and they produce378

several signatures that can be directly detected at current and future experiments. For example, if379

the charged LLP decays within the detector, the LLP could produce a disappearing track signature380

if it decays to neutral and/or very soft particles that cannot be reconstructed.381

[SK: Do we want this to be self-contained or to we refer to the SUSY/DM chapters382

for the theory stuff?] The latter scenario is very natural for electroweak multiplets, either in383

the context of supersymmetry or minimal WIMP dark matter models. An electroweak doublet384

(“pure Higgsino”) and electroweak triplet (“pure wino”) each contain an electrically charged state385

and respectively two and one neutral state(s)2. In the absence of higher dimensional operators,386

the (lightest) neutral state will always be slightly lighter than the charged state due to a one-387

loop electroweak corrections. For the pure Higgsino and pure wino cases, this natural splitting is388

respectively 344 MeV and 166 MeV. This implies that the χ±
1 → χ0

1π
± decay is extremely phase389

space suppressed. Taking the pure Higgsino case as an example, its predicted proper lifetime is390

shown by the dashed black curve in Fig. 9, along with the projected 95% exclusion limits for391

the HL-LHC [47], CLIC [48] and two benchmark muon colliders [49]. (The assumptions for these392

studies vary somewhat; we refer to the references cited above for details.) The presence of other393

particles and/or higher dimensional operators can modify the splitting between the charged and394

neutral components and thus alter the decay width significantly. Their generic effect is the enhance395

the splitting and therefore shorten the lifetime[JA: this sentence needs some typo fixes, i’m396

not sure what’s meant]. For the reverse scenario, an increasingly delicate cancellation against397

the SM contribution is needed, which can be viewed as a fine tuning.398

Figure 10 shows the projected reach of disappearing track signatures at the HL-LHC [47],399

2Strictly speaking the pure Higgsino as a dark matter candidate has long been excluded by direct detection
experiments.[SK: ref?] However, even a very small correction from a higher dimensional operator suffices to make
the dominant Z exchange kinematically inaccessible for direct detection experiments, with no impact on the collider
searches.
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HE-LHC [50], LE-FCC [51], FCC-ee [51], CEPC [51], CLIC [48], ILC [52], FCC-eh [53], FCC-400

hh [54], and several high energy muon colliders [49], assuming a pure Higgsino with its natural401

mass splitting. The figure also shows the projected limit from indirect detection (CTA), assuming402

an Einasto profile [55]. This projection assumes that the pure Higgsino makes up a 100% of the403

dark matter relic density. It is also subject to substantial theoretical and astrophysical uncertainties404

which may qualitatively modify the projection.405
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Figure 9: Projected reach of disappearing track signatures in the chargino mass–cτ plane at 95%
CL exclusion from CLIC (green curves) [48], a muon collider [49], and ATLAS at the HL-LHC
(blue curve) [47].

4.2.2 Light neutral LLPs406

LLPs that are electrically neutral can produce many different signatures, and those that are rela-407

tively light and can be easily triggered on at the LHC include displaced vertices, displaced lepton-408

jets, and dark showers.409

Dark photons, alp (mostly covered by New Bosons), HNL, dark showers, lepton jets, some410

displaced vertices411

light = harder to trigger on it at the LHC412

PLOTS h->A’A’, Z-> alps (coordinate with new bosons), Z/W -> HNL (coordinate with new413

fermions) (includes some dedicated detectors)414

4.2.3 Heavy neutral LLPs415

SUSY (split [gluino at HL-LHC], RPV [wino at ILC], GMSB)416

heavy = can easily trigger on it at LHC417

Higgs linear vs circular is relevant418

PLOT on RPV?419

5 General exploration420

Introduction to the organization of this section, if needed, or un-ravel the following sections as421

independent sections depending on what we do with the rest.422

Will also briefly reference here other exotica results we won’t touch in the following subsection423

by referencing the contributions. This can be our catch-everything-else part.424

5.1 Charged-leptons flavor violation425

Strong synergy with RF5. They are producing a report including colliders constraints. Will426

summarize here.427
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Figure 10: Overview plot for the sensitivity of the HL LHC [47], HE LHC [50], LE-FCC [51],
FCC-ee [51], CEPC [51], CLIC [48], ILC [52], FCC-eh [53], FCC-hh [54] and several high energy
muon colliders [49] to the pure Higgsino, assuming its natural mass splitting. Figure adapted from
[49]. [SK: preliminary, just screenshot, need to update indirect detection. Authors
were contacted.]

5.2 Present data anomalies (ZL)428

Discussion of a few current anomalies (b-physics, muon g-2, W mass?) and emphasis on a few429

examples on how future colliders can adapt and explore the fundamental dynamics that can be430

revealed by these (or ther future) experiments.431

Won’t be complete, but a taste of what we can do.432

No real summary plots expected here.433

5.3 Complex new dynamics434

Mostly linked to complex strong dynamics in a dark sector.435

Summarize a few inputs, although not much material and most rather generic.436

No summary plots expected here.437

5.4 Anomaly detection438

Finish with general anomaly detection strategies as an example of flexibility and discovery attitude.439

Won’t be quantitative, but acknolwedges the community interest on the topic.440
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