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1 Introduction

Research in high energy physics is in an exciting phase. Despite its great success, the Standard Model
(SM), the theory that describes with astonishing precision the matter and the forces that act upon it, leaves
many questions unanswered. For example, it does not describe dark matter (DM), which dominates the
matter composition in the Universe; it does not explain why there are three generations of particles; it does
not provide any reason behind the matter-antimatter asymmetry in the Universe. New theories, generally
denoted as new physics (NP), attempt to answer these and other open questions by introducing new particles
or new microscopic forces. The Large Hadron Collider (LHC) is a unique infrastructure located at CERN
that provides the opportunity to study the particles that constitute our world and give answers to the many
pressing questions. The two large general-purpose experiments of the LHC, ATLAS [1] and CMS [2],
currently probe the SM with unprecedented precision. While so far they see no evidence for deviations
from the SM, they have only been exposed to hardly 5% of the total dataset envisaged to be delivered in the
lifetime of the LHC: its high-luminosity upgrade will provide the experiments with 20 times the dataset
they currently have available. These unprecedented datasets will allow particle physicists to observe and
study SM phenomena that remain elusive so far due to their small rates, as well as to extend of the reach of
searches for new processes beyond the Standard Model (BSM). At the same time, these new data will boost
the potential of the experiments to direct discoveries that can revolutionize the human understanding of
nature.

The ATLAS and CMS Collaborations are continuously developing the physics program for the High-
Luminosity LHC (HL-LHC). The HL-LHC will extend the LHC program to the first half of the 2040’s,
with pp collisions at

√
B =14 TeV with an expected integrated luminosity of 3000 fb−1for each of the

ATLAS and CMS experiments, and PbPb and pPb collisions with integrated luminosities of 13 nb−1 and
50 nb−1, respectively. The ATLAS and CMS Collaborations recognize the importance of the Snowmass
process to the high-energy physics community in the US and beyond. Continued strong US participation is
in particular critical to the success of the HL-LHC physics program, as the Phase-2 detector upgrades, the
HL-LHC data-taking operations and the physics analyses based on the HL-LHC dataset will not be able to
proceed without the support of the US community. The physics contributions to the Energy Frontier (EF)
and to the Frontier for Rare Processes and Precision Measurements (RF) groups of Snowmass 2021 are
based on the studies that are summarized in the CERN Yellow Report on the Physics at the HL-LHC, and
Perspectives for the HE-LHC (YR18) [3]; some of these contributions are updated based on the most recent
Run 2 results, and a few new studies are presented. Detailed theory references can be found in Ref. [3] and
in the ATLAS and CMS documents presenting the new studies in full details.

For the HL-LHC both experiments are planning significant modification of the detectors (Phase-2 upgrade)
which should allow for effective data taking and event reconstruction at increased luminosity and pileup
(PU), with up to 200 additional interactions per bunch crossing and up to an order of magnitude larger
radiation dose. For both detectors, in order to maintain or even lower the trigger thresholds with respect to
the current ones, the triggering systems will be replaced. New tracker systems will be installed, extending
the tracking coverage up to pseudorapidities of about |[ | = 4. The addition of new timing detectors,
covering up to |[ | = 3 for CMS and 2.4 < |[ | < 4 for ATLAS, will introduce new PU rejection capabilities
in the challenging HL-LHC environment, as well as new handles for the detection of long-lived particles.
The existing ATLAS liquid argon and tile calorimeters as well as the CMS barrel electromagnetic and
hadron calorimeters will be upgraded with new electronics. The CMS endcap electromagnetic and hadron
calorimeters will be replaced with a new high-granularity combined sampling calorimeter. Finally, the
muon systems will be upgraded with new electronics and additional muon chambers both for ATLAS and
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CMS. A more detailed overview of the detector upgrade program is presented for ATLAS in Refs. [4–10]
and for CMS in Refs. [11–17]. Strategies to develop software and computing capable of processing the
HL-LHC data have been outlined in Refs. [18–20]. Expected performance of the reconstruction algorithms
and PU mitigation both with upgraded CMS and ATLAS detectors have been studied and summarized in
Refs. [21–24]. The technical design reports referenced above also present concrete examples highlighting
how the Phase-2 improvements in detectors, triggers and reconstruction will extend sensitivity in precision
measurements and new physics searches. Further examples will be shown in the next chapters.

The results related to precision Higgs properties measurements and the study of its self-coupling contribute
to the work of the first subgroup of the Energy Frontier group (EF01). Constraints from searches for
BSM decays of the Higgs boson or from searches for new particles connected to the Higgs sector are
presented in EF02. Precision measurements of top quark properties represent an important test of the
SM, considering the top quark, as the heaviest particle in the SM, is a particularly sensitive probe to NP.
The flavor physics program at the HL-LHC also comprises many probes to NP with significant discovery
potential, extending the reach of direct searches. Those topics are discussed in EF03 and in RF01,
respectively. Other studies of SM processes based on electroweak measurements are presented in EF04,
while precision QCD measurements and analyses probing photon-photon interactions are discussed in
EF05 and EF06, respectively. Heavy-ion-related analyses, covering in particular studies of the quark-gluon
plasma, contribute to EF07. Prospective results assessing the ATLAS and CMS sensitivity in BSM
searches at the HL-LHC are reported in EF08 for model-specific explorations, EF09 for more general
explorations and EF10 for DM searches.

There are two strategies employed for ATLAS projections: (1) extrapolations based on Run 2 results scaled
to the HL-LHC luminosity taking the change in center-of-mass energy, triggers, and expected object-level
performance into account, and (2) parametric simulations based on detailed simulations of the upgraded
detectors under HL-LHC conditions to provide the expected performance for reconstructed objects. In
CMS some analyses use full simulation of the Phase-2 detector response, some use Delphes [25], based on
parameterized detector response, and in some cases projections of existing Run 2 results are performed.
The treatment of theoretical and experimental uncertainties, as well as the upgraded detector performance,
are described in Refs. [21, 22]. For the extrapolation from Run 2 measurements, a baseline scenario (YR18
systematic uncertainties) was devised to estimate the uncertainties. This scenario assumes that the ultimate
future performance of the two experiments in terms of detector and trigger performance will be comparable
to the performance achieved during the LHC Run 2, most of the experimental uncertainties are scaled
down with the square root of the integrated luminosity, and that improvements will be done to theoretical
predictions so that their uncertainties can be halved with respect to current values. A 1% luminosity
uncertainty is used for this scenario. The YR18 systematic uncertainties are used in the results presented in
this document, unless specified otherwise. Full Phase-2 or parametric simulations offer the possibility to
investigate the evolution in object reconstruction performance as well as the impact of increased detector
acceptance, possible thanks to the upgrade of the tracking systems, while Run 2 extrapolations directly
benefit from the well-studied systematics models developed for the Run 2 analyses.
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2 EF01: EW Physics: Higgs boson properties and couplings

The discovery of the Higgs boson by the ATLAS and CMS Collaborations in 2012 [26–28] marks a
milestone in the history of particle physics. The Electroweak Symmetry Breaking (EWSB) mechanism is
central to the functioning of the SM, and connects with many of the outstanding questions in physics today.
Studying the properties of the Higgs boson is a key mission of the LHC program. Small deviations from
its expected behavior can have large implications on the structure of nature, as predicted in many BSM
scenarios.

The EWSB mechanism maintains the structure of gauge interactions while generating the masses of
electroweak gauge bosons (,//). This is achieved through the introduction of a self-interacting
complex EW doublet scalar field Φ described by a kinetic scalar term and a potential of the form

+ (Φ) = `2
Φ
†
Φ + _

(
Φ
†
Φ

)2
. The spontaneous symmetry breaking is induced by the neutral component of

Φ acquiring a vacuum expectation value (VEV) E ≈ 246 GeV. In this process, three massless Goldstone
bosons are absorbed to generate masses of the , and the / gauge bosons. The remaining component
of the complex doublet becomes a massive Higgs boson scalar field, for which the mass was measured
to be 125GeV with an uncertainty already at the per-mil level [29, 30]. The masses of all fermions are
also a consequence of EWSB since the Higgs doublet is assumed to couple to fermions through Yukawa
interactions.

While EWSB establishes the type and strength of the Higgs boson interactions with other SM particles,
the careful study of its properties represents an essential task to test the self-consistency of the SM
and to collect new possible hints of BSM effects. Beyond the discovery of the Higgs boson, the data
collected by the ATLAS and CMS experiments during the first two Runs of the LHC has yielded a large
number of measurements of its properties, addressing in detail its production and decay mechanisms.
The dominant production modes at the LHC have been measured, and the decay channels in pairs of
photons, vector-bosons, 1-quarks and g leptons have been firmly observed. The Run 2 data also presented
the first evidence for the Higgs boson coupling to second generation fermions through the measurement
of � → `

+
`
− [31, 32]. Other rare decays, such as � → /W [33, 34], have been studied. Further

measurements targeted its mass, total width, spin, tensor structure, the total and differential cross-sections
for several production modes, and the study of its couplings to bosons and fermions. Constraints on the
Higgs self-coupling and on the shape of the Higgs potential have been derived, driven by the search for
Higgs boson pair production. While the Higgs measurement results obtained so far are in agreement with
the SM prediction, the precision achievable at the moment is not enough to significantly challenge many
BSM models.

2.1 Precision Higgs Measurements at the HL-LHC. Yellow Report Summary

The reach in Higgs boson measurements with the HL-LHC dataset was estimated as a cross-collaboration
effort and reported in Ref. [3]. Whenever possible, results were presented as the joint LHC sensitivity,
combining the ATLAS+CMS prospects. Future sensitivities at 3000 fb−1 are extrapolated from the
corresponding Run 2 measurements (with 36 or 80 fb−1). However, the potential of the HL-LHC cannot be
completely assessed through Run 2 extrapolations because of the difficulty in quantifying the improved
acceptance and performance of the detectors and to account for yet-unexplored analysis techniques.
Therefore dedicated Monte Carlo studies with HL-LHC conditions are used in particular cases.
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2.1.1 Higgs boson production cross-sections and decay branching ratios: measurements and
interpretations

An extrapolation to the HL-LHC luminosity of the measurements in the main SM Higgs boson decay
channels (ATLAS and CMS: WW, // , ,+,−, g+g−, 11̄, and `+`−; ATLAS only: /W) was performed
per experiment [35, 36] and then combined using a simplified treatment. The four dominant production
mechanisms of the Higgs boson at the LHC are the gluon fusion process (ggF), the vector-boson fusion
process (VBF), the production associated with a vector boson (+�) and the production associated with
a pair of top quarks (CC̄�). The expected precision on their measurement is shown in Figure 1(a). The
projected precision ranges from 1.6% (ggF) to 5.7% (,�). Theoretical uncertainties in the prediction of
the Higgs boson production in the phase space of the analyses will play a very important role. In terms
of per-decay-mode branching ratios (normalized to the SM expectations), the combined ATLAS+CMS
precision also reaches the few percent level, dominated by the theoretical uncertainty, for the main decay
modes WW (2.6%), // (2.9%),,+,− (2.8%), g+g− (2.9%), 11̄ (4.4%). For the rarer decay modes, `+`−

and /W, the measurement will remain statistically limited, and will reach a precision of 8.2% and 19.1%
respectively.

The combined analysis can be extended to include an interpretation in terms of coupling modifiers, ^,
which parameterize potential deviations from the SM predictions that would introduce a linear change of
the Higgs boson couplings to SM bosons and fermions. This framework is described in detail in Ref [37].
In this implementation, six coupling modifiers corresponding to the tree-level Higgs boson couplings are
defined: ^, , ^/ , ^C , ^1, ^g , and ^` and three effective coupling modifiers, ^6, ^W , and ^/W , are introduced
to describe the loop-induced processes 66 → �, � → 66, 66 → /�, � → WW and � → /W. The
expected uncertainties for the ATLAS+CMS HL-LHC sensitivity to ^ parameters are summarized in
Figure 1(b). The total expected uncertainty is at the few percent level, ranging from 1.5% for ^/ to 4.3% for
^`, and only approaching 10% for /W. Theoretical uncertainties play an important role, and are particularly
remarkable in the case of ^C , ^1, and ^6. The expected precisions on the coupling modifiers assume that
only decays to SM particles are allowed. An expected uncertainty on the branching ratio of BSM decays
��(" = 2.5% is derived by extending the parameterization and introducing an additional constraint on
|^+ | ≤ 1, which avoids a complete degeneracy in the total width where all of the coupling modifiers can be
scaled equally to account for a non-zero ��(" .

The absence of conclusive BSM signals at the LHC suggests an important separation of scales between
the SM and BSM effects. The Standard Model Effective Field Theory (SMEFT) provides a powerful
framework to interpret the Higgs boson measurements along with precision observables coming from SM
measurements in a search for evidence of higher order interactions between the SM particles. Such a study
was included in Ref [3] using as inputs the production and decay mode sensitivities discussed above.

Rarer Higgs boson decays are also a target for the HL-LHC. Limits on the coupling to first and second
generation quarks can be placed both through searches for exclusive decays (like � → d//W for the
first generation, � → q//W for the B-quark and � → �/%B8//W for the 2-quark), following the analysis
strategies already explored in Refs. [38–40], and through indirect constraints coming from differential
cross-sections fits, the total width, or a global interpretations of the couplings. A special case is the
coupling to the charm quark, probed directly through � → 22̄ searches where future development in charm
tagging techniques could result in a significant increase of the sensitivity. A combination of ATLAS, CMS
and LHCb results could potentially set constraints of the order of ^2 ≈ 1 [3].
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Figure 1: Summary plots showing the total expected uncertainties on (a) the per-production-mode cross-sections
normalised to the SM predictions and (b) the coupling modifier parameters (^), for the combination of ATLAS and
CMS extrapolations. For each measurement, the total uncertainty is indicated by a grey box while the statistical,
experimental and theory uncertainties are indicated by a blue, green and red line respectively. In addition, the
numerical values are also reported. [3]

2.1.2 Differential measurements

Differential measurements can significantly extend the sensitivity of the LHC data to the Higgs boson
mechanism beyond the reach of inclusive measurements of the product of production modes and branching
ratios. Extrapolations of the differential distributions of gluon-gluon fusion production cross-sections
in the // , WW and 11̄ final states as a function of the Higgs boson transverse momentum ?

�
) , angular

distributions of decay products, and number of jets can be found in Refs. [36, 41]. In the higher ?�) region,
the precision will improve as the dataset grows but will remain limited by statistical uncertainties at the
HL-LHC. Improved analysis techniques exploiting jet substructure tools to reconstruct the decay products
of the Higgs boson produced with large ?�) can significantly enhance the sensitivity of these analyses.

With the larger samples available, rarer production modes will become accessible for in-depth studies. A key
example is CC̄� where the measurements will be limited by theoretical uncertainties in signal and background
modeling, particularly in the � → 11̄ mode. The large dataset will enable precise measurements of the
differential cross-sections in ?�) bins, at the level of 20–40% with the � → WW channel as shown by CMS
in Ref. [42]. In channels where the Higgs boson 4-momentum can be reconstructed (CC̄�,� → WW and
CC̄�,� → 11), a measurement of the ?�) spectrum can further improve the constraint on the top quark
Yukawa coupling. Projections also show that a sensitivity close to the SM cross-section could be reached
for the top-Higgs (C�) associated production [36].
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2.1.3 Higgs boson width and CP measurements

Direct measurements of the Higgs boson width are challenging at hadron colliders, and limited by detector
resolution [43]. A constraint on Γ�/Γ

SM
� can be derived from a modification of the couplings fit described

above, with the assumption that |^+ | ≤ 1. This results in an uncertainty of 4% for CMS for a collected
luminosity of 3000 fb−1 [36]. Constraints on the Higgs boson width can also by obtained through the
comparison of the on-shell and off-shell � → // production, performed under the assumption that the
Higgs couplings to gluons and Z bosons evolve off-shell as in the SM [44, 45]. At the HL-LHC, this
approach is projected to yield a precision of 4.1+0.7−0.8 MeV for a combination of ATLAS and CMS, dominated
by theory uncertainties [36, 46].

Measurements of the CP properties of the Higgs boson show that it is consistent with a CP-even scalar
particle (�% = 0+) as expected in the SM. However, studies of the Higgs boson couplings to SM particles
could reveal a more complex tensor structure. In the bosonic sector, CP measurements can be performed in
the � → // and the � → ,

+
,
− decay channels as well as in the VBF production mode. On-shell/off-

shell Higgs boson production can also be used to probe the tensor structure of the Higgs boson, searching
for anomalous contributions in � → ++ interactions, characterized by the coefficients 02, 03, Λ1, and
Λ&. The bounds are set on the product 508 cos(q08) where 508 represents the relative contribution to the
cross-section obtained by setting all coefficients to 0 except 08 and q08 is the phase as described in Refs. [47,
48]. The HL-LHC reach for 503 cos(q03) is found to be [−1.6, 1.6] × 10−4 at 95% confidence level (CL)
in Ref. [36], with the assumptions that q08 = 0 or c, 0//8 = 0

,,
8 , and Γ� = Γ

("
� . In the fermionic sector,

measurements in the CC̄� production and � → g
+
g
− decay mode exploit the decay products of the top

quark and the g-leptons to build variables sensitive to the CP structure of the � → 5 5̄ vertex [49].

2.2 New results

2.2.1 Projection of the Higgs boson mass and on-shell width measurements in the N → `` → 4ℓ
decay channel with CMS at the HL-LHC [50]

The mass of the Higgs boson, <� , has been measured with a precision of around 0.11% (<� = 125.38 ±
0.14 GeV) by the CMS collaboration with a combination of measurements performed in the WW and the
// decay channels using the Run 1 and 2016 dataset [29]. The natural width of a particle is yet another
important characteristic. In the SM, the natural Higgs boson width is not a free parameter; it is predicted to
be about 4 MeV. Experimentally, a particle’s natural width can be assessed from the observed invariant
mass of its decay products or, in the case of the Higgs boson, with better precision through a combined
measurement of on-shell and off-shell production. The width measurement from the on-shell Higgs boson
production is constrained to be < 1.10 GeV at 95% confidence level [51]. We can further improve on
the precision of the measurements of the Higgs boson properties by taking advantage of the increase in
luminosity and the upgraded detectors at the HL-LHC.

In this section, we present projections for the precision Higgs boson mass and on-shell width measurements
expected to be achieved by CMS at the HL-LHC. The measurement methodologies mostly follow those
described in Ref. [52] with a few improvements. The projection is based on Run 2 Monte Carlo samples,
where expected signal and background event yields are scaled up by taking into account changes in their
production cross sections at

√
B =14 TeV and assuming the nominal expected HL-LHC integrated luminosity

of 3000 fb−1. The performance of trigger and object reconstruction is assumed to be the same as for Run 2,
but for significantly increased PU. Depending on the flavor of leptons forming the two pairs of / bosons,
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we form four event categories: 4`, 44, 242`, 2`24, where 242` and 2`24 consider 24 or 2` to be the
closest to the nominal / mass, respectively. Beam spot information is used in measuring muon transverse
momenta, which improves the measurement precision by 5%. In decays H→ ZZ→ 4ℓ, one / boson (/1)
is often on-shell and its invariant mass distribution is expected to have a characteristic Breit-Wigner peak at
<2ℓ ∼ </ with a width ∼ Γ/ , and a low-mass off-shell tail. We use this well-predicted </ line shape for
the SM Higgs boson decays as a constraint in the reconstruction of the momenta of the two leptons forming
the /1 pair. This helps to improve the four-lepton mass resolution by 9%. Categorization based on the
assessed per-event four-lepton mass resolution is introduced. Treating events with different four-lepton mass
resolutions separately in the statistical framework of the Higgs boson mass measurement helps to improve
the measurement precision by 10%. Finally, we use a matrix element based kinematic discriminant that
helps to discriminate 66 → � → // → 4ℓ events from background @@̄/66 → // → 4ℓ. The usage of
such kinematic discriminant brings an additional 4% improvement in the Higgs boson mass measurement.
The dominant systematic uncertainties in the Higgs boson mass measurement are associated with how well
we know the muon/electron energy scales and four-lepton mass resolutions. In Run 2 we achieve 0.01%
(0.15%) uncertainties on the muon(electron) energy scale and 10% uncertainty on the four-lepton mass
resolution regardless of the flavors of the four leptons. We use these values in the presented projections.

Table 1 summarizes the projected Higgs boson mass and on-shell width measurements. For the purposes
of the mass measurement, the natural width of the Higgs boson is assumed to be much smaller than
the instrumental four-lepton mass resolution. In the width measurement, the Higgs boson mass is
treated as a nuisance parameter. The projected measurement uncertainty for the Higgs boson mass is
±22(stat) ± 20(syst) = ±30 MeV. From the by-channel breakdown of the results, it can be seen that the
overall Higgs boson mass precision would be nearly completely driven by the 4` final state, which would
be still statistically limited. The projected upper limits at 95% CL on the Higgs boson width are 177 MeV
with all statistical and systematic uncertainties, and 94 MeV for statistical uncertainties only. While this
upper limit on the width cannot reach the precision of the on-shell/off-shell measurement discussed in
Section 2.1.3, it provides a complementary constraint limited only by detector resolution.

Table 1: Expected uncertainty on the Higgs boson mass measurement and 95 %CL upper limit on the Higgs boson
total width estimated in the H→ ZZ→ 4ℓ channel for an integrated luminosity of 3000 fb−1.

Mass uncertainty (MeV) Width upper limit at 95 % CL (MeV)
Combined 4` 4e 2e2` 2`2e Combined

Stat. uncertainty 22 28 83 51 59 94
Syst. uncertainty 20 15 189 94 95 150

Total 30 32 206 107 112 177

In comparison to the Run 2, the CMS Detector will undergo substantial upgrades for the HL-LHC. Since
muon performance is the main contributor to the Higgs boson mass measurement, we highlight the expected
measurement implications for the 4` final state. Trigger and muon reconstruction efficiencies for the 4`
events with all muons in the Run 2 acceptance phase space are not expected to change. With the new
Tracker, the four-muon invariant mass resolution at <4ℓ ∼ <� is expected to improve by 25%. The new
muon station ME0 will extend the CMS muon acceptance from |[ | <2.4 to 2.8 [15] with a net effect on
the accuracy of measuring the rate of � → // → 4` events of about 7%. A similar improvement in
the statistical uncertainty of the mass measurement can be reasonably expected. With these changes, the
statistical uncertainty on the Higgs boson mass measurement in the 4` channel can be expected to improve

11



from 28 to ∼20 MeV, leading to a total, statistical plus systematic, uncertainty of ∼25 MeV.

2.2.2 A projection of the precision of the Higgs boson mass measurement in the diphoton decay
channel with CMS at the HL-LHC [53]

Although the WW decay channel has a small (≈0.23%) branching ratio, it provides a clean final state
topology with a mass peak that can be reconstructed with high precision. We have carried out a projection
of the Higgs boson mass measurement in the diphoton decay channel for an integrated luminosity of
3000 fb−1, incorporating a few key improvements arising out of a more accurate calibration of the CMS
detector in Run 2 and an improved method to measure and correct the non-linear discrepancies in the
photon energy scale and resolution in data and simulation. The projections use Run 2 simulation samples
and data, to model the signal and estimate the background respectively, with the same center of mass
energy and theoretical uncertainties but an increased integrated luminosity. The key assumptions for this
projection are that the performance of the trigger and object reconstruction will be the same as in Run
2, but for significantly increased pile-up conditions and radiation dose, which is justifiable from the new
reconstruction algorithms under development and the projected performance of the upgraded CMS detector
for the HL-LHC. The expected precision of <� is projected to be <� = 125.38 ± 0.02 (stat) ± 0.07
(syst) GeV. The result of the likelihood scan is presented in Figure 2. The projected precision of 0.07 GeV
on the <� measurement in the diphoton decay channel is better by nearly a factor of 3 compared to the
current measurement [29] with the 2016 dataset. In addition to the factor of ≈10 increase in luminosity, the
new tracker with less material, the precision and stability of the HGCAL, the improvements to the barrel
calorimeters and the pileup suppression provided by the new MTD, new algorithms being developed for
improved electromagnetic objects reconstruction and calibration have all led to this improvement. The
limiting factor in this measurement arises out of the precision with which we can calibrate the photon
energy scale, which is at the level of ≈0.05%. Any further improvements in the calibration strategy of the
photon object can further enhance the precision of the <� measurement in this channel.

2.2.3 Study of sensitivity to the IV structure of the Yukawa coupling between the Higgs boson and
3 leptons with CMS at the HL-LHC [54]

Projections for the measurement of the �% properties of the Higgs boson coupling to g leptons at
HL-LHC have been derived, based on the Run 2 CMS analysis [54]. Relatively small modification to the
CP-structure of the coupling to g leptons could account for the observed baryon asymmetry of the universe
in certain baryogenesis models, while the indirect bounds from electric dipole moment measurements are
significantly weaker compared to other couplings (e.g. the top Yukawa coupling). The �% nature of the
interaction is described in terms of an effective mixing angle UHgg , defined in Ref. [54]. A mixing angle of
U

Hgg
= 0 (90)◦ corresponds to a pure scalar (pseudoscalar) coupling. For any other value of UHgg , the

Higgs boson has a mixed coupling with both �%-even and �% odd components, implying �% violation.

This extrapolation is carried at
√
B=13 TeV, as the differences in cross-section going to

√
B=14 TeV are not

expected to significantly impact the conclusions of this study. The extrapolations have been made using
various assumptions about the systematic uncertainties: no systematic uncertainties, assuming the same
systematic uncertainties as for the Run 2 analysis, YR18 systematic uncertainties, and with "bin-by-bin"
systematic uncertainties related to the finite statistics in the signal and background histograms scaled by
1/
√
L while all other systematic uncertainties are scaled following the YR18 scheme.
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Figure 2: The likelihood scan of the projected Higgs boson mass in the diphoton decay channel corresponding to an
integrated luminosity of 3000 fb−1 foreseen at the HL-LHC . The solid lines are for the full likelihood scan including
all systematic uncertainties, while the dashed lines denote the same with the statistical uncertainty only. [53]

The projected negative log-likelihood scans are shown in Figure 3. For all systematic uncertainty schemes,
the total expected uncertainty on UHgg is 5◦, but the sensitivities to the larger UHgg values are different
depending on the assumption made about the systematic uncertainties.

2.2.4 Prospects for the precise measurement of the Higgs boson properties in the N → -+-− decay
channel with CMS at the HL-LHC [55]

After analyzing the full Run 2 dataset (138 fb−1), the CMS Collaboration reported the first evidence for
the Higgs boson decay to two muons [31] with observed (expected) signal significance 3.0f (2.5f), and
uncertainty on the signal cross-section of 42%, dominated by the statistical component. This result is
extrapolated to the HL-LHC assuming a dataset corresponding to an integrated luminosity of 3000 fb−1

at a center-of-mass energy
√
B = 14 TeV. A detailed description of the extrapolation technique and the

results can be found in Ref. [55]. The Run 2 search featured multiple event categories targeting different
production modes of the Higgs boson, whereas only the two most sensitive categories – Higgs boson
production via gluon-gluon fusion (ggF) and via vector boson fusion (VBF) – are considered for this
projection.

A major improvement to the � → `
+
`
− analysis sensitivity at the HL-LHC is expected given the improved

muon momentum resolution after the Phase-2 upgrade of the CMS tracking system [12], which translates
into an improvement of about 30% in the dimuon mass resolution with respect to Run 2 in the phase space
of the � → `

+
`
− search. This effect is evaluated by comparing the width of the signal mass spectrum after

the full � → `
+
`
− event selection for Run 2 datasets with results of the Phase-2 Delphes simulation. The

impact of the improved mass resolution is taken into account in both the ggH category, where it directly
affects the width of the parametric signal model, and in the VBF category, where the effect is estimated
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Figure 3: Projections of the expected negative log-likelihood scans as a function of the CP mixing angle, described
in the text, based on an integrated luminosity of 3000 fb−1. The extrapolations have been made using different
assumptions about the systematic uncertainties: no systematic uncertainties (red), assuming the same systematic
uncertainties as for the Run 2 analysis (blue), the YR18 systematic uncertainty scheme [3] (black), and with
bin-by-bin uncertainties scaled by 1/

√
L while all other systematic uncertainties are scaled following the YR18

scheme (magenta). [54]

by reweighting the signal DNN template according to the ratio of the dimuon mass spectra in Delphes
simulation and Run 2 datasets. The Phase-2 detector will also feature an extended pseudorapidity coverage
of the muon system (up to |[ | < 2.8), resulting in 10% increase in signal acceptance and 15–18% increase
in background acceptance, as compared to Run 2.

The effect of the increase of center-of-mass energy from
√
B =13 to 14 TeV is taken into account by

rescaling the cross-sections of leading signal and background processes. The cross-sections of the two
main signal processes (ggF and VBF) are both increased by approximately 12%, while the cross-section of
the dominating source of background, the Drell–Yan (DY) process, is increased by 8%. The cross-section
increase for other important backgrounds, top-quark pair production (CC̄) and electroweak production of Z
boson (Zjj-EW), are 21% and 10%, respectively, but their relative contribution to the total background
yield is small.

The evolution of the uncertainty on the � → `
+
`
− signal strength for an integrated luminosity up to

3000 fb−1 is shown in Figure 4(a), while the uncertainty on the coupling strength modifier ^` is shown in
Figure 4(b). The extrapolation is performed for two uncertainty scenarios: in the first scenario (S1), all
systematic uncertainties are kept at the same level as in Run 2, while in the second systematic uncertainty
scenario (S2), the YR18 systematic uncertainties are used. The breakdown of the uncertainties into
statistical, theoretical, and experimental components is shown in Tables 2 and 3, along with their comparison
to the results reported in Refs. [56] and [3].

2.2.5 Projection of the search for \N(N → cc̄) with CMS at the HL-LHC [57]

Due to the challenging 2 quark identification in hadronic environment, the smallness of the branching
fraction, and the very large QCD multijet background, a direct measurement of � → 22̄ at the LHC is
extremely challenging. Recently, the CMS collaboration reported [57] the results of a direct search using
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Figure 4: Evolution of the uncertainty on (a) the signal strength modifier A`` and (b) ^` as a function of the
integrated luminosity. The new projection is represented by circles. For comparison, triangles show the results of
the extrapolation performed for Snowmass 2013 [56] and diamonds the projections included in Ref. [3]. The two
uncertainty scenarios described in the text, S1 and S2, are shown in blue and orange respectively. [55]

Table 2: Uncertainty on the signal strength modifier A`` at 3000 fb−1.

Statistical Experimental Theoretical Total

S1
Snowmass 2013 - - - 20.0%

YR 2018 9.1% 7.6% 4.8% 12.8%
Snowmass 2021 6.4% 3.7% 4.2% 8.5%

S2
Snowmass 2013 - - - 14.0%

YR 2018 9.1% 1.7% 2.7% 9.6%
Snowmass 2021 6.4% 2.0% 2.0% 7.0%

the full Run 2 data for the Higgs boson produced in association with a, or / boson, where the Higgs
boson decays to a pair of 2 quarks, the / decays to two neutrinos or two leptons, and the, decays to a
lepton and a neutrino final state. Novel tools for jet reconstruction and identification as well as improved
analysis techniques were developed for the search.

This section presents the extrapolation of the analysis to the HL-LHC scenario. The projection is
based on the merged-jet topology of the Run 2 analysis. The large radius jet ?T threshold is lowered
to 200GeV, which allows the measurement using only the merged-jet topology to reach a sensitivity
comparable to the full combination of the resolved-jet and merged-jet topologies in the Run 2 analysis.
The Run 2 analysis contains three 22̄-enriched categories, defined based on three working points of the
ParticleNet [58, 59] 22̄-discriminant, with approximately 58, 40, and 16% efficiencies for identifying a 22̄
pair, and misidentification rates of 2(9), 0.7(5), and 0.08(1)% for light quark and gluons jets (bottom jets).
Furthermore, three 11̄-enriched categories are added, enabling the analysis to simultaneously measure
the +� (� → 11̄) and +� (� → 22̄) processes. These categories are defined based on three working
points of the ParticleNet 11̄-discriminant, with approximately 80, 62, and 26% efficiencies for identifying
a 11̄ pair, and misidentification rates of 1(9), 0.6(4), and 0.08(1)% for light quark and gluons jets (charm
jets). For the few percent overlap between the new 11̄ categories and the original 22̄ categories, events are
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Table 3: Uncertainty on the coupling modifier ^` at 3000 fb−1.

Statistical Experimental Theoretical Total

S1
Snowmass 2013 - - - 8.0%

YR 2018 4.7% 2.7% 3.9% 6.7%
Snowmass 2021 3.2% 1.9% 2.2% 4.3%

S2
Snowmass 2013 - - - 7.5%

YR 2018 4.7% 1.5% 1.1% 5.0%
Snowmass 2021 3.2% 1.1% 0.8% 3.5%

assigned to the 22̄ categories and removed from the 11̄ categories if the 22̄ discriminant is higher than the
11̄-discriminant, and vice versa.

For the projection, the yields of the signal and background processes are scaled to an integrated luminosity
of 3000 fb−1. Differences in the production cross sections at

√
B = 14TeV and

√
B = 13TeV are also taken

into account with an inclusive scaling factor for each process. The YR18 systematic uncertainties are
used except for the uncertainties on the 11̄ and 22̄ tagging efficiencies, which are directly constrained in
the analysis by the +/ (/ → 11̄) and +/ (/ → 22̄) events, to approximately 3% and 5%, respectively.
Misidentification of a 11̄ pair as a 22̄ pair has a significant impact on the determination of the+� (� → 22̄)
signal strength, and the uncertainty of the misidentification rate is assumed to be 20% at the HL-LHC.
Uncertainty due to the limited size of Run 2 simulated samples are neglected in the projection.

A combined fit of the 11̄- and 22̄-enriched categories is performed to simultaneously measure the
+� (� → 11̄) and +� (� → 22̄) processes. The expected best fit values of the signal strength modifiers
are:

`+ � (�→11̄) = 1.00 ± 0.03(stat) ± 0.04(syst),
`+ � (�→22̄) = 1.0 ± 0.6(stat) ± 0.5(syst).

The 2D profile likelihood scan as a function of `+ � (�→11̄) and `+ � (�→22̄) is displayed in Figure 5(a).
The result is interpreted in the ^-framework and a 2D profile likelihood scan as a function of ^1 and ^2 is
shown in Figure 5(b), where all the other Higgs couplings are fixed at the SM values.

2.2.6 Search for rare Higgs boson decays with mesons with CMS at the HL-LHC [60]

Rare decays of the Higgs boson into final states with quarkonium mesons & have very low branching
fractions in the SM, but they are promising laboratories to search for BSM physics. Such BSM physics
might alter Yukawa couplings to quarks, possibly resulting in higher decay rates than predicted by the
SM. In the SM, the Higgs decay vertices in the contributing amplitudes at leading order for the decay
channels W&, /&, and && are the same. First measurements at LHC find 95% CL upper limits on
the branching fractions about 2 to 3 orders of magnitude larger than predicted by the SM [40]. Two
decays of the 125 GeV Higgs boson are considered to benchmark the 95% CL upper limit reach with
the CMS detector at the HL-LHC: into /�/k with sizable background, and into Υ pairs with negligible
background. Both are representative for the different decay channels including mesons. The / boson
and the �/k and Υ mesons are reconstructed from their decay into `+`−. The channel with / → 4

+
4
− is

also included. The signal is searched for as resonant peak in the distribution of the four-lepton invariant
mass. The results are obtained with MC simulated signal events and pseudodata simulated based on
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Figure 5: Profile likelihood scans as a function of (a) `+ � (�→22̄) and `+ � (�→11̄) , and (b) ^1 and ^2 . The black
marker shows the SM expected best fit point. The solid and dashed lines show the expected one and two standard
deviation contours. [57]

parameterizations of the four-lepton invariant mass distributions obtained in Run 2. The samples are scaled
to the HL-LHC integrated luminosity of 3000 fb−1, and 4500 fb−1 to include the case of extended HL-LHC,
and center-of-mass energy,

√
B =14 TeV. The event selection is also reoptimized for the higher luminosity.

Upper limits at 95% CL are determined with the modified frequentist CLs criterion, in which the profile
likelihood ratio modified for upper limits is used as the test statistic.

The expected gain in the upper limit with respect to Run 2 values is found to be a factor 6 (7) for the /�/k
final state and 27 (41) for the Υ pair final state at an integrated luminosity of 3000 fb−1 (4500 fb−1). Similar
factors are expected to apply to the related final states /&, W&, or &&. Particularly, the Υ pair decay of the
Higgs boson is expected to be observed according to earlier SM predictions of decay rates of about 10−5.
At an integrated luminosity of 3000 fb−1, observation of this channel requires the detection of more than
3 signal events, and evidence corresponds to more than one signal event. The upper limits are listed in
Table 4 together with the factors with respect to SM predictions. Representative four-muon invariant mass
distributions for the two channels under investigation are shown in Figure 6.

Table 4: Estimated upper limit branching fractions for rare Higgs decays into mesons at 95% CL, for integrated
luminosities of 3000 and 4500 fb−1. The factors with respect to SM predictions are listed in brackets. The Υ(=()
refers to the = = 1, 2, 3 states that are combined.

Channel 3000 fb−1 (×SM) 4500 fb−1 (×SM)
� → /�/k 2.9 × 10−4 (126) 2.7 × 10−4 (117)
� → Υ(<()Υ(=() 1.3 × 10−5 (0.2) 8.5 × 10−6 (0.14)
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Figure 6: Four-muon invariant mass distributions for (a) a representative simulated /�/k and (b) Υ(<()Υ(=()
event sample with the fit to the background superimposed (blue line). The plots show simulated signals (dashed red
line) normalized to the upper limit branching fractions in Tab. 4. [60]

2.2.7 Prospects for the measurement of t t̄N, N → bb̄ production in the opposite-sign di-leptonic
channel with CMS at the HL-LHC [61]

Measuring the coupling of the Higgs boson to the top quark, the heaviest known particle, is of major
importance since it is a crucial parameter of the SM and may be sensitive to physics beyond it. Top
quark-antiquark associated Higgs boson production (CC̄�) is the best direct probe of the top-Higgs Yukawa
coupling (HC ).

In this analysis, the expected sensitivity of the measurement of CC̄� production in the di-leptonic final
state is investigated, with the Higgs boson decaying hadronically to a 11̄ pair (CC̄�, � → 11̄), produced in
proton-proton (pp) collisions at

√
B = 14 TeV at the HL-LHC. The analysis approach uses a novel method

for reconstructing the Higgs boson invariant mass by solving analytically the kinematic equations of the
system, and a data driven approach to estimate the main background that stems from CC̄ production.

Projections of the measurement significance are made for the integrated luminosity anticipated after Run 3
and the HL-LHC. Different scenarios for the size of the systematic uncertainties are employed. These
include a scenario that assumes statistical uncertainties only, a scenario that assumes Run 2 uncertainties, a
conservative scenario where uncertainties with statistical origin are scaled with the increase in luminosity,
and a realistic scenario corresponding to the YR18 systematic uncertainties. The expected significance as
a function of the integrated luminosity is shown in Figure 7(a), while in Figure 7(b) the signal strength
modifiers, `, are shown for different values of integrated luminosity and different uncertainty scenarios.
With this analysis approach, one should be able to achieve observation of CC̄� production with the dilepton
channel alone at 1000 fb−1 already. A measurement with 12% total uncertainty on the signal cross-section,
which translates to a similar level of precision in measuring HC , will allow us to probe possible deviations
from the SM expectation.
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(a) (b)

Figure 7: (a) Projected estimated significance shown as a function of the integrated luminosity for different uncertainty
scenarios. (b) Best fit value of the signal strength modifier ` measured in the dileptonic channel in the latest CMS
published result [62] (top) and for the fit of the Asimov dataset (background-only pre-fit) constructed for 300 fb−1

and 3000 fb−1 for different uncertainty scenarios. Also shown are the 68% expected confidence intervals (blue error
bar) which are additionally split into their statistical (red error bar) and systematic (black error bar) components. [61]

2.2.8 Sensitivity to N → bb̄ and N → cc̄ decays in \N production with ATLAS at the HL-LHC
[63]

Extrapolation setup The extrapolation from the Run 2 +�, � → 11̄ and +�, � → 22̄ analyses to
the expectation for the HL-LHC is performed by scaling the signal and background expectations to an
increased integrated luminosity of 3000 fb−1 and a center-of-mass energy of

√
B =14 TeV. Uncertainties

related to limited simulation sample size are neglected.

\N, N → bb̄ extrapolation results The extrapolation is performed based on the analysis strategy
outlined in Ref. [64]. The measurement of � → 11̄ decays is targeted, produced in association with a
vector boson. Jets are identified as 1-jets (1-tagged) using a multivariate discriminant. Analysis regions are
split by vector boson momentum, jet multiplicity and signal/control regions, and a Boosted Decision Tree
(BDT) output is used as the discriminating variable. At the HL-LHC, measurements in the,� and /�
production mode are expected to have a precision of 8% and 7% respectively. Cross-section measurements
are performed in bins of ?+) and jet multiplicity defined at truth level according to the reduced VH,
V→ leptons stage-1.2 Simplified Template Cross Sections (STXS) scheme [65]. The expected uncertainties
vary between 8% in the highest ?+) region and 17% in the lowest ?+) region. The measurements is
expected to be limited by systematic uncertainties, with the signal modeling uncertainties having the largest
impact.

\N, N → cc̄ extrapolation results The +�, � → 22̄ analysis is described in Ref. [66]. A search is
conducted for � → 22̄ decays produced in association with a vector boson. Jets are 2-tagged using a
multivariate discriminant and analysis regions are split by number of 2-tags, vector boson momentum,
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jet multiplicity and signal/control regions. The invariant mass of the two leading jets <22 is used as
the discriminant. At the HL-LHC an upper limit of 6.4 times the Standard Model prediction of the
+�, � → 22̄ signal strength is expected at the 95% CL. The statistical and systematic uncertainties are
expected to have a similar impact, and the largest single contribution to systematic uncertainties comes
from the modeling of the / + jets background. The signal strength can be parameterized in terms of the
Higgs boson coupling modifier ^2 , where a constraint of |^2 | < 3.0 is expected at 95% CL at HL-LHC. The
expected limit on the +�, � → 22̄, using the full Run-2 dataset, is a factor 4 lower in the analysis from the
CMS Collaboration (see Sec. 2.2.5) than the expected limit from the ATLAS Collaboration [66]. Two main
reasons for this difference are: the usage of advanced multivariate techniques in the analysis categories
targeting two resolved jets, and the inclusion of boosted analysis categories using substructure methods.

\N, N → bb̄/cc̄ extrapolation results The two analyses can be combined by performing a fit to the
+�, � → 11̄ and +�, � → 22̄ signal regions simultaneously and allowing both signal strengths to float.
Uncertainties are left largely uncorrelated between the two analyses. The resulting expected best fit signal
strengths at HL-LHC are `11̄+ � = 1.00 ± 0.06 and `22̄+ � = 1.00 ± 3.20. It is possible to perform a fit to the
^ coupling modifiers, which results in an expected constraint of |^2/^1 | < 2.7 at 95% CL (compared to 5.1
for the full Run-2 result). The resulting likelihood scans for the fit to the signal strengths and coupling
modifiers are shown in Figure 8.

(a) (b)

Figure 8: Expected profile likelihood scans for the +�, � → 11̄/22̄ combination extrapolated to a dataset of
3000 fb−1 at

√
B = 14 TeV. A two-dimensional scan is shown for (a) a simultaneous fit to `22̄+ � and `11̄+ � and (b) a

simultaneous fit to ^1 and ^2 [63].

2.2.9 N → 33 cross-section measurement results with ATLAS at the HL-LHC [67]

An extrapolation aiming to assess the expected sensitivity of ?? → � → g
+
g
− cross-section measurements

at the HL-LHC is performed using the results obtained with 139 fb−1 of ?? collisions at
√
B = 13 TeV [68].

A HL-LHC scenario corresponding to a dataset of 3000 fb−1 of ?? collisions at
√
B = 14 TeV is considered.

The results consist of the measurement of the total ?? → � → g
+
g
− cross-section as well as that of the

four main Higgs boson production cross-sections. A study of their kinematic dependence is also presented
within the Simplified Template Cross-Section (STXS) framework. The uncertainty related to the finite size

20



of Monte Carlo background samples is reduced under the assumption that the size of these samples will
increase proportionately to the integrated luminosity.

At the HL-LHC, the inclusive ?? → � → g
+
g
− cross-section measurement is projected to have a precision

of 5%, corresponding to a value of f(?? → � → g
+
g
−)exp/f(?? → � → g

+
g
−)SM = 1.00 ± 0.05 =

1.00 ± 0.01(stat.) ± 0.04(sig. th.) ± 0.02(syst.).

The projected precision of the four dominant production mode measurements are 11%, 7%, 14% and 24%
for ggF, VBF, +� and CC̄� respectively, which corresponds to the observation of all production modes
except for CC̄�, where the significance reaches 4.4f. Theoretical uncertainties on the signal prediction
dominate the uncertainty for the ggF and VBF projections, while in the +� projection there are similar
contributions from experimental uncertainties and uncertainties coming from the data sample size. For the
CC̄� projection, the largest impact is from the various experimental uncertainties, although closely followed
by theoretical uncertainties on the signal prediction and from the data sample size. In all cases systematic
uncertainties have a larger contribution than the statistical ones from the data sample size. These results
are presented in a comparison to their Run 2 counterparts and to the current and projected theoretical
uncertainties in Figure 9.

In the STXS framework, the most sensitive projected measurements are the VBF ++ (→ @@)� cross-section
in events with at least two jets and a di-jet invariant mass of at least 350 GeV (VBF topology), with an
uncertainty of 7%, and the ggF + 66 → / (→ @@)� cross-section in events with Higgs boson transverse
momentum between 200 and 300 GeV, with an uncertainty of 10%, and above 300 GeV, with an uncertainty
of 11%. The last two are expected to be some of the most sensitive measurements of Higgs boson
production in that momentum range possible at the HL-LHC. All other STXS bins are projected to have
uncertainties below 25% except for the bin corresponding to ggF + 66 → / (→ @@)� events with at least
two jets, di-jet invariant mass above 350 GeV and Higgs boson transverse momentum below 200 GeV,
which is expected to reach a precision of around 50%. These results are also shown in Figure 10 in a
comparison to the Run 2 measurements and to the current and projected theoretical uncertainties.

2.3 Higgs boson pair production and Higgs boson self-coupling. Yellow Report Summary

The study of the Higgs boson self-interaction is one of the primary goals of the HL-LHC due to its role in
cosmological theories involving, for example, the vacuum stability and inflation. Among all the Higgs
boson self-interaction terms, the trilinear self-interaction is the only one in the reach of the HL-LHC and
it is parametrized by the coupling strength _��� = <

2
�/2E

2. A direct measurement of _��� would
provide constraints on the shape of the Higgs potential and the verification of the EWSB mechanism of the
SM. The existence of an extended scalar sector or the presence of new dynamics at higher energy scales
could also modify the measured value of _��� with respect to the SM prediction _SM��� � 0.13. These
effects are generally quantified using the Higgs boson self-coupling modifier ^_ ≡ _���/_

SM
��� .

Higgs boson pair production (��) generally offers the most sensitive signature to set direct constraints on
_��� . The production rate of �� events in the SM is approximately 1000 times smaller than that of
single Higgs bosons, which makes this process extremely challenging to measure at the HL-LHC. In this
context, a statistical combination of the complete datasets collected by the ATLAS and CMS experiments at
the HL-LHC will be needed to maximize the sensitivity to �� production and provide maximal constrains
on _��� .
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The production of pairs of Higgs bosons is dominated by the gluon-gluon fusion (ggF) process followed by
the vector-boson fusion (VBF) one. The small SM cross-sections of these processes implies that the main
experimental signatures will be those where at least one of the two Higgs bosons decays into a final state
with a large branching ratio, i.e. � → 11̄. Among all the possible channels, the most sensitive signatures
are �� → 11̄11̄, �� → 11̄g

+
g
− and �� → 11̄WW, with branching ratios of 33.9%, 7.3% and 0.26%

respectively. Other channels, such as 11̄// , 11̄,+,−,,+,−WW, g+g−WW are also explored. Due to the
different experimental advantages of each decay channel, these analyses are complementary to target BSM
physics effects in ��. Even though at the end of the LHC Run 2 some of the systematic effects of these
searches are starting to play a role, statistical uncertainties are the dominant source of uncertainty limiting
the sensitivity to the search of the SM �� process. At the HL-LHC, the impact of systematic uncertainties
will become more important due to the significant reduction of statistical uncertainties.

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

           HL-LHC prospects 3 ab-1 (14 TeV)ATLAS and CMS

SM HH significance: 4σ

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

bbbb

ττbb

)νlνVV(lbb

γγbb

ZZ*(4l)bb

Combination

68%

95%

99.4%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

0.1 < !" < 2.3 [95% CL]  
0.5 < !" < 1.5 [68% CL]

!"
Figure 11: Negative-log-likelihood scan as a function of ^_, calculated by performing a conditional signal+background
fit to the background and SM signal. The colored dashed lines correspond to the combined ATLAS and CMS results
by channel, and the black line their combination. [3]

In the YR, combined projections of the ATLAS and CMS Collaborations [69, 70] showed that a discovery
significance of 4.0f can be achieved with 3000 fb−1. When systematic uncertainties were neglected,
statistical significance was shown to increase to 4.5f. In addition to the significance, the combined ATLAS
and CMS sensitivity to ^_ was also assessed through likelihood scans, as shown in Figure 11. These
curves illustrate the analysis likelihoods when the shapes and normalizations of the �� signal distributions,
as well as the normalizations of the single Higgs boson background distributions, are modified with ^_.
Through estimation of 68% CL (1f) ^_ intervals, these curves express the separation power of the single
and combined �� searches between the hypotheses ^_ = 1 and ^_ ≠ 1. After combination, the total 68%
CL intervals are expected to be

0.52 ≤ ^_ < 1.5 with systematic uncertainties, (1)
0.57 ≤ ^_ < 1.5 without systematic uncertainties, (2)

The second minimum at ^_ ≈ 6.0, caused by the limited signal acceptance of some analyses, was shown to
be excluded at 99.4% CL after combination of all the different analyses. The hypothesis corresponding to
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the absence of self-coupling (^_ = 0) was also excluded at the 95% CL when partial Run 2 systematic
uncertainties were included.

Single Higgs boson measurements offer a complementary approach to constrain ^_ due to the next-to-
leading order electro‘weak corrections of single Higgs production from ^_ [71–73]. CMS studied the
HL-LHC reach with an interpretation of the CC̄�+C�, � → WW differential cross-section measurements at
3000 fb−1 in terms of deviations of the self coupling, setting limits at 95% CL of −4.1 < ^_ < 14.1 [42].
Incorporating other decay and production modes will increase the sensitivity of this approach.

For the Snowmass 2021 process, some of these projections were updated to the latest Run 2 analysis
methodologies and expected HL-LHC detector performance. New results are discussed in the next
section.

2.4 New results

2.4.1 Prospects for nonresonant HH production measurement in bb$$ final states with CMS at
the HL-LHC [74]

In this study, the production of Higgs pair production through gluon-gluon fusion (ggHH) and vector-boson
fusion (VBF) is studied in the bb̄WW final state using Delphes simulated samples.

The analysis uses machine learning techniques at various stages to discriminate the signal against the
background after preliminary selections. By categorizing the signal sensitivity becomes enhanced. There
are two different classes of backgrounds; (i) nonresonant or continuum: WW/W + jets, tt̄ + WW, tt̄ + W + jets,
tW+jets, inclusive tt̄ and (ii) single Higgs boson production with � → WW. Events are required to have
two isolated photons and two b jets within pseudorapidity of |[ | < 2.5. The jets are reconstructed with
anti-:C clustering algorithm with a distance parameter R=0.4. The conditions on transverse momenta are
pT(W1, W2) > 30, 20 GeV and pT(b-jet) > 30 GeV. Individual Higgs boson candidates are formed using
invariant mass constraints: mWW: [100, 180] GeV and mbb: [70, 190] GeV where the 2 jets are selected for
pair-wise highest sum of 1-tagged score. For VBF event selection, additionally, two jets with |[ | < 5 and
?) > 40 and 30 GeV are required with the highest available invariant mass (< 9 9).

Among all the � → WW processes, the dominant single Higgs boson production mode (� + -) in the signal
region is tt̄H, since it replicates the same final state of two b jets originating from the top quarks. Hence a
multivariate discriminant, based on Gradient BDT, has been developed to reject the tt̄H events with 90%
signal efficiency and tt̄H background rejection of about 85%(90%) in the ggHH (VBFHH) event class.

After the kinematic selection the rates of the nonresonant WW + jets and W + jets background processes
remain overwhelming compared to ggHH+VBFHH signal. Consequently a second discriminant is trained
to classify the event sample in terms of purity against WW/W + jets backgrounds, separately for ggHH
and VBFHH events. Furthermore, the correlation between the reconstructed invariant masses of the ��
system and the individual Higgs boson candidates is also used to separate between signal and background
events.

The extraction of the signal significance is performed via a simultaneous fit to the mWW and mbb distributions
assuming they are uncorrelated. The shapes of mWW signal and single H backgrounds are modeled by a
Crystal Ball function in the range of [115,135] GeV. The mbb is fitted by a combined function consisting
of the sum of a Crystal Ball and a Gaussian function. The continuum backgrounds in mWW and m11

distributions are modeled with exponential functions.
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The extracted significance for the SM ggHH+VBFHH signal is estimated to be 2.16 f compared to 1.8 f
reported in the previous projection.

2.4.2 Prospects for HH measurements in the]+]−$$ and 3+3−$$ final states with CMS at the
HL-LHC [75]

A di-Higgs search in the WWWW and ggWW channels is performed benefitting from the sensitive � → WW

process which provides a clean and distinguishable signature [75]. This is the first study providing the
expected significance numbers in these channels at the HL-LHC. In the WWWW process, three final states
are possible, as the W boson can decay both leptonically and hadronically: Semi-Leptonic (,, → @@;a),
Fully-Leptonic (,, → ;a;a) and Fully-Hadronic (,, → @@@@) decay modes, where ; = 4, ` or g. For
the Fully-Hadronic decay mode, QCD induced processes are a major background and given the limited size
of the Monte Carlo samples, this background is not well described. Hence, this final state is not considered
in this study. The other two final states are tagged with separate selections and categorization, and their
corresponding signal and background estimates are combined with these from the ggWW channel to improve
the overall analysis sensitivity.

All the signal and background samples are simulated with Phase-2 upgraded CMS detector geometry
using Delphes fast simulation with average pile-up of 200 interactions and at

√
B = 14 TeV. The signal

samples are generated separately for the three possible final states in WWWW. For ggWW signal samples, all
possible decays for taus are allowed in the same sample. The analysis is affected by backgrounds from
single-Higgs-boson production modes and by non-resonant backgrounds mainly coming from WW+jets,
W+jets, //,+jets and top induced backgrounds.

All the events are required to have invariant mass of photons (<WW) in the range 100 < <WW < 180�4+ ,
where leading (subleading) photon is required to have transverse momentum (?) ) above 35 GeV (25 GeV).
Minimal lepton (4/`) ?) is required to be 10 GeV, while for taus this requirement is 20 GeV. All the
photons, leptons and taus are required to be within |[ | < 2.5. Events are then categorized in four mutually
exclusive final states with exactly one lepton, at least two leptons, one tau, and at least 2 taus. A multiclass
Deep Neural Network (DNN) is employed in the one lepton final state and in the one g final state whereas
the remaining two final states use a cut-based approach. Based on the DNN score in one lepton (one g)
final state, 4 (2) categories are defined to get the best sensitivity.

The invariant mass distribution of the two photons for the one lepton final state inclusive of all categories
are shown in Figure 12. The expected significance is extracted by fitting the <WW distributions in all
the categories using a binned maximum likelihood approach with all systematic uncertainties treated as
nuisance parameters with log-normal distributions using the Higgs Combine tool. Given high fluctuations
in the <WW distribution for the continuum background across different categories, the shape fitted with
exponential function has been used for describing the continuum background. The correlations among
different sources of uncertainties are taken into account while the different final states are considered as
independent channels in the fit.

Combining all final states, the expected significance for signal in WWWW and ggWW is 0.22f including
systematic uncertainties at integrated luminosity of 3000 fb−1 at the HL-LHC.
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Figure 12: <WW distribution in (a) one leptonic final state and (b) its most sensitive category. In (b), for illustration
purposes, signal along with the single Higgs and continuum background is described using a Gaussian and exponential
function. The (pseudo-)data are generated using the fit parameters and scaled according to the total contribution
from signal, single Higgs and continuum backgrounds, normalized to an integrated luminosity of 3000 fb−1.

2.4.3 Search for the nonresonant t t̄NN production in the semileptonic decay of the top quark pair
and the Higgs boson pair decaying into b-quarks with CMS at the HL-LHC [76]

The production of a top quark-antiquark pair associated with a pair of Higgs bosons (tt̄HH) has the third
largest cross section among the HH production modes, and offers the possibility to explore the interplay
between the HH and tt̄H measurements. This process is also highly sensitive to BSM contributions. A
dedicated analysis is performed to assess the experimental sensitivity to tt̄HH with the upgraded Phase-2
CMS detector at the HL-LHC [76]. In addition, the study explores the HL-LHC sensitivity to BSM
contributions to tt̄HH within the context of the Minimal Composite Higgs Models (MCHM). The analysis
considers Higgs boson decays to b-quark pairs and semileptonic decays of the top quark pair, which
leads to final states with a single lepton, multiple jets, multiple b-jets and moderate missing transverse
momentum.

The study is based on signal and background events generated at a center-of-mass energy of
√
B =14

TeV. Signal consists of the SM tt̄HH process, which has a cross section of 0.948 fb. Additionally, two
representative MCHM benchmark scenarios, namely MCHMC2

5 (1.47 fb) and MCHMD7
14 (2.15 fb), are

generated. Backgrounds include tt̄+jets, tt̄ + 4b, tt̄H, tt̄Z, tt̄ZZ and tt̄ZH. The samples with Higgs and/or
Z boson production are all simulated including only the Higgs or Z boson decay into a pair of b-quarks,
except the tt̄Z sample which is inclusive in both tt̄ and Z. The Phase-2 CMS detector response is simulated
using the Delphes fast detector simulation framework.

The candidate tt̄HH events are required to have exactly one lepton, ≥ 4 jets, ≥ 3 b-jets and ?<8BB) > 20 GeV.
A 2-step DNN is implemented to enhance the signal sensitivity, based on input including jet and b-jet
multiplicities, jet and b-jet transverse momenta and pseudorapidities, b-jet identification scores, hadronic
transverse momenta, mass averages, angular separation variables and event shape variables. Additionally,
j

2 values obtained from reconstructing the HH, ZZ and HZ systems are included along with masses of the
reconstructed Higgs and Z bosons. In the first step, a DNN is trained to compute a discriminant separating
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tt̄HH, tt̄ZH and tt̄ZZ events. This discriminant and all other variables are input to the second DNN, which
classifies the selected events into several categories with different expected signal and background rates.
Dedicated DNNs are trained for the SM and MCHM tt̄HH signals. After the DNN categorization, events
are divided into three channels based on their b-jet multiplicity, having number of jets # 94CB = 3, = 4 and
≥ 5, respectively.

A statistical analysis is performed by simultaneously fitting the multi-classifier DNN discriminants in
all available categories for the three b-jet multiplicity channels using a profile likelihood ratio method,
which includes the effect of the systematic uncertainties on signal and backgrounds as nuisance parameters.
With 3000 fb−1, and considering the YR18 systematic uncertainties, it is expected that the upper limit
at the 95%CL on the combined tt̄ZZ + ZH + HH production cross section is 0.84+0.34

−0.54× SM. If tt̄ZZ is
taken as background, the upper limit on the combined tt̄ZH + HH production is expected to be 1.31+0.53

−0.37×
SM. If tt̄ZZ + ZH are taken as backgrounds, the upper limit on the tt̄HH production alone is expected to
become 3.14+1.27

−0.9 × SM. For the MCHM case, the upper limits at the 95% CL on the tt̄HH cross sections
are obtained as 1.72+0.76

−0.53 ×MCHMC2
5 and 1.08+0.43

−0.30 ×MCHMD7
14 , respectively. Figure 13 summarizes the

signal strength expectations for the SM and MCHM cases for the three alternative scenarios of systematic
uncertainties considered in this analysis.

(a) (b)

Figure 13: The 95% upper limits on the signal strength shown for (a) the SM tt̄HH, tt̄HH+ tt̄ZH and tt̄HH+ tt̄ZH+ tt̄ZZ
processes and (b) the BSM tt̄HH processes predicted by the MCHMC2

5 and MCHMD7
14 scenarios for different scenarios

of systematic uncertainties. [76]
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2.4.4 Updated prospects of Higgs boson pair production in the bb̄$$ and bb̄3+3− final states with
ATLAS at the HL-LHC [77–80]

Following the results presented in Ref. [3], the ATLAS Collaboration updated the projections for non-
resonant �� production, based on refined 1-tagging performance estimates for HL-LHC [77] and yielding
a combined significance for the main channels �� → 11̄11̄, 11̄g+g− and 11̄WW of 2.9f (3.3f) with
(without) systematic uncertainties. In response to the Snowmass 2021 process, several updates have been
produced regarding the HL-LHC projections for non-resonant �� production in the 11̄WW and 11̄g+g−

final states [78, 79]. These results contain substantial improvements with respect to the previous projections,
in particular regarding the analysis methodologies which were updated to the latest Run 2 analyses [81,
82]. A statistical combination of these updated projections was also performed starting from the updated
�� → 11̄g

+
g
− and �� → 11̄WW results [80].

This section presents a short summary of the updated projections, which were obtained by scaling the
likelihoods of the most recent Run 2 results at

√
B =13 TeV to a total integrated luminosity of 3000 fb−1

at
√
B =14 TeV. Effects of ^_ on VBF processes, not considered in the previous iteration of the HL-LHC

projections, were introduced in the updated results. Object reconstruction and identification efficiencies
at the HL-LHC are assumed to be identical to the full Run 2 analysis. In particular, revised studies of
the updated ATLAS Inner Tracker layout at the HL-LHC confirmed a similar performance in 1-tagging
efficiency relative to the latest Run 2 performance [24]. Improvements to the estimation of systematic
uncertainties are considered by testing different uncertainty scenarios:

1. No systematic uncertainties scenario;

2. Baseline scenario: YR18 systematic uncertainties;

3. Theoretical uncertainties halved scenario: theoretical uncertainties reduced by a factor of 2 while
experimental uncertainties kept at the same level as in Run 2;

4. MC stat. uncertainties neglected scenario: Monte Carlo statistical uncertainties are removed while
all other uncertainties are kept at the same level as in Run 2;

5. Run 2 systematic uncertainties scenario: same theoretical and experimental uncertainties as in Run 2.

NN → bb̄3+3− projection [78] The Run 2 �� → 11̄g
+
g
− analysis [81] exploits the large branching

ratio of the 11̄g+g− channel (7.3%) to search for Higgs boson pair production in events with two b-tagged
jets and two g-leptons. The leptonic tau selection is used to categorize events in two different regions:
the ghadghad region, which looks at events with two opposite-sign g-leptons, and the glepghad region, which
targets semi-leptonic tau decays by selecting events with one lepton (4/`) and one hadronic tau with
opposite charge. After categorization, a set of multivariate (MVA) discriminants is used to separate ��
signals from background processes represented by top-quark, /+jets,,+jets, di-boson, single Higgs boson
and multi-jet production. In the full Run 2 search, the 11̄g+g− analysis set 95% CL observed (expected)
upper limits on the SM �� signal strength at 4.7 (3.9) and 135 fb (114 fb) on the SM �� cross-section.

The updated �� → 11̄g
+
g
− projection leads to a 95% CL upper limit on the �� signal strength of 0.71

times the SM prediction. The previous extrapolation, based on the partial Run 2 dataset [70], yielded a
limit of 0.99 times the SM prediction. This constitutes an improvement of 28%, which can be attributed
to the updated reconstruction algorithms [83–85] and analysis methods used in the Full Run 2 search.
Similarly, the significance of the SM �� production is now projected to be 2.8f at the HL-LHC, while it
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Figure 14: (a) Projected significance and (b) likelihood distributions as a function of ^_ for the �� → 11̄g
+
g
−

channel [78].

reached 2.1f in the previous extrapolation. The ^_ dependency of the statistical significance is shown in
Figure 14(a). Under the baseline uncertainty scenario, evidence (> 3f) for �� production can be found at
the HL-LHC if ^_ < 0.8 or ^_ > 6.3, while a discovery (> 5f) can be made if ^_ < −0.6 or ^_ > 7.8.
Figure 14(b) shows the ^_ likelihood scans in the ghadghad, glepghad regions and their combination. Aside
from the minimum at ^_ = 1, the likelihood curves show a second minimum at ^_ ≈ 6. This is due to an
increase of the �� cross-section and the simultaneous decrease of the signal acceptance leading to a similar
signal shape to the ^_ = 1 signal. Assuming baseline uncertainties, the updated 11̄g+g− projection provides
1f confidence interval (CI) at ^_ ∈ [0.3, 1.9] ∪ [5.2, 6.7] which, compared to the previous projection,
results in an improvement of 28%. While the full Run 2 search is dominated by statistical uncertainties, the
updated projection clearly shows that systematic uncertainties will become a limiting factor of the 11̄g+g−

analysis at the HL-LHC. In particular, the theoretical uncertainties related to the production of ggF ��
in association with 1 and 2 jets, as well as the uncertainty of single top-quark production related to the
interference between the,C and CC̄ processes, are found to be the leading uncertainties in the projection
results, aside of the Monte Carlo statistical uncertainties which will be significantly reduced in the next
years. This can also be seen on Figure 14(a), where the gap between the baseline and Run 2 systematics
scenarios is shown to be mainly due to these systematic uncertainties. In future, the reduction of systematic
uncertainties from the theory community will represent an essential ingredient to measure �� production
at the HL-LHC.

NN → bb̄$$ projection [79] The Run 2 �� → 11̄WW analysis [82] exploits the large � → 11̄

branching ratio in combination with the excellent ATLAS photon resolution, allowing the search for a
sharply peaking � → WW signal in the smoothly falling distribution of the <WW di-photon mass spectrum.
The analysis was performed using the complete Run 2 dataset (139 fb−1) collected with the ATLAS
detector during the 2015-2018 period, and it employed events containing two photons and two b-tagged
jets. A categorization based on the output of a BDT discriminant and the modified four-body mass
<
∗
11̄WW

= <11̄WW − (<11̄ − 125 GeV) − (<WW − 125 GeV) allowed to increase significantly the sensitivity
of this search with respect to the partial Run 2 results (36 fb−1) [86]. The variable <∗

11̄WW
is sensitive
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to ^_, and it is used to define a high mass region (<∗
11̄WW

≥ 350 GeV) targeting SM-like signals, as
well as a low mass region (<∗

11̄WW
< 350 GeV) targeting BSM-like scenarios. In the full Run 2 search,

the statistical results were obtained from a simultaneous fit of the <WW distribution in all the analysis
categories, and 95% CL observed (expected) upper limits were set at 130 fb (180 fb) on the non-resonant
�� production cross-section and 4.2 (5.7) on the SM signal strength. The allowed ^_ range was found to
be ^_ ∈ [−1.5, 6.7] (^_ ∈ [−2.4, 7.7]) at 95% CL.
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Figure 15: (a) Projected significance and (b) likelihood distributions as a function of ^_ for the �� → 11̄WW channel
[79].

In the updated �� → 11̄WW projection, the significance of the SM signal (^_ = 1) with (without) the
baseline HL-LHC systematic scenario is found to be 2.2f (2.3f), while the 95%CL upper limits on the SM
signal strength are set at 0.93 (0.86) with a precision of 50% (46%). This represents a clear improvement
with respect to the previous projection, which placed the expected significance at 2.0f (2.1f) with
(without) systematic uncertainties [70]. The dependency of the significance on ^_ in different systematic
uncertainty scenarios is shown in Figure 15(a). Figure 15(b) shows the relative dependency of the high
mass and low mass categories on the total likelihood curve in the baseline systematic scenario. Here,
it can be seen that the high mass categories offer a superior precision near ^_ = 1, but they are unable
to disentangle the minimum at ^_ = 1 from the secondary likelihood minimum at ^_ ≈ 5 also observed
in the �� → 11̄g

+
g
− projection. Nevertheless, the low-mass categories are capable to exclude this

secondary minimum at 95% CL thanks to the higher signal acceptance of the 11̄WW analysis which allow
these categories to be more sensitive to BSM ^_ scenarios. The combination of all categories results
in a 1f confidence interval (CI) on ^_ of [0.3, 1.9] ( [0.4, 1.8]) with (without) systematic uncertainties.
This represents again an improvement with respect to the previous 11̄WW projection, which established the
allowed 1f CI at [−0.2, 2.5] ( [−0.1, 2.4]).

Combined NN → bb̄3+3− and NN → bb̄$$ projection [80] The combination of the updated
�� → 11̄g

+
g
− and �� → 11̄WW projections [80] is performed through multiplication of the single

analysis likelihoods into a combined likelihood function. The different searches are then fit to the data in
order to constrain simultaneously the parameters of interest and the nuisance parameters. The systematic
uncertainties of various analyses are correlated following the strategy of Ref. [87].
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The expected SM �� signal significance and the measured signal strength in the updated projection is
shown in Figure 16(a) for the various systematic uncertainties scenarios also assumed in the 11̄g+g− and
11̄WW projections. In the baseline scenario, a significance of 3.2f is expected to be reached at the HL-LHC
when combining the 11̄g+g− and 11̄WW channels. This result represents an improvement with respect to the
previous ATLAS projection [77], which provided a total combined significance of 2.9f when combining
the 11̄g+g−, 11̄WW and 11̄11̄ final states. In the updated projection, when systematic uncertainties are not
considered, the combined significance increases to 4.6f. This represents another important improvement
with respect to the previous ATLAS projection which reported a significance of 3.3f without systematic
uncertainties. Figure 16(b) also shows the ^_ likelihood scans of the single and combined searches in
the baseline systematic scenario. After combination, the 1f confidence intervals on ^_ are found to be
[0.5, 1.6] in the baseline scenario and [0.6, 1.5] without systematic uncertainties. These intervals show
once more an improvement with respect to the previous projection [70] which established a 1f CI at
[0.25, 1.9] ( [0.4, 1.7]) with (without) systematic uncertainties. The future addition of the ATLAS 11̄11̄
channel could improve even further the expected ATLAS sensitivity to �� production at the HL-LHC.

Significance [σ] Combined signal

Uncertainty scenario bb̄γγ bb̄τ+τ− Combination strength precision [%]

No syst. unc. 2.3 4.0 4.6 −23/+ 23

Baseline 2.2 2.8 3.2 −31/+ 34

Theoretical unc. halved 1.1 1.7 2.0 −49/+ 51

Run 2 syst. unc. 1.1 1.5 1.7 −57/+ 68
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Figure 16: (a) Projected significance for different systematic scenarios and (b) likelihood distributions as a function
of ^_ for the �� → 11̄g

+
g
−, �� → 11̄WW and their combination [80].
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3 EF02: EW Physics: Higgs boson as a portal to new physics

3.1 Yellow Report summary

The HL-LHC provides us with the opportunity to probe a large parameter space of new physics through
dedicated direct searches in extended Higgs sectors, complemented by the in-depth study of the nature of
the Higgs boson discussed in Section 2 (EF01).

BSM decays of the Higgs boson, often called ‘exotic’, cover a large range of scenarios. Higgs portal [88]
and dark photon models [89] connect the Higgs boson to dark matter physics. Decays in the Higgs sector
to light mass scalars and pseudoscalars, prompt or long-lived, offer a plethora of new signatures to explore.
The unprecedented dataset expected at the HL-LHC allows us to study branching ratios as low as 10−6,
such as the search for decays of the Higgs boson to pairs of pseudoscalar bosons in the final state of two
muons and two g leptons when the pseudoscalar boson mass is below 25 GeV [90]. Innovations in the
detector upgrades (trigger, timing) open up currently inaccessible parameter spaces of BSM models.

The searches for additional Higgs bosons at higher and lower masses will benefit from the increased
sample size and detector improvements. The sensitivity of the searches for heavy resonances decaying to
Higgs bosons will be similarly enhanced, with the potential to study unexplored production modes and
decay processes. The mass reach for new heavy Higgs bosons can be pushed to a few TeV. A hypothetical
composite nature of the Higgs boson will be explored as well.

In the following subsections (3.1.1 to 3.1.4) the experimental prospects for BSM Higgs boson searches
included in Ref. [3] are briefly summarized. New projections prepared exclusively for the Snowmass
process are presented in Section 3.2.

3.1.1 Invisible Higgs boson decays and Higgs portal interpretations

A common feature of BSM models which include a light dark matter particle that couples to the Higgs
boson is a decay to invisible particles which manifest themselves in the LHC detectors as missing
transverse energy (�miss

T ). The SM branching ratio for Higgs boson decays to neutrinos is very small
(�(� → // → 4a) ≈ 0.1%), and well below the current experimental limits. Current ATLAS and CMS
Run 2 direct searches for invisible Higgs decays reach expected upper limits of 10% on �(� → 8=E) at
95% CL [91–95]. All production modes are considered, and the sensitivity is driven by the VBF production
mode, which relies on forward jet identification to mitigate the large experimental backgrounds. With
the large HL-LHC dataset as well as dedicated primary vertex selection techniques (see Ref. [96]), the
sensitivity can be significantly improved.

An experimental challenge is the impact of the high PU conditions of the HL-LHC on the reconstruction
of �miss

T . The CMS projection [97] presents a simulation study using a fast parameterization of the
upgraded CMS detector, based on Delphes [25]. The analysis strategy is based on the early 2016 CMS
publication [98], reoptimized for HL-LHC conditions. The event selection considers a range of �miss

T
thresholds to address the adverse effect from the increase of PU interactions on the transverse missing
energy resolution performance, and shows that the upper limit on �(� → 8=E) can be maintained even if
the transverse missing energy resolution is degraded by a factor of two with respect to the Run 2 levels. The
expected 95% CL upper limit on �(� → 8=E) at 3000 fb−1 is found to be at 3.8% for thresholds values of
190 GeV on �miss

T . Events originating from /� production, with a larger signal-over-background ratio but
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smaller cross-section, have also been studied by the ATLAS Collaboration in Ref. [99], obtaining an 8%
upper limit on the branching ratio. The combination of the VBF and /� channels, assuming comparable
results can be obtained by both experiments and neglecting possible correlations of experimental and
theoretical uncertainties, sets a HL-LHC limit on �(� → 8=E) < 2.5% also at 95% CL. These results
were interpreted in terms of Higgs Portal scenarios in Ref. [3].

3.1.2 Exotic decays of the 125 GeV Higgs boson

Extensions of the SM predict that the Higgs boson could decay to light new particles that eventually decay
back to SM ones. The sensitivity to decays to new scalars, long-lived particles, pseudoscalars, dark photons
and axion-like particles was projected from the LHC Run 2 to the HL-LHC conditions. In many scenarios
studied, the sensitivity to branching ratios of 10−5 or smaller can be accessed. For example, the CMS
Collaboration [90] presented a search for the exotic decay of the Higgs boson in a pair of pseudoscalars,
denoted as 0, which subsequently decay to a pair of muons and a pair of tau leptons, using the entire
HL-LHC dataset. Limits on the branching ratio were projected to range from 0.5 · 10−5 to 1.5 · 10−5 for the
pseudoscalar mass ranging from <0 = 15GeV to 60GeV. A different CMS study [100] shows the sensitivity
for exotic Higgs boson decays into dark photons in a broad ranges of dark photon masses (1 – 30 GeV)
and lifetimes (cg = 0.01 – 10 m) in the context of Dark Supersymmetry models. Innovative experimental
reconstruction techniques such as jet reconstruction with the first level trigger or displaced track finding for
long-lived particle signatures [16, 101, 102] will play a key role to explore these signatures, as outlined in
Section 12.1.6.

3.1.3 Searches for additional Higgs bosons

One of the most important questions in the Higgs sector is to understand whether the Higgs boson discovered
is part of an extended scalar sector such as the two-Higgs-doublet model (2HDM) [103], which predicts
the existence of additional neutral or charged Higgs bosons. Extending the experimental reach, such
as searching additional Higgs bosons at high and low masses, considering decays into a pair of vector
bosons or fermions, charged and neutral Higgs bosons, is an important part of the HL-LHC Higgs physics
program.

The ATLAS and CMS Collaborations extrapolated to high luminosity the Run 2 searches for heavy
Higgs bosons decaying to g leptons pairs (�/� → gg) [104, 105]. For �/� masses above 1 TeV, the
95% CL upper limit on the cross-section is expected to improve by about one order of magnitude at the
HL-LHC [104]. The CMS Collaboration also extrapolated the search for �/�→ // → ;;@@ using 36
fb−1of Run 2 data [106] to the HL-LHC [107]. In the mass range between 550 – 3000 GeV, cross-sections
of �/� decaying to a pair of / bosons above 0.7 – 5 fb and 0.8 – 9 fb are expected to be excluded for the
VBF and ggF production modes, respectively. This represents a factor of 10 improvement with respect to
the results obtained using 36 fb−1of Run 2 data [106].

The HL-LHC reach in the minimal supersymmetric standard model (MSSM) parameter space is presented
in Figure 17, comparing the indirect exclusion from the precision coupling measurements of the 125 GeV
Higgs boson discussed in Section 2 and the direct search in the �/�→ gg channel. The HL-LHC data is
expected to be able to exclude new heavy Higgs boson masses up to 2.5 TeV for tan(V) = 50 using the
�/�→ gg decay channel. Complementarily, the precision measurements of the Higgs boson couplings
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discussed in Section 2 are able to exclude the parameter space of tan(V) < 8 and the heavy Higgs boson
mass smaller than approximately 1 TeV [3].
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Figure 17: The expected exclusion limit in the tan(V) and "� parameter space from the direct search for �/�→ gg

is shown in black-dashed line and compared to the limit obtained using 36 fb−1 of LHC Run 2 data in red and
green-dashed lines for the ATLAS and CMS experiments, respectively. The indirect constraint from single Higgs
boson precision coupling measurements is shown as a black shaded area. [3]

3.1.4 Searches for new massive resonances decaying into Higgs boson pairs

Several BSM scenarios predict new resonances decaying to a pair of Higgs bosons. The HL-LHC dataset
provides an excellent opportunity to extend the parameter space probed by the di-Higgs decay channel. The
projected sensitivity of the searches for the gluon fusion and VBF production modes of the new spin-0 and
spin-2 particles by the ATLAS and CMS Collaborations at the HL-LHC was derived using the �� → 41
channel, where both Higgs bosons decaying to a pair of b-quarks are highly Lorentz-boosted and the
hadronisation products of the two bottom quarks are reconstructed as a single large-radius jet [3, 108].
This gives access to the postulated new particles of masses up to a few TeV as shown in Figure 18. The
ATLAS Collaboration projected the search for gluon fusion production of the spin-2 graviton �  in
the warped extra dimensional (WED) model with parameter :/"%; = 0.5 and 1.0 where : is the warp
factor and "%; is the reduced Planck scale. In this scenario, �  masses of up to about 3 TeV can be
excluded by 95% CL, increasing the mass reach by more than a factor of 2 with respect to the analysis
of 36 fb−1 of Run 2 data [3]. A corresponding search by the CMS Collaboration focuses on the VBF
production mode using Monte Carlo samples fully simulated under the HL-LHC conditions. Assuming a
signal production cross-section of 1 fb at HL-LHC, the discovery potential reaches 2.6f signal significance
for a bulk graviton with a mass of 2 TeV [108]. The experimental reach at the HL-LHC is expected to
be expanded with improved boosted � → 11̄ tagging capability due to future detector upgrades and
improvements of the reconstruction methods [59, 109, 110].
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(a) (b)

Figure 18: Dijet mass distributions for (a) the 4b subjet 4-tag (signal and background processes are stacked) and (b)
3-tag (signal and background processes are overlaid) events in the signal regions projected for 3000 fb−1 at

√
B =14

TeV at HL-LHC, in the searches for heavy resonances decaying to a pair of Higgs bosons in the 41 final state via the
gluon fusion and VBF production modes, by (a) the ATLAS and (b) CMS Collaboration, respectively. The signal
processes shown are spin-2 bulk gravitons. [3]

3.2 New results

3.2.1 Search for high mass resonances decaying into]+]− in the di-leptonic final state with CMS
at the HL-LHC [111]

This analysis is an extrapolation of the Run 2 search for a high mass resonance decaying into a pair of,
bosons in the di-leptonic final state [111]. The projection is based on a scaling of the expected signal and
background yields from 138 fb−1 to 3000 fb−1. This extrapolation is carried with a fixed center-of-mass
energy of

√
B =13 TeV.

The results are given in the form of model independent limits on the product of the cross-section and
branching fraction of a new particle with a resonance mass between 115 and 5000GeV. One such limit is
shown in Figure 19(a). Using the expected product of the cross-section and branching fraction of a high
mass Higgs boson with SM-like couplings as reference (red line), the projection predicts an exclusion of
such a particle up to mass of about 2600GeV.

Additionally, model dependent exclusion limits are presented for a few MSSM scenarios and a more generic
Type-II 2HDM scenario where cos(V − U) = 0.1 is assumed [111]. The expected excluded region for the
"

125
ℎ scenario is shown in Figure 19(b). The region that is expected to be excluded over the <�-tan V-plane

is larger by a few orders of 10GeV over <� compared to the results of the Run 2 analysis.
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Figure 19: (a) 95% CL limit on the product of the cross-section and branching fraction of a new heavy resonance.
This limit assumes the resonance has a ggF and a VBF contribution of the same order as expected from a SM-like
Higgs boson at a higher mass. (b) Exclusion limit for the "125

ℎ scenario. [111]
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4 EF03: EW Physics: Heavy flavor and top quark physics

4.1 Yellow Report summary

As the heaviest particle in the SM, the top quark plays a crucial role in electroweak symmetry breaking
and offers a gateway to searching for signs of new physics beyond the SM. This section highlights several
experimental prospects for top quark physics in both the ATLAS and CMS Collaborations within the
context of the HL-LHC, as documented in Ref. [3].

4.1.1 Top quark mass measurements

The top quark Yukawa coupling is one of the fundamental parameters of the SM and is expected to be close
to unity. The top quark mass, directly connected to the top Yukawa coupling, has been extensively measured
using various techniques in different decays channels by both the ATLAS and CMS Collaborations. The
most precise methods to date for top quark mass measurements at the LHC exploit kinematic information
of the decay products and their combinations. The uncertainties on the latest mass measurements are on
the order of 500 to 600 MeV, and at the HL-LHC this is projected to be reduced to 200 MeV [112]. This is
expected to be further reduced as new techniques are explored for top quark mass measurements.

In particular, the ATLAS Collaboration presented projections for the top quark mass measurement accuracy
using CC̄ → leptons + jets events with a �/k decaying into a muon-antimuon pair [113]. The technique
relies on a template method exploiting the top quark mass sensitivity of the invariant mass <(;`+`−) of the
system made of the �/k → `

+
`
− meson candidate and the isolated lepton coming from the associated,

boson decay. A statistical uncertainty of 0.14 GeV is expected, with a systematic uncertainty of 0.48 GeV.
The dominant sources to the uncertainty on <top using <(;`

+
`
−) templates are coming from the signal

modeling uncertainties related to the fragmentation functions and fractions of 1-flavored hadrons and the
uncertainties related to the jet energy scale and resolution. Also the CMS Collaboration directly measured
the top quark mass in the lepton + jets channel with a �/k decaying into a muon-antimuon pair [112]. This
measurement is expected to yield an ultimate relative precision below 0.1% at the HL-LHC.

4.1.2 Differential t t̄ cross-section measurements

A projection of differential CC̄ cross-section measurements in the e/`+jets channels at the HL-LHC with an
integrated luminosity of 3000 fb−1at

√
B = 14 TeV was performed by CMS [114]. The most significant

reduction of uncertainty is expected to come from an improved jet energy calibration and a reduced
uncertainty in the b-jet identification, which are the dominant components of the systematic uncertainties.
The final projected uncertainty is estimated below 5%. The precision in the measurement of the differential
cross-sections will profit from the enormous amount of data and the extended [-coverage of the Phase-2
CMS detector, which enables fine-binned measurements at high rapidity that are not possible with the
current detector.

In addition, normalized double-differential cross-sections as a function of " (CC̄) vs |H(CC̄) | can be used to
study the constraints on the parton distribution functions (PDF), estimated using a profiling technique. A
consistent impact of the CC̄ data on the PDFs is observed for all PDF sets considered (ABMP16, CT14, and
NNPDF3.1) at high invariant masses of the CC̄ system, with scale `2

5 = 30000 GeV2 ' <2
C . In particular,
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the uncertainties of the gluon distribution are drastically reduced, as shown in Figure 20(a), and depend
directly on the uncertainty of the integrated luminosity (assumed to be 1%).
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Figure 20: Prospects at HL-LHC of the (a) relative gluon uncertainties of the original and profiled NNPDF3.1 PDF
set [114] and the (b) expected limits on EFT contact interaction operators for the CC̄CC̄ process [115].

4.1.3 Study of rare processes involving top quarks

The production of four top quarks (CC̄CC̄) is a rare process with fC C̄ C C̄ ∼ 12 fb, not yet observed at the LHC, It
is one of the rare processes in top quark physics that has large sensitivity to new physics effects, while at the
same time it is interesting in the SM context as a complex QCD process. Projections of the CC̄CC̄ production
at the HL-LHC have been performed by CMS using same-sign dilepton and multilepton final states [115].
Several different scenarios for the systematic uncertainties have been considered. For HL-LHC datasets of
3000 fb−1, the cross-section can be constrained down to 9% statistical uncertainty and 18% to 28% total
uncertainty, depending on the considered systematic uncertainties, while a 4.5f significance is expected
with the most optimistic systematics scenario. The expected sensitivity on the CC̄CC̄ cross-section is also
used to provide constraints on effective field theory (EFT) four-top contact interaction operators, setting
limits on their Wilson coefficients as shown in Figure 20(b).

Another process of interest at the HL-LHC is the associated production of a top quark pair with a high-?T
photon. Such CC̄W measurements have been studied by the ATLAS Collaboration [116], based on the√
B = 13 TeV CC̄W analysis [117]. The fiducial cross-section measurement can reach an uncertainty as

low as 3%(8%) in the channel with two (one) leptons, while the expected uncertainties of differential
cross-section measurements are in general well below 5%. The expected uncertainty of the absolute
differential cross-section as a function of the photon ?T is interpreted as 95% CL limits for EFT operators
relevant to CC̄W production, as shown in Table 5.
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Table 5: Expected 95% CL intervals for the three Wilson coefficients relevant to CC̄W production [116].

Operator OC� OC� OC,
Single lepton [-0.5,0.3] [-0.1,0.1] [-0.3,0.5]
Dilepton [-0.6,0.4] [-0.1,0.1] [-0.4,0.3]

4.1.4 Constraints on flavor-changing neutral currents couplings

In the SM, the flavor-changing neutral currents (FCNC) couplings of the top quark are predicted to be
very small (∼ 10−10) and are not detectable at current experimental sensitivity. However, they can be
significantly enhanced in various SM extensions, so any deviations from heavily suppressed top quark
FCNC rates would be a clear sign of new physics. Prospects for a search for gluon-mediated FCNC in
the top quark production via CD6 and C26 vertices were studied using the CMS Phase-2 detector at the
HL-LHC [118]. The dominant uncertainty is the normalization uncertainty on the multijet background.
The 95% C.L. expected exclusion limits on the coupling strengths of the FCNC interactions in the CD6
and C26 vertices, shown in Figure 21(a), are |^CD6 |/Λ < 1.8 × 10−3 TeV−1 and |^C26 |/Λ < 5.2 × 10−3

TeV−1, respectively. The corresponding limits on branching fractions are �(C → D6) < 3.8 · 10−6 and
�(C → 26) < 32 · 10−6. The exploitation of the full HL-LHC dataset with the upgraded CMS detector will
therefore allow to improve the current limits by an order of magnitude.

FCNC couplings have also been studied by the ATLAS Collaboration, focusing this time on the C@/ vertex,
in Ref. [119], following the strategy of the Run-2 analysis detailed in Ref. [120]. The study is performed in
the three charged lepton final state, in which the leptons are produced through the decay of top quark pairs
CC̄ → 1,@/ → 1;a@;;. The dominant sources of uncertainties, in both signal and background estimations,
are from the theoretical normalization and the modeling of the background processes in the Monte Carlo
simulations. The limits on the branching ratio are at the level of 4 to 5× 10−5, depending on the considered
scenario assumed for the systematic uncertainties, corresponding to an improvement by a factor four with
respect to the

√
B = 13 TeV analysis results based on 36.1 fb−1, achieved thanks to the larger integrated

luminosity and the improved treatment of the systematic uncertainties.

Potential FCNC couplings of the top quark would also impact the electroweak dipole moments of the top
quark, as well as the (axial-)vector couplings of the top quark to the Z boson. The expected sensitivity of
the CMS detector to anomalous electroweak couplings of the top quark based on differential cross-section
measurements of the CC̄/ process in the three lepton final state is provided for a HL-LHC scenario with
3000fb−1of proton-proton collision data at

√
B = 14 TeV [121]. The results are interpreted in terms of

the SM effective field theory. Limits are set on the relevant Wilson coefficients of the Warsaw basis,
corresponding to modified neutral-current interactions (�qC and �q&) and dipole moment interactions
(�C/ and � [�<]

C/
). The dominant systematic uncertainties are related to the 1-jet identification and to the

theoretical predicted cross section of background samples. With the reduced theoretical and experimental
uncertainties, tight constraints are expected on the limits, shown in Figure 21(b) for the dipole moment
parameters.
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Figure 21: Prospects at HL-LHC of (a) the expected limits on the FCNC top quark couplings [118] and the (b)
expected sensitivity to anomalous couplings of the top quark in the CC̄/ process [121].

4.2 New results

4.2.1 Sensitivity to the measurement of the Standard Model four top quark cross section with
ATLAS at the HL-LHC [122]

The following summarizes the prospect for measuring the SM CC̄CC̄ cross section, detailed in Ref [122],
in the context of the HL-LHC with 3000 fb−1 of proton-proton collisions at

√
B = 14 TeV with the

ATLAS experiment. The results presented here use events with two same-sign leptons or at least three
leptons. They are based on the extrapolation of the 139 fb−1 results at

√
B = 13 TeV [123]. Several SM

processes can produce events with topologies similar to those of CC̄CC̄ events. The dominant source of these
backgrounds is CC̄ production associated with jets and other particles, such as a Higgs boson (CC̄�+jets),
, boson (CC̄,+jets), or / boson (CC̄/+jets). Significant backgrounds also come from events in which one
of the leptons is reconstructed with an incorrect charge and from events that contain leptons arising from
heavy-flavor decays, photon conversions or misidentified jets, the latter three being collectively referred to
as “fake/non-prompt”. The heavy-flavor decays are the dominant source for non-prompt muons, while the
other sources mostly affect electrons. The charge misassignment and fake/non-prompt background comes
mainly from CC̄ events.

The extrapolation is performed under two different scenarios of the evolution of detector performance and
associated systematic uncertainties. The first one, referred to as “Run 2”, corresponds to the model closest
to the 139 fb−1 analysis, where all the systematic uncertainties are kept equal to their Run 2 values except
for the CC̄,+jets production with seven jets and with eight jets or more. The uncertainties associated with
these events take into account the post-fit values of the corresponding nuisance parameters. The second
model, referred to as “Run 2 Improved”, still includes the scaling of CC̄,+jets production from the previous
model but also includes a decrease of the systematic uncertainties compared to the 139 fb−1 analysis, based
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on the YR18 systematic uncertainties. A summary of the systematic uncertainty treatment in this model is
given in Ref [122]. The uncertainty linked to the Monte Carlo simulation sample size is assumed to be
negligible. The uncertainties on CC̄,+jets production with seven jets and with eight or more jets are scaled
down with the constraints on the corresponding nuisance parameters observed in the 139 fb−1 analysis.

In the “Run 2” (“Run 2 Improved”) scenario, a significance of 4.2f (6.4f) is expected with 3000 fb−1,
while the uncertainty in the cross section over the full phase space is expected to be around 20% (14%),
as shown in Figure 22. In the “Run 2” scenario, the expected experimental uncertainty is reaching the
current uncertainty on the SM theory cross section [124], while for the “Run 2 Improved” scenario,
the experimental precision is expected to be significantly better than the precision of the current SM
computation. The better sensitivity in the “Run 2 Improved” scenario is driven by the smaller theoretical
uncertainties assumed in the CC̄C cross section and the modeling of the CC̄,// production in association
with heavy-flavor jets, as well as the smaller 1-tagging experimental uncertainties.
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Figure 22: (a) Expected significance for the measured CC̄CC̄ cross section and (b) expected experimental uncertainty,
assuming two different scaling scenarios for the systematic uncertainties [122]
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5 RF01: Weak decays of b and c quarks

5.1 Yellow Report summary

Beauty hadron decays offer a rich phenomenology to explore and are a fertile ground for indirect searches
of NP, namely via virtual processes allowing to probe energies greater than TeV which are not directly
accessible in collisions at the current colliders. Precision measurements can unveil new particles modifying
the decay rates with respect to the Standard Model predictions, both in FCNC 1 → Bℓ

+
ℓ
− and 1 → 3ℓ

+
ℓ
−

loop-level decays and in 1 → 2ℓa tree-level semileptonic transitions. Combining the physics reach of
the upgraded ATLAS, CMS and LHCb detectors, the LHC will be a crucial facility given its potential to
distinguish between some plausible NP scenarios, while improving the sensitivity to the scale of NP thanks
to the increasing precision in probing statistically-limited FCNC processes.

The rare decays �0
B → `

+
`
− and �0

3 → `
+
`
− are FCNC transitions that can occur at the one-loop level

via electroweak penguin and box diagrams in the standard model (SM). In addition, these decays are
helicity suppressed. The SM predictions of their branching ratios are at the level of ∼ 10−9 and ∼ 10−10

respectively. NP models predict enhancements of the branching ratios for these rare decays and therefore
the study of these decays provides an excellent opportunity to search for NP. With the HL-LHC dataset
each experiment predicts measurements of the branching ratios with combined statistical and systematic
uncertainty of about 7 − 15% for B(�B → `

+
`
−) and 15 − 30% for B(�3 → `

+
`
−).

Instead, the �0 →  
∗0(892)`+`− decay is semi-rare (its branching fraction is at the level of ∼10−7)

and allows to measure important angular parameters including the so-called %′5 variable introduced in
Refs. [125, 126]. The differential decay rate for this decay can be expressed in terms of the dimuon
invariant mass squared (@2) and three angular variables as a combination of spherical harmonics weighted
by @2-dependent angular parameters; the latter in turn depend upon complex decay amplitudes which are
described by Wilson coefficients in the Effective Field Theory Hamiltonian. Precise measurements are
needed to investigate current tensions existing between some measurements performed so far and the SM
predictions, though these tensions depend on the various implementations of long-distance effects. The
sensitivity in the %′5 measurement is expected to improve by a factor about 5 to 15 times according to the
experiment and the considered trigger scenarios.

The �0
B → �/kq decay is considered the golden channel for the study of CP violation in the �0

B sector. A
measurable phase qB arises from the interference between the oscillation of the bottom-strange meson
and its decay via 1 → 22̄B transition, which allows the final state to be the same for mixed and unmixed
mesons. Neglecting sub-leading penguin contributions, the SM CP-violating phase can be derived from
CKM matrix elements and thus from SM global fits to experimental heavy flavor data. Thus any significant
deviation from this precisely predicted value may be interpreted as an effect of New Physics beyond the SM.
In CMS and ATLAS qB is measured from a fit to the angular distribution of the �0

B → �/kq decay products
as a function of the �0

B decay time. The sensitivity in the qB measurement is expected to improve by a factor
about 9 to 20 times according to the experiment and the investigated flavour tagging and trigger scenarios.
Considering that the final state is a superposition of CP-even and CP-odd states, the measurement of qB
requires disentangling these components; in the future, with larger statistics, it will also be feasible for
CMS and ATLAS to explore the CP amplitude dependence of qB, namely by measuring it for the different
perpendicular, longitudinal and parallel transversity amplitudes of the �0

B → �/kq decay.
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5.1.1 Sensitivity studies for rare Hs and Hd decays in two muons

The ATLAS [127] and CMS [128] projections of rare muonic neutral B decays at the HL-LHC era are
extrapolated from the corresponding Run 1 analyses [129, 130] , accounting for the mass resolution
improvements expected at HL-LHC, and relying on the flexibility of the upgraded trigger systems to
maintain the di-muon trigger selection efficient at relatively low transverse momenta. While the uncertainty
on B(�3 → `

+
`
−) remains statistically limited for HL-LHC projections, the projected uncertainty on

B(�B → `
+
`
−) depends on the assumptions made for the systematic uncertainties. With the HL-LHC

dataset, precise measurements of additional observables will be possible, namely the effective lifetime,
g
e 5 5
`` , and the time-dependent CP asymmetry of �B → `

+
`
− decays.

ATLAS projects the �B → `
+
`
− branching ratio uncertainty to have a significant contribution from

external sources, in particular from the relative 1-quark hadronisation probability with an B or 3 quark
5B/ 53 and normalization modes branching fractions uncertainties, assumed to be at the same level of the
Run 1 analysis. The ATLAS di-muon invariant mass resolution is expected to improve by 20% to 50%
with respect to Run 2, in the |[ | range [0, 2.5]. Further assumptions include the training of a multivariate
classifier capable of similar background rejection and signal purities, and an analysis selection with
comparable pileup immunity as Run 1. The study takes into account the scaling of � meson production
cross-section and integrated luminosity relative to Run 1, and explores different triggering scenarios
corresponding to different di-muon transverse momentum thresholds. For each of these scenarios the
sensitivity is categorized on the basis of the signal statistics expected relative to the Run 1 analysis (15x,
60x and 75x respectively, in 3000 fb−1of HL-LHC ATLAS data), yielding the projected 68.3%, 95.5% and
99.7% likelihood contours in Figure 23.

The CMS study is being performed in two pseudorapidity regions, |[ 5 | < 0.7 and 0.7 < |[ 5 | < 1.4 (see
Figure 24). The inner tracker of the Phase-2 detector provides an order of 40%-50% improvement on
the mass resolutions over the Run 2 case that will allow precise measurements of the �0

B → `
+
`
− and

�
0
3 → `

+
`
− rare decays. The semileptonic background contribution into the signal regions will be reduced

substantially in Phase-2. With an integrated luminosity of 3000 fb−1, CMS will have the capability to
measure the �0

B → `
+
`
− branching fraction with a precision (statistical and systematic) of about 7% and

the effective lifetime with an error of 0.05 ps. CMS will be also able to observe the �0
3 → `

+
`
− decay with

more than 5f significance and to measure the branching ratio with a precision (statistical and systematic)
of about 16% (the quoted precision refers to the SM central value).

5.1.2 V′5 sensitivity in the H0
→ Q∗0-+-− decays

CMS [132] adopts a conservative assumption that trigger thresholds and efficiencies will remain the same
thus overlooking improvements in the trigger strategy, in the mass resolution and in the selection strategy.
The latter has been proven to be not significantly affected by the pileup increase. The mis-tag rate is
expected to be the same as in Run 1.

ATLAS [133] estimates the yields assuming three different trigger scenarios, with muon ?T thresholds
ranging from 6 to 10 GeV, and considers the same mis-tagging level and fit models of Run 1. The statistical
precision of the angular parameters (assumed to follow the predictions from [134]) is inferred through
toy simulations. Detector acceptance and background shapes are identical to the Run 1 analysis, but
account for a 30% improvement in invariant mass resolution. Systematic uncertainties are all expected to
improve: fit model and peaking backgrounds are assumed to reduce as 1/

√
!int; detector acceptance and
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mis-tagging systematics, are driven by Monte Carlo sample size and are therefore neglected. The existing
measurements of (-wave [135] contributions to the signal decay and improved methods of correcting
residual misalignments [136] will allow reduction of the corresponding systematic uncertainties by factors
of ∼ 5× and ∼ 4×. As a result of this estimation of the systematic effects all the angular parameters
determinations are expected to be statistically limited.

The Phase-2 precision in the %′5 parameter is illustrated in Figure 25 where the projected statistical and
total uncertainties in each @2 bin are reported. For ATLAS it is expected to improve by factors of ∼ 9×,
∼ 8× and ∼ 5× with respect to Run 1 measurement in the three trigger scenarios considered, whereas for
CMS it is expected to be improved up to a factor of ∼ 15× compared to Run 1. For the latter experiment
the uncertainties are shown also for a finer @2 binning allowed by the increased amount of collected data.
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Figure 23: ATLAS projected 68.3% (solid), 95.5% (dashed) and 99.7% (dotted) CL profiled likelihood ratio contours
for the (a) “conservative”, (b) “intermediate” (middle) and (c) “high-yield” HL-LHC extrapolations [127]. Red
contours do not include the systematic uncertainties, which are then included in the blue ellipsoids. The black point
shows the SM theoretical prediction and its uncertainty [131].
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(a) (b)

Figure 24: Projected CMS HL-LHC dimuon invariant mass distributions with overlaid fit results for the �0
3,B → `

+
`
−

analysis, in the pseudorapididty regions of (a) |[ 5 | < 0.7 and (b) 0.7 < |[ 5 | < 1.4 [128].

5.1.3 CP violating phase 5s sensitivity in H
0
s → P/75 decay

The ATLAS [139] and CMS [140] studies present an estimate of the precision in the qB measurement
achievable at the end of Phase-2 by extrapolation from their Run 1 analysis results [141, 142] obtained using
full detector simulation data and studying the fit performance with Monte Carlo pseudo-experiments.

The main ingredients in the estimation of the sensitivity at the end of Phase-2 are the signal yield, the
tagging performance and the proper decay length uncertainty (namely the �0

B proper decay time resolution).
For CMS, the latter is expected to be well enhanced (3 times smaller thanks to the Phase-2 Tracker). In
Figure 26(a) the CMS proper time uncertainty distribution is shown for Phase-2 Tracker and compared with
Run 1 data. The upgraded ATLAS tracking system will improve tracking and vertexing precision, enhancing
the proper time resolution by 21% and 39%, relative to Run 2 and Run 1 respectively: Figure 26(b)
illustrates this resolution as a function of the �0

B transverse momentum, comparing with the Run 1 and Run
2 (including the pixel Insertable B-Layer (IBL) module) simulated detector performances.

Another large improvement for CMS is expected to come from the presence of the tracker timing layer
which will mitigate the effect of the increased pileup, thus providing a signal-to-background level similar
to the one at 8 TeV. The analysis strategy follows the one used for the

√
B = 8 TeV result whereas three

different flavor tagging performance scenarios have been considered, correspondingly based on: 1) muons
and jet charge, 2) a muon and electron, 3) leptons, jet-charge and same-side jet-charge and kaon-tagging.
Furthermore the systematic uncertainties should be reasonably kept under control so that 1) the total
uncertainty on qB could be still statistically limited at the end of Phase-2, whereas 2) the statistical and
systematic uncertainties are assumed to contribute about equally for the decay width difference ΔΓB
between the light and heavy eigenstates.
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Figure 25: Projected measurement precision of the %′5 parameter in the HL-LHC scenario by (a) ATLAS [133] and (b)
CMS [132], provided in (different) @2 bins and compared to the Run 1 measurements that are shown by circles with
inner vertical bars representing the statistical uncertainties and outer vertical bars representing the total uncertainties.
Projections are represented by hatched/colored regions and open boxes when considering statistical-only or total
(statistical and systematic) uncertainties. (a) ATLAS projection is given for the intermediate trigger scenario;
alongside theory predictions (CFFMPSV [137], DHMV [134], JC [138]) are also shown. (b) The vertical shaded
regions correspond to the �/k and k(2() resonances. The two bottom pads represent the CMS statistical (upper) and
total (lower) uncertainties with the finer @2 binning.
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Figure 26: (a) CMS proper time uncertainty distribution in 2012 data (blue) and Phase-2 Monte Carlo (red)
samples [140]. (b) ATLAS dependence of the proper time resolution on the �0

B transverse momentum for Run 1 (ID),
Run 2 (IBL) and upgrade HL-LHC Monte Carlo simulations [139].
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Without performing a complete analysis, ATLAS extrapolates the qB precision mainly on the basis of
the same key factors (the number of signal and background events and the B-flavor tagging performance
besides the proper time resolution) from Run 1 results. ATLAS considers three trigger scenarios, targeting
the �/k → `

+
`
− decay, with three muon transverse momentum thresholds: 6 GeV for both muons or

6 GeV and 10 GeV or 10 GeV for both muons, and a nominal tagging power of 1.5%.

Assuming the best tagging scenario characterized by a tagging power in the range 1.2 − 2.4%, CMS can
estimate the qB uncertainty to be in the range 5 − 6 mrad (namely (17-20) times the Run 1 uncertainty)
and the ΔΓB full uncertainty of ≈ 2 · 10−3 ps−1. Figure 27(a) shows the 68% CL contour from the fit of
a toy Monte Carlo pseudo-experiment generated in the third tagging scenario. Figure 27(b) shows the
expected ATLAS precision on qB and ΔΓ (with the 68% CL contours combining statistical and systematic
uncertainties) for the three trigger scenarios considered; since the correlation between qB and ΔΓ in Run
1 was found to be smaller than 10%, the extrapolated contours of ATLAS HL-LHC are made with zero
correlation. Within the three trigger scenarios the ATLAS statistical precision is expected to fall in the
range 4 − 9 mrad for qB and 1.1 − 3 · 10−3 ps−1 for ΔΓB.
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Figure 27: (a) CMS 68% CL contour from the fit of a toy Monte Carlo pseudo-experiment generated in the third
tagging scenario [140]. The contour combines statistical and systematic uncertainties and the black cross represents
the SM expectation. (b) ATLAS contours (combining statistical and systematic uncertainties) for the three trigger
scenarios considered [139]. The result is overlaid with the precisions on qB and ΔΓ extracted using Run 1 data. The
figure the modification of the original one taken from [143, 144] where the presented LHC results are those based on
Run 1 data.
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6 EF04: EW Physics: EW precision physics and constraining new physics

6.1 Yellow Report summary

This section summarizes various projections of electroweak (EW) measurements for the HL-LHC and
expected improvements in measuring SM processes compared to the LHC. Electroweak measurements
will be important for constraining PDFs, understanding electroweak symmetry breaking, and measuring
fundamental properties of the SM. The large HL-LHC dataset will enable precision measurements of
various electroweak processes, many of which are currently limited by statistical uncertainties. In addition,
the tracking detector upgrades will allow for better forward jet and lepton reconstruction, both of which are
used by many of these analyses.

6.1.1 Weak mixing angle measurements

The most precise measurements of the effective weak mixing angle, sin2
\eff , were performed by the LEP

and SLD experiments [145], with a precision of 1.6×10−4. There is, however, a known tension of about 3f
between these two measurements. Measurements of sin2

\eff were also reported by the LHC and Tevatron
experiments [146–151]. The analyses in Refs. [152, 153] present proposals for measuring the weak mixing
angle using the forward-backward asymmetry (�FB ) of Drell-Yan dilepton events in pp collisions at√
B = 14 TeV with the CMS and ATLAS detectors at the HL-LHC. In both analyses, sin2

\eff is measured
by fitting the rapidity dependence of the observed �FB in dilepton events and the dilepton mass.

The ATLAS study [152] is performed in dielectron events, and will benefit from improved reconstruction
of forward leptons from the extended reach of the ITk upgrade [4, 9]. With the full HL-LHC dataset,
this result will be dominated by the PDF uncertainties. To asses them, three different projected PDF sets
are considered. As in the

√
B =8 TeV ATLAS result [154], the PDF uncertainties are simultaneously

constrained by the measurement. As seen in Figure 28(a), the HL-LHC measurement will greatly improve
the precision for any of the PDF choices, and is expected to achieve a precision similar to that of LEP and
SLD. Further improvements to PDFs will be critical for the measurements of sin2

\eff , and can increase the
sensitivity.

The CMS study [153] is performed in dimuon events, and will benefit both from the increased luminosity
and the upgraded part of the muon system that extends the pseudorapidity coverage of the CMS experiment
from |[ | < 2.4 to |[ | < 2.8 for muons. AMonte Carlo data sample of

√
B = 14 TeV pp events corresponding

to an integrated luminosity of 3000 fb−1is used and results are compared to the CMS measurements at√
B = 8 TeV. The analysis is done at the generator level, since the smearing due to detector effects is

expected not to be significant. The analysis finds that extending the lepton acceptance decreases the
statistical uncertainties by about 30% and PDF uncertainties by about 20%. It was also shown that the PDF
uncertainty could be constrained to improve the precision of sin2

\eff as shown in Figure 28(b).

6.1.2 VBS diboson measurements

ATLAS and CMS were successful in performing the first observations of several EW diboson processes
using the

√
B = 13 TeV LHC collisions, including measurements of leptonic decays of VBS,±,± [155,

156], VBS,±/ [157, 158], VBS // [159, 160], and VBS /W [161]. For both ATLAS and CMS, these
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Figure 28: (a) Comparison of the expected precision of the effective leptonic weak mixing angle presented in this note
to previous measurements. The ATLAS projections from this analysis are shown with different PDF set scenarios,
with 3000 fb−1at

√
B = 14 TeV [152]. (b) Projected statistical, nominal PDF and constrained PDF uncertainties

in sin2
\eff extracted by fitting �FB (<``, H``) distributions at

√
B = 14 TeV with different values of integrated

luminosities and for |[ | < 2.4 and |[ | < 2.8 acceptance selections for the muons [153].
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analyses will benefit greatly from the large dataset, as well as from detector upgrades enabling forward
lepton reconstruction, and improving PU jet rejection for forward jets.

ATLAS and CMS have performed projections of analysis sensitivities for measuring the cross-sections of
leptonic decays of electroweak production of several VBS diboson processes, including,±,± [162, 163],
,
±
/ [164, 165], and // [166, 167]. These analyses are based on strategies of existing measurements from

ATLAS and CMS, with some optimization for the HL-LHC conditions. ATLAS (CMS) expect to measure
the cross-section of EW production of VBS,±,± to 6% (3%) using 3000 fb−1, with some improvements
expected from the combination of these results, as shown in Figure 29(a) and Figure 29(c). The ATLAS
projected sensitivity for the measurement of EW production of VBS,±/ predict a significance over 5f,
and large improvements are shown through a multivariate analysis strategy, and by reducing the uncertainty
on the background through improvements to the control regions enabled by the increase in the number of
events. The CMS results for,±/ predict that the EWWZ cross-section measurement can be achieved to an
accuracy of 3–5% at an integrated luminosity of 3000 fb−1. The ATLAS projections for the measurement
of EW VBS // depend strongly on the size of the theoretical modeling uncertainties for QCD // 9 9 , and
the projected measurement uncertainty ranges from 20–100% when varying the background uncertainty
from 5% to 30%. The projected uncertainty from CMS for the same process, and using a background
uncertainty of 10%, ranges from 8.5% to 9.8%, depending on the size of the systematic uncertainties
and the [ coverage for electrons. Overall, the HL-LHC will provide a significant opportunity to study
electroweak diboson processes, and will enable measurements of their cross-sections with an increased
precision.

While leptonic decays provide a cleaner final state with lower backgrounds, the semi-leptonic decays
provide a higher cross-section due to the larger branching fraction of the vector boson decays, and jet
substructure techniques enable reconstruction of the vector boson at high transverse momentum. As shown
in Ref. [168], semi-leptonic decays are also able to provide sensitivity to EW VBS diboson processes.
In particular, prospective measurements of,, /,/ events in the ℓa@@ final state were performed. The
ATLAS results show an observed significance of 2.7f [169]. The event selection follows the strategy used
for resonance searches decaying into a,, or,/ boson pair with the ATLAS detector. The precision of
this cross-section measurement is expected to be 6.5% with 3000 fb−1, as shown in Figure 29(b).

In addition to increasing the precision of diboson measurements, of particular interest is the measurement of
the case where both bosons are longitudinally polarized (+!+!). In the SM, this process is unitarized thanks
to the presence of Higgs boson contributions, and deviations from this would indicate the presence of BSM
physics. The cross-section for the longitudinally polarized state is small (6–7% of the total cross-section),
making this a challenging but important part of the HL-LHC physics program. Both ATLAS and CMS
have explored the sensitivity to measuring,!,! in leptonic final states by using the Δq 9 9 distribution,
where Δq 9 9 is the difference in q between the two tagging jets [155, 156]. Using 3000 fb−1, ATLAS (CMS)
project an expected significance of 1.8f (2.7f) as shown in Figure 30. ATLAS projects the sensitivity for
,
±
!/! to be less than 1f [157], and CMS also concludes that sensitivity to this would require improved

analysis techniques such as machine learning, or combinations of results with other decay channels [158].
CMS projects the sensitivity of ZLZL to be 4f with 3000 fb−1(see 6.2.1). Further optimization and new
analysis strategies may strengthen the sensitivity of these results, and these measurements will also benefit
from the combination of ATLAS and CMS results.
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Figure 29: (a) Projection of the statistical, theoretical, systematic and total uncertainties on the cross-section of
same-sign,, as a function of integrated luminosity, for the optimized event selection using the baseline scenario
for uncertainties (solid lines) and optimistic scenario (dashed lines), where the optimistic scenario assume that the
non-data-driven background uncertainties are aggressively reduced, as described in Ref. [162]. (b) The expected
cross-section uncertainty for the semileptonic,+ analysis as function of integrated luminosity up to 3000 fb−1. The
solid black curve is the uncertainty from the ℓa@@̄ channel, while the dashed curve shows the expected uncertainty
from all semi-leptonic channels, assuming equal sensitivity [168]. (c) The expected uncertainty in the CMS EWK
,
±
,
± cross-section measurement as a function of the integrated luminosity [163].
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Figure 30: (a) Projection of the expected significance of the observation of the longitudinally-polarized same-sign
,, process in the fully leptonic final state as a function of integrated luminosity. The solid lines show the
baseline scenario for the uncertainties, while the dashed lines show the optimistic scenario, which assumes that the
non-data-driven background uncertainties are aggressively reduced, as described in the [162]. (b) Significance of the
observation of the scattering of a pair of longitudinally polarized, and leptonically decaying, bosons as a function
of the integrated luminosity [163].
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6.1.3 Charged lepton flavor violation

Standard model charged lepton flavor violation effects are too small to be observed at LHC, but limits on
the cross-section will provide constraints on several BSM models. The ATLAS experiment has constrained
charged lepton flavor violation by searching for g → 3` decays using the

√
B =8 TeV dataset, using g

leptons originating from, bosons [170]. This study [171] also explores a new channel where the g leptons
originate from heavy flavor meson decays. Three scenarios are considered, based on expected changes
to low-?T muon triggers and improvements in the mass resolution from better tracking and vertexing
provided by the detector upgrades. The expected sensitivity is calculated using a a profile likelihood fit of a
BDT discriminant and 3-muon mass shape to the expected event yields in the signal region. As seen in
Figure 31, analysis improvements will have a significant impact on the sensitivity of these results, and can
improve over the existing analysis by up to a factor of 50. Further improvements may be possible using the
g leptons produced from heavy flavor meson decays, primarily from �B decays, which provide around 40
times more g leptons than the,-boson channel.
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Figure 31: CLB as a function of the g → 3` branching fraction, BR(g → 3`), for the scenarios discussed in the text
for the W-channel. The horizontal red line denotes the 90% CL [171].

6.1.4 W boson mass

Ref. [172] studies the potential for measuring the,-boson mass with the ATLAS detector at the HL-LHC.
Unlike the other analyses here, this measurement would require a dedicated dataset collected at low
instantaneous luminosity in order to reconstruct the missing transverse momentum with sufficient precision.
Nonetheless, this measurement would benefit from forward lepton reconstruction enabled by the inner
tracking detector upgrade, enhancing the current statistical precision of 7 MeV using 4.6 fb−1of data. While
the amount of low-` data has not yet been decided, the statistical precision could reach 10 MeV with
200 pb−1, and 3 MeV with 1 fb−1. As shown in Figure 32, the precision of this measurement depends on
improvements to PDFs as well as the amount of data taken at low instantaneous luminosity.
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|[ℓ | < 4, and for 200 pb−1 and 1 fb−1 collected at

√
B = 14 TeV [172].

6.2 New results

6.2.1 Prospects for the measurement of vector boson scattering production in leptonic]] and
]` diboson events with CMS at the HL-LHC [173]

The CMS prospects for measuring the,±,± and,/ electroweak vector boson scattering processes are
studied in Ref. [173]. The measurements are performed in the leptonic decay modes,±,± → ℓ

±
aℓ
′±
a

and,/ → ℓaℓ
′
ℓ
′, where ℓ, ℓ′ = e, `. The analysis is based on existing measurements at

√
B = 13 TeV, that

are extrapolated to the full integrated luminosity at the High-Luminosity LHC at
√
B = 14 TeV.

This analysis presents a prospective study of VBS production in the EW ,, and ,/ channels with
proton-proton collisions at

√
B = 14 TeV, by extrapolating existing measurements [156, 158] using the Run 2

dataset at
√
B = 13 TeV. The measurements were performed in the leptonic decay modes,, → ℓ

±
aℓ
′±
a

and,/ → ℓ
±
aℓ
′±
ℓ
′∓, where ℓ, ℓ′ = 4, `. Candidate events contain either two identified leptons of the

same charge or three identified charged leptons with the total charge of ±1, moderate missing transverse
momentum, and two jets with large dijet invariant mass (< 9 9) and large rapidity separation (Δ[ 9 9). The
requirements on < 9 9 and Δ[ 9 9 reduce the contribution from the quantum chromodynamics (QCD) induced
production of boson pairs in association with two jets and other background processes, allowing to extract
the signal.

After a baseline selection is applied, the EW ,
±
,
±, EW ,

±
/ , and QCD ,

±
/ signal production

cross-sections are simultaneously measured by performing a binned maximum-likelihood fit of several
distributions sensitive to these processes. The QCD,±,± contribution is small and is taken from the SM
prediction.

In the,±,± channel, each of the, bosons can be polarized either longitudinally (,!) or transversely
(,) ), leading to three distinct contributions,±!,

±
! , ,

±
!,
±
) , and,

±
),

±
) . The prospective precision of

the ,±!,
±
! cross-section measurement and the significance of the observation of this component are

studied. Two sets of results are reported, with the helicity eigenstates defined either in the,±,± center-
of-mass reference frame or in the initial-state parton-parton one. A fit is performed for the simultaneous
measurements of the,±!,

±
! and,±),

±
) cross-sections, where the event kinematic properties are used to

extract the various contributions.
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The projected estimated uncertainty in the inclusive EW,
±
,
±, EW,

±
/ , and QCD,±/ cross-section

measurements as a function of the integrated luminosity is shown in Figure 33(a). The projected estimated
significance of the ,±!,

±
! process as a function of integrated luminosity is shown in Figure 33(b). By

combining CMS and ATLAS measurements we expect to observe the,±!,
±
! production at the HL-LHC.
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Figure 33: (a) Projected estimated uncertainty in the EW ,
±
,
±, EW ,

±
/ , and QCD ,

±
/ cross-section

measurements as a function of the integrated luminosity, and (b) projected estimated significance for the EW
,
±
!,
±
! process as a function of the integrated luminosity for the,±,± and parton-parton center-of-mass reference

frames. [173]
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7 EF05: QCD and strong interactions: Precision QCD

7.1 Yellow Report summary

Precision measurements of perturbative QCD are critical components of the LHC physics program.
Measurements of jet and photon cross-sections are able to constrain PDFs and measure the running of
the strong coupling UB. These measurements are also useful for understanding backgrounds for many
processes at the LHC. This section provides an overview of the results from Ref [174, 175], which cover
the prospects for several different jet and photon cross-section measurements with the ATLAS detector, as
well as high-?T jet measurements with the CMS detector. The HL-LHC will will provide the opportunity
to test the behavior of QCD with better precision, particularly at high energies which are currently limited
by statistical uncertainties.

7.1.1 Jet cross-section measurements

The prospects for inclusive and dijet cross-section measurements at the HL-LHC with the ATLAS
detector are discussed in Ref [174]. For these studies, the inclusive jet cross-section measurement is done
differentially in Hj and ?T,j, while the dijet measurement is done differentially in <jj and 0.5 × (H 91 − H 92),
where H is the rapidity of the jet. Figure 34 shows the ratio of several PDF sets as a function of ?T,j and <jj,
and large differences are seen between different PDF sets for the high-?T and high-<jj because of their
sensitivity to the gluon density in the proton. The large dataset will be beneficial to improve the statistical
precision in these regions

Ref. [176] explores the impact of including HL-LHC measurements in PDF fits, using projections of
measurements of jet cross section measurements, inclusive gauge boson production, top quark pair
production,,-boson production, and a measurement of ?T,/ . This results in a significant reduction in the
PDF uncertainties compared to the CT14 PDF set, as shown in Figure 35. With its sensitivity to the gluon
density, jet cross-section measurements will be crucial for these improvements.
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Figure 34: Ratio of cross-sections predictions from several PDF sets to the CT14 PDF prediction in the (a) inclusive jet
and (b) dijet cross-sections at

√
B = 14 TeV. The gray band depicts the total NLO pQCD uncertainty in cross-section

calculated using CT14 PDF set. [174]
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Figure 35: Comparison of the PDF uncertainty in the (a) inclusive jet and (b) dijet cross-sections calculated using the
CT14 PDF and PDF4LHC HL-LHC sets at

√
B = 14 TeV with 3000 fb−1. [174]

7.1.2 Photon cross-section measurements

The inclusive photon production has been studied differentially in EWT and [W by ATLAS [174]. Figure
36 shows a comparison of the ratios of predictions from several PDF sets to the size of the dominant
systematic uncertainties for the inclusive photon measurement. Large differences between PDF sets are
seen for high values of EWT, and the full HL-LHC dataset will enable measurements in these regions.
Improvements in the photon energy scale and resolution uncertainties will be important to improve the
impact of this measurement on PDFs and tests of perturbative QCD. The photon+jets measurement is
performed differentially in EWT, ?

jet
T , cos\∗, and <W 9 . With the full 3000 fb−1dataset, the reach of these

measurements will increase, from 3 TeV to 7 TeV in <W 9 , and from 2.5 TeV to 3.5 TeV for EWT and ?jet
T .
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Figure 36: Ratios of the predicted number of inclusive isolated photon events using different PDFs as functions of �W
)

for (a) |[W | < 0.6, and (b) 1.81 < |[W | < 2.37. The shaded band represents the relative systematic uncertainty due to
the photon energy scale (W�() and resolution (W�') estimated with 3.2 fb−1of pp collisions at

√
B = 13 TeV. [174]

The projected impact of these and other precision measurements at the HL-LHC is shown in Figure 37,
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which compares the PDF uncertainties from the MMHT2014 PDF set to PDF sets derived using projections
of measurements from the HL-LHC [176].
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Figure 37: Relative uncertainty in the predicted number of inclusive isolated photon events due to the uncertainties in
the PDFs as a function of �W

)
. [174]

7.1.3 High- pT jet measurements at the HL-LHC

Perturbative QCD and the structure of the proton at the highest accessible energy scales can be probed
through inclusive jet production. In addition, such measurements can be used to test theoretical calculations
which are available at next-to-leading order (NLO), or at next-to-next-to-leading order (NNLO) or NLO
including resummation of next-to-leading logarithmic soft gluon terms.

In this analysis by the CMS Collaboration [175], 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√
B =7 TeV analyses [177–180]. Higher order radiative effects in QCD affect angular correlations. When jets

are back-to-back, the plane transverse to these jets acquires sensitivity to multiple “soft" gluon contributions.
The interference arising from these contributions between initial and final state can be significant. In the
production of top quark processes, C jets are defined when the top quark decays hadronically and the decay
products are clustered as a single jet. The CC̄ cross-section as a function of the leading top quark ?T and as
a function of the Δ (q) between the two leading CC̄ jets is shown in Figure 38. 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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Figure 38: The particle level cross-section of the CC̄ process as a function of (a) the leading top quark ?T and (b) the
Δ (q) between the two leading CC̄ jets. [175]
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8 EF06: QCD and strong interactions: Hadronic structure and forward
QCD

While the LHC is typically used to study proton-proton collisions, it can also be used to study photon-photon
interactions through the use of ultra-peripheral collisions. These collisions have been used to observe
processes such as light-by-light scattering and exclusive ,, production. The yellow report does not
include any results from ATLAS or CMS on this topic, but since this time, dedicated studies in this area
have begun. One such analysis, studying exclusive,, production in photon scattering, is covered in this
section, and more analyses are expected at the HL-LHC. While these analyses will benefit from upgrades
to forward detectors, such as the ATLAS Forward Proton (AFP) spectrometer [181], and the CMS TOTEM
proton spectrometer [182], further studies are necessary in order to understand their impact.

8.1 New results

8.1.1 Sensitivity to $$ → ]±]∓ → e±.e-
∓.- with ATLAS at the HL-LHC [183]

The 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.
The rare electroweak process WW → ,

±
,
∓ → 4

±
a4`

∓
a` was first observed (rejecting the background-only

hypothesis with a significance of 8.4f) in proton-proton collisions at the LHC by the ATLAS Collaboration
in 2020 using 139 fb−1 of data collected in Run 2 [184].

To understand the impact of the HL-LHC environment and planned ATLAS detector upgrade on the
WW → ,

±
,
∓ measurement and identify which areas could benefit from R&D, we study the expected

sensitivity at the HL-LHC when using a similar approach as in the Run 2 analysis [183].

The increased luminosity at the HL-LHC will allow a large improvement in the statistical precision of
measurements of rare processes such as WW → ,

±
,
∓ and will allow making differential measurements.

The drawback of this increase is the increase (× 5-6) in the average number of interactions per bunch
crossing `, which will adversely affect the exclusivity criterion, whichrequires that the only tracks in the
event come from the, boson decay products.

The increase in statistical precision at the HL-LHC will allow studying the high-energy tails of the
distributions limited by statistical uncertainties in Run 2. We perform a differential measurement in the
dilepton invariant mass, <ℓℓ , with the aim to probe the sensitivity in the high-<ℓℓ region for EFT prospects
most sensitive to dimension-8 operators [185]. These results were studied with three different tracking
scenarios:

• using only central tracks (|[ | < 2.5) with the baseline HL-LHC track ?) cuts of 900 MeV for
|[ | < 2.0 and 400 MeV for |[ | > 2.0,

• using central and forward tracks |[ | < 4.0 with the baseline HL-LHC track ?) cuts,

• using only central tracks, with a track ?) cut of 500 MeV.

Figure 39(a) shows the expected signal and background yields at the HL-LHC shown stacked and as a
function of <ℓℓ , which illustrates the improvements at high dilepton mass compared to the Run 2 analysis.
Figure 39(b) 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
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Figure 39: (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 <`>=33.7. [183]

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. Improvements to the modeling uncertainty will have a
significant impact on the precision of this measurement at the HL-LHC. Both figures are shown using
central tracks, with a track ?) cut of 500 MeV, which gives the best performance of the three cuts studied.

In this study [183], we show that the higher pileup environment at the HL-LHC will give rise to important
challenges to the accurate identification of exclusive final states. Efforts to reduce the theoretical modeling
uncertainty will be necessary to avoid limiting the uncertainty on the extracted cross-section. In addition, the
reconstructed track-?) threshold will be a key experimental consideration in the prospects for WW → ,

±
,
∓

analysis at the HL-LHC. Futher R&D is required to optimize low-?) methods at the HL-LHC.
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9 EF07: QCD and strong interactions: Heavy ions

9.1 Yellow Report summary

The heavy-ion (HI) program at the LHC has proven to be a successful and important part of the LHC
physics program in Runs 1 and 2. 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 partonic nuclear structure, collectivity in small collision systems,
and electromagnetic (EM) interactions. A detailed plan for the goals and expected measurements at the
HL-LHC is presented in Ref. [3]. 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 ultra-peripheral Pb-Pb collisions.

The nominal expectations for the LHCRun 3 andRun 4 are for: 13 nb−1of Pb-Pb collisions at√BNN = 5.5TeV
and 1.2 pb−1of p-Pb collisions at √BNN = 8.8 TeV (we note that some of the projections were not made
at these exact values). 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) [186, 187] will improve triggering and identification for ultra-peripheral
collisions (UPC), and the addition of time-of-flight particle identification capability enabled by the MIP
Timing Detector [17] will allow to differentiate among low momentum charged hadrons, such as pions,
kaons, or protons, improving the HF measurements.

9.1.1 Jet modification studies

Studies of jet modification in heavy ion collisions, compared to pp collisions, provide information on the
interaction between high energy partons and the QGP. The energy of the jets in particular tends to be reduced
through interactions with the QGP medium, a phenomenon called 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 systematic uncertainties for key measurements
of medium modification of light (heavy) quark jets using photon// (D0-meson) tagged samples [188,
189]. By measuring the jets tagged against recoiling isolated photons, one can unambiguously access the
energy loss of a parton by using the photon 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 [188, 189], as shown in
Figure 40(a), thus providing information on the medium-modified structure of quark-initiated jets. The
azimuth and transverse momentum correlations between bosons and jets, measured in W+jets and /+jets
events presented in Figure 40(b), are valuable observables to study parton energy loss in the QGP [188].
Another significant improvement expected at the HL-LHC is the measurement of radial distribution of D0

mesons in jets [188]. 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
√
B =14 TeV can be a great opportunity for precision measurements of the system-size dependence of the

jet quenching phenomena. In this regard, high multiplicity pp events provide the reference results in small
systems, thus complete the system-size dependence of the jet quenching phenomena.
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Figure 40: (a) The statistical precision of the ratio of jet fragmentation functions in Pb–Pb and pp collisions at√
BNN = 5.02 TeV in ATLAS for jets recoiling from a photon [189]. The error bars at unity for 0−10%, 10−20%, and

20 − 30% centrality classes show the expected statistical uncertainties at the HL-LHC. (b) Prospects of / boson-jet
transverse momentum balance distribution in pp collisions at

√
B =14 TeV in CMS [188].

9.1.2 Heavy-flavor hadrons

HF hadrons are excellent probes of the strongly-interacting medium formed in HI collisions. Charm and
beauty quarks, as a consequence of their large masses (<c,b > _QCD), are mostly produced during the early
stages of the collision in hard scattering processes. As HF quarks propagate through the medium, they lose
energy via elastic (collisional) and inelastic (gluon radiation) interactions with the medium constituents.
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 [190–192]. Therefore, the measurement of HF hadrons
can provide crucial information on the full evolution of the system and allows to get information on the
quark-mass dependence of the medium-induced processes.

The larger experimental data samples at the HL-LHC, combined with improved detector performance and
measurement techniques, will allow the CMS and ATLAS experiments to significantly improve over the
current HF measurements. The ?T dependence of the quarkonium nuclear modification factor ('AA) will
be measured with high precision up to about 80 GeV for prompt J/k and 50 GeV forΥ(1() [193] (compared
to 50 and 30 GeV respectively, with the present data), allowing to discern whether quarkonium formation
at high ?T 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 [194] and
of HF decay muons [195] and Υ(1() mesons [193] in Pb-Pb collisions will be significantly improved as
observed in Figure 41, providing insights on the collective expansion and degree of thermalization of HF
quarks in the medium at low ?T, 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 [193] will also be measured with sufficient precision to further investigate the interplay between
the predicted enhancement 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
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HI collisions. Finally, the precise measurements of beauty mesons in p-Pb collisions [193] 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.
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Figure 41: Elliptic flow projections as a function of ?T of: (a) prompt D and J/k mesons in CMS in high-multiplicity p-
Pb collisions at√BNN = 8.16 TeV [194], (b) HF decay muons in ATLAS in Pb-Pb collisions at√BNN = 2.76 TeV [195]
and (c) Υ(1() mesons in CMS in Pb-Pb collisions at √BNN = 5.02 TeV [193].

9.1.3 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 (|[ | < 4). In small systems, a significant statistical
improvement is expected for the elaborate flow variables. In particular, the symmetric cumulant observables,
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SC(<, =) which are the correlations between Fourier coefficients based on 4-particle correlations will
be clearly assessed [196]. Since those are very sensitive to the initial state and its fluctuation, the
precision measurement of them will constrain the current interpretation of the ridge phenomenon in small
systems [197–200], as well as catching hold of non-flow effects in early stages [194]. In addition, we expect
a crucial improvement in our understanding for the system size of collisions by meauring the Hanbury
Brown and Twiss (HBT) radii in small systems [195]. 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 [201]. The extended [ 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 medium in early stages [195].

9.1.4 Nuclear parton distribution functions

The structure of nucleons and nuclei are both key to understanding heavy-ion collisions as well as
fundamental features of the nucleus. In particular, knowledge of particle production at small G of the
nucleus and the possible effects, or even presence, of a Color Glass Condensate [202] regime are poorly
constrained. 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 (nPDF) since the asymmetric system allows one to select low G regions of the nucleus
by looking at forward, i.e. proton-going direction, rapidity and vice-versa.

To this end ATLAS and CMS both intend to measure, and / boson production, especially differentially
in rapidity (or lepton pseudo-rapidity in the, boson case) from p-Pb collisions to constrain the quark
nPDF [203, 204]. Complementing these measurements, CMS has projected the measurement of dijet
pseudorapidity which is sensitive to the gluon nPDF [203]. The measurement of differential CC̄ cross
sections in p-Pb collisions is a novel and potentially precise probe of the nuclear gluon density. Figure 42
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 &2 and nuclear G may be obtained by EW boson (, and /) plus jet events, as
projected by ATLAS [204].

9.1.5 Ultra-peripheral collisions

In addition to the fully hadronic collisions that are the main focus of the heavy-ion program at the LHC,
the large EM fields generated by ultra-relativistic charged ions, which may be thought of as Weizsäcker-
Williams photons, may also interact with the nucleus (photo-nuclear) or with each other (photon-photon).
These UPCs, characterized by an impact parameter greater than twice the nuclear radius, have become
an important part of the heavy-ion program allowing unique avenues of study for both EM and nuclear
interactions. Both CMS and ATLAS have a suite of planned measurements, and it is worth noting that the
ZDCs - key detectors for the identification of UPC - are being upgraded for better triggering capabilities,
segmentation, and radiation hardness in both experiments.
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Figure 42: Distributions of mtop in the (a) 0, (b) 1, and (c) 2 1-tagged jet categories. The sum of the predictions for
the CC̄ signal and background is compared to pseudo-data (sampled randomly from the total of the predictions in each
category). The bottom panels show the ratio between the pseudo-data 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].

Photo-nuclear collisions are an effective tool for the study of the nuclear structure, and several photo-
nuclear collision observables may be used to constrain the nPDF (similar to the p-Pb studies discussed
in Section 9.1.4). It is expected that the cross section for coherent photoproduction of vector mesons
is proportional to the gluon density, and in particular the HL-LHC will allow CMS to extend these
measurements to the Υ(1() meson [203]. The ATLAS measurement of di-jets from photonuclear Pb-Pb
collisions is expected to be statistically significant down to nuclear G ≈ 10−4 with the full integrated
luminosity of the HL-LHC [3].

Besides photo-nuclear interactions, photon-photon interactions are also of great interest. The ATLAS
measurement of exclusive dimuons from WW → `

+
`
− will reach a precision that can be used to calibrate

the photon flux and reduce the uncertainty on the nuclear charge distribution [205]. The rare light-by-light
(LbyL) scattering process, measured by both ATLAS and CMS, is to this point statistics starved and will
greatly benefit from the increased luminosity as well as improvements in triggering capabilities [205]. Of
particular note is the search for BSM axion-like particles, which may be detectable via WW → 0 → WW, 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 Figure 43.

9.2 New results

9.2.1 Measurement of the $$ → 3+3− process with CMS at the HL-LHC [208]

Ultra-peripheral heavy ion collisions, where there is no hadronic interaction between the nuclei, provide
a very clean environment to study various WW-induced processes. These reactions also give rise to the
production of g lepton pairs. With this projection study, we highlight the importance of measuring the
WW → g

+
g
− process using UPC at HL-LHC. We focus on the final state involving one muon and three

charged particles, and hence taking full advantage of the clean photon fusion WW → g
+
g
− events to
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reconstruct leptonic and hadronic g lepton decays, respectively. The WW → g
+
g
− process is sensitive to

physics beyond the standardmodel since it paves theway for improved constraints on the anomalousmagnetic
moment of the g lepton, currently known with poor precision from past lepton-lepton collider [209].

The projection is based on analysis described in Ref. [208] assuming the following uncertainties at the
HL-LHC.

Over 106 (2.5 × 103) WW → g
+
g
− UPC events are expected inclusively (in the fiducial phase space region)

for the expected 13 nb−1 Pb-Pb dataset, hence the statistical uncertainty is expected to affect the fPbPb
WW→g+g−

measurement by . 2%.

The leptonic background (WW → ℓ
+
ℓ
−; ℓ ∈ [e, μ]) is suppressed by track impact parameters by exploiting

the displaced g lepton decays. The hadronic background (WW → qq̄) will be estimated using data-driven
techniques, and we expect its impact to be nondominant (. 1%), which is supported by the current LHC
measurement [208]. Lepton and tracking reconstruction can be better controlled using clean and abundant
WW → ℓ

+
ℓ
−, J/k, Υ and D0 → Kppp,Kp events at the HL-LHC, respectively, therefore we consider the

respective uncertainties at the HL-LHC performance of . 2% for both. The luminosity uncertainty can be
controlled at a level of . 1.5% [210]. Theoretical systematic uncertainties are expected to be dominated by
modeling of the photon flux, nuclear form factors, and nucleon dissociation as shown in Figure 44.

We therefore foresee . 4 (<2)% systematic (statistical) uncertainty in the HL-LHC measurement,
representing approximately a factor of four improvement relative to the current measurement at LHC [208].
By including more decay channels and with improved analysis techniques (e.g., shape analysis of a
kinematical ratio fPbPb

WW→g+g−/f
PbPb
WW→ℓ+ℓ−) the precision in the anomalous magnetic moment of the g lepton is

expected to surpass the existing measurements.
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Figure 44: The WW → g
+
g
− cross section, as expected to be measured in a fiducial phase space region in CMS

assuming 13 nb−1 of Pb-Pb integrated luminosity at the HL-LHC at √BNN = 5.02 TeV and total uncertainty of 4%, is
compared to the current theoretical predictions [211, 212].
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10 EF08: BSM: Model specific explorations

10.1 Yellow Report summary

The ATLAS and CMSCollaborations studied the expected sensitivity to several BSMmodels as documented
in Ref. [3]. This section provides a high-level summary of these studies on searches for '-parity conserving
SUSY processes, leptoquark (LQ) production, and two-Higgs-doublet plus additional pseudoscalar
(2HDM0) models, while new searches are presented in dedicated sections. Expected limits are evaluated
at 95% CL, and discovery potential is quoted at 5f expected sensitivity.

SUSY remains one of the more plausible theories for BSM physics as it answers many of the open questions
in the SM. Searches carried out with the LHC Run 1 and Run 2 datasets have placed stringent constraints
on SUSY particles, in particular for squarks and gluinos in scenarios with large mass differences between
the relevant states. With the increased center-of-mass energy and, more importantly, the factor of ten larger
dataset, the HL-LHC will enable the ATLAS and CMS experiments to probe challenging and unexplored
regions of SUSY phase-space. For example, processes with small cross-sections (e.g. EWK production)
and scenarios with small mass differences between the sparticles will greatly benefit from the larger dataset.
Additionally, the upgraded detectors will offer new capabilities. This includes improved reconstruction of
high momentum particles thanks to the tracker and calorimeter upgrades, improved resolution of missing
transverse momentum allowing for lower trigger thresholds, and precision measurement of the particles’
arrival time provided by the new MIP Timing Detector in CMS.

10.1.1 Searches for wino-like electroweakinos

In many realizations of SUSY, electroweak gauginos (EWKinos) can have masses of the order of a few
hundred GeV and thus be within the reach of the HL-LHC. Once pair-produced, heavy EWKinos can decay
into the lightest neutralino, typically assumed to be stable, by emitting gauge and Higgs bosons. As a part
of the expected comprehensive search program at the HL-LHC, the ATLAS and CMS Collaborations
investigated the prospects of several searches optimized for different EWKino compositions (wino-, bino-,
or higgsino-like). Unless specified, the branching fraction in the mode of interest is assumed to be 100%.

Sensitivity projections for wino-like j̃±1 j̃
0
2 production with decays into either a ,/ or ,ℎ pair were

developed in Ref. [213], where ℎ is the SM Higgs boson. In the case with a / boson in the j̃0
2 decay

chain, a three-lepton final state is used. Signal-like events without 1-tagged jets, large <) , and large �miss
T

are selected. With 5% experimental and 10% theory uncertainties, chargino and neutralino masses up to
1150 GeV could be excluded (Figure 45(a)), compared to ∼650 GeV from similar Run 2 analyses [218,
219]. The discovery potential extends to 920 GeV. Sensitivity to even higher mass EWKinos is achievable
by exploring fully hadronic final-states as demonstrated in Run 2 searches [220, 221] and in the recent
HL-LHC study described in Section 10.2.1.

The second search for wino-like j̃±1 j̃
0
2 production, with ℎ → 11 in the decay, considers events with

exactly one lepton and two 1-tagged jets, with up to one additional non-1-tagged jet [213]. A loose
pre-selection, including �miss

T > 200 GeV and an <11 consistent with the Higgs boson, is applied before
training three BDTs: one each for small, medium, and large mass splittings. A 7% theory uncertainty on
the main top-quark backgrounds and experimental jet uncertainties of 6% are assumed. Chargino j̃±1 and
neutralino j̃0

2 masses up to 1280 GeV could be excluded, compared to 740 GeV in the corresponding Run 2
analysis [222]. The discovery potential reaches 1080 GeV. Using dedicated MVA discriminants to identify
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Figure 45: Projected limits and discovery potential at the HL-LHC for various SUSY processes: (a) wino-like j̃±1 j̃
0
2

production (,/ decay mode) [213]; (b) wino-like j̃±2 j̃
0
4 production (,±,± decay mode) [3]; (c) higgsino-like j̃ j̃
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Figure 46: Projected limits and discovery potential at the HL-LHC for various SUSY processes: (a) g̃!,' g̃!,' (fully
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Higgs bosons at large transverse momentum, as done in a Run 2 search [223], could further improve the
reach at large masses. As in the,/ channel, Run 2 searches with fully hadronic final-states [220, 221]
out-perform those with leptons at high EWKino masses and large mass splittings, yielding sensitivities to
masses as high as 1050 GeV. A new targeted search at the HL-LHC is presented in Section 10.2.1.

The wino-like j̃+1 j̃
−
1 pair-production cross-section is smaller than that of j̃±1 j̃

0
2 , but it is not negligible.

Prospects for searching for j̃+1 j̃
−
1 pairs decaying into,± and j̃0

1 were studied in Ref. [213]. A two-lepton
and �miss

T > 110 GeV final state with no 1-tagged jet is used. With 5% experimental and 5% modeling
uncertainties on the SM background, this search could exclude j̃±1 masses up to 840 GeV, compared to
roughly 400 GeV from the Run 2 analysis [224]. Discovery potential reaches up to < j̃±1 = 600 GeV. While
not dominating the sensitivity of the experiments to wino-like EWKinos, the search for chargino pairs does
increase the overall sensitivity. In addition, the inclusion of fully hadronic channels could further boost the
yield as shown in Refs. [220, 221], where chargino masses in the range 300–750 GeV are probed with Run
2 data.

Lastly, the analysis in Ref. [3] targets the pair production of high mass wino-like j̃±2 j̃
0
4 decaying into

highly compressed higgsino states, thus assumed to be undetectable, and two same-charge, bosons. The
existence of these complex spectra with almost-mass-degenerate higgsino-like EWKinos at low mass
and heavier wino-like sparticles is highly motivated by naturalness arguments. The analysis uses events
with two high transverse-momentum leptons with the same electric charge. A sample of events with high
transverse missing-momentum and moderate hadronic activities is expected to provide the best sensitivity.
Wino-like mass-degenerate j̃±2 s and j̃

0
4s could be excluded up to masses of 900 GeV (Figure 45(b)) for two

assumptions on the value of j̃0
1 mass: 150 GeV (representative of the region of parameter space outside the

reach of the Run 2 search for direct production of higgsinos) and 250 GeV (close to the sensitivity reach of
the same search when extrapolated to the HL-LHC).

10.1.2 Searches for compressed mass spectrum

Searches for the direct production of higgsino states are documented in Refs. [214, 215]. The first search
is based on events with two same-flavor low-transverse-momentum (5–30 GeV) leptons with opposite
electric charge accompanied by one high-momentum jet and missing transverse momentum. The invariant
mass of the dilepton system, the missing transverse momentum and the momentum of the sub-leading
lepton are found to provide the best signal-to-background discrimination in events with no jets identified as
originating from a 1-quark. With experimental systematic uncertainties up to 2.5% (30%) on the prompt
(non-prompt) background yields and 10% on the signal acceptance, mass-degenerate j̃±1 and j̃0

2 particles
with masses up to 250 GeV can be discovered for a mass difference of 15 GeV relative to the lightest
neutralino (Figure 45(c)). For these scenarios, j̃±1 and j̃0

2 with masses up to 360 GeV can be excluded.
The second, similar search is tailored to smaller mass splittings (few GeV) and only considers events with
muons, down to ?T > 3 GeV [215]. It could exclude j̃0

2 masses up to 350 GeV and to mass splittings
between 2–25 GeV for <

j̃
0
2
= 100 GeV (Figure 45(d)). The discovery potential extends slightly above

<
j̃

0
2
= 200 GeV for mass splittings near 5 GeV. It is important to highlight that the Run 2 analyses in

Refs. [225, 226] already exclude masses up to 205 GeV for mass splittings of 7.5 GeV and mass splittings
as small as 2.4 GeV for j̃±1 masses at the edge of LEP exclusions. This originates from the use of additional
channels and the deployment of more advanced techniques than those used for the HL-LHC projections.
Therefore, the HL-LHC projections quoted above should be considered conservative.
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A third search, designed to probe for both pure-higgsino and pure-winos EWKinos in scenarios with highly
compressed spectra (mass differences in the MeV range), is performed in events with disappearing tracks
(short tracklets), large �miss

T with an ISR jet, and no leptons [215]. Backgrounds depend on the detector
layout and material and are scaled from Run 2 based on simulation of the upgraded inner detector and its
layout. Exclusion sensitivity in < j̃±1 reaches up to 600 GeV for the higgsino scenario with a mass splitting
of 0.2 GeV, or up to mass splittings of 0.4 GeV at < j̃±1 = 100 GeV (Figure 45(d)). A recent Run 2 search
[227] is already able to exclude masses up to 500 GeV or mass splittings up to 0.37 GeV respectively by
improving the track-quality requirements compared to the previous search that this projection is based
on.

10.1.3 Searches for staus

Prospects for searches of stau pair-production (either the g̃! , g̃', or both) in final states with two hadronic
taus were assessed [213]. Events with exactly two hadronic taus and �miss

T > 200 GeV are selected;
events with electrons, muons, 1-tagged jets, or high-?T jets are vetoed. Assuming 20% experimental
uncertainties and improved modeling uncertainties, exclusion limits could reach stau masses of 430/730 GeV
(g̃'/combined g̃'+g̃!) (Figure 46(a)) compared to the 120–390 GeV region for the combined scenario with
Run 2 data [228]. The discovery potential spans 110–530 (500) GeV for the combined g̃'+g̃! (g̃!) scenario
(no sensitivity for g̃'). A similar study [229] shows that adding the ℓgℎ decay mode extends the exclusion
bounds by about 60–80 GeV.

10.1.4 Searches for stops

Relatively light stops and gluinos are also a part of natural SUSY models. The large dataset of the HL-LHC
will allow for searches for stops well above 1 TeV in mass, as well as to improve sensitivity in the region
where small mass splittings between the sparticles makes it difficult to discern the signal from SM processes.
The expected sensitivity to stop-pair production with all-hadronic final states was evaluated in Refs. [216,
217]. In the first search, only the regions with mass differences near the top-quark mass and above were
considered. The large mass difference regime is targeted by requiring high momentum jets, large �miss

T ,
and the presence of 1-tagged jets. Stop masses up to 1.7 (1.6) TeV could be excluded under the assumption
of a 15 (30)% uncertainty on the background (Figure 46(b)). For mass differences near the top-quark
mass, an ISR jet is required and the recursive-jigsaw reconstruction technique is employed, and exclusion
sensitivity extends to < C̃ = 850 GeV. The discovery potential extends up to < C̃ = 1.25 and 0.65 TeV for
these two mass splitting scenarios respectively. The Run 2 analysis excludes stop masses up to 1.25 TeV for
large mass splittings and in the range 300–630 GeV for mass splittings near the top-quark mass [230].

The second search [217] also targets scenarios where the mass difference between the stop and the neutralino
is small and the C̃ is kinematically unable to decay to an on-shell top quark. The stop is assumed to decay
into either 1 5 5 j̃0

1 (where 5 is any fermion) or 2 j̃0
1 . Since the search for direct stop pair production would

face major experimental challenges in these scenarios, this analysis looks instead for gluino pair production
where each gluino decays into a stop and a high momentum top quark, used as key signature to discriminate
the signal from the background. The analysis is performed as a projection of a Run 2 search for new physics
in hadronic final states with boosted, bosons or top-quarks, identified using the jet mass, the n-subjettiness
variables and subjet 1-tagging. Signal regions are defined based on the number of, boson and top-quark
candidates, the number of jets, and the value of the razor kinematic variables "' and '2. The projection
results in Figure 46(c) show that HL-LHC would achieve sensitivity for exclusion (discovery) up to gluino
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masses of 2.6 TeV (2.4 TeV) in the considered scenarios. Recent studies in Run 2 data [231] demonstrate
that using algorithms based on deep neural networks to identify hadronically decaying top-quarks and,
bosons can significantly extend the sensitivity of the search with respect to the analysis the projection is
based on [232].

10.1.5 Searches for scalar leptoquarks

Third-generation scalar LQs have recently received considerable interest from the theory community, as
the existence of LQs with large couplings (_ ∼ <!&, measured in TeV) can explain the anomalies in the
B sector reported by the BaBar, Belle, and LHCb Collaborations [233–241]. A search for single and
pair-produced third-generation scalar LQs, followed by the LQ’s decay into a g lepton and a 1-quark, is
performed in events with two hadronically decaying gs and one or two jets, respectively [242]. A binned
maximum likelihood fit to the distribution of the scalar sum of the transverse momenta is used to extract
the signal. Exclusion sensitivity (discovery potential) to the single LQ production extends to LQ masses as
high as 1130 GeV (800 GeV) assuming a Yukawa coupling of one for the LQ-1-g vertex. This represents an
improvement of approximately 400 GeV in exclusion sensitivity and 200 GeV in discovery potential with
respect to the projection for the assumed Run 3 luminosity of 300 fb−1. In the 300 (3000) fb−1scenario, the
corresponding limits for pair production are 1249 GeV (1518 GeV) while the discovery potential reaches
up to a mass of 1200 (1500) GeV. A second search [243] instead addresses the pair-production of scalar
LQs decaying into top-quarks and `s or gs. In the case of mixed decays between these two channels, the
discovery potential (exclusion sensitivity) for leptoquark masses ranges from 1200 to 1700 GeV (1400 to
1900 GeV) depending on the value of the branching fraction as shown in Figure 47(a).
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Figure 47: (a) Expected discovery significance for LQ pair-production as a function of the LQ mass and the branching
fraction. Color-coded lines represent lines of a constant expected significance and the thicker red-line constant
cross-section limits. The red lines indicate the discovery potential [243]. (b) Projected exclusion limits on the
cross-section normalized to the 2HDM0 model versus pseudoscalar mass [244].
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10.1.6 Search for a 2HDMa model with four top quarks

Prospects for a class of 2HDM0 simplified models, where the additional pseudoscalar 0 couples to dark
matter, were evaluated [244]. These models are a relatively simple way to investigate spin-0 mediator-based
DM models. Four benchmark models with different light CP-odd and heavy CP-even boson (�) masses,
as well as with different mixing angles between the two CP-odd weak states were considered. The study
targets models decaying into four top-quarks. The search targets a final state with two same-charge leptons
or three-or-more leptons, as well as at least three 1-tagged jets. The one lepton and all-hadronic final
states are also powerful, but not included in this study. A background uncertainty of 20% is used. The
sensitivity to the four scenarios varies with the mass and mixing angles, shown in Figure 47(b). For
example, for sin \ < 0.35 all <0 ≤ 1 TeV are expected to be excluded for <� = 600 GeV. While mixing
angles, sin \ > 0.95, are expected to be excluded for <0 = 350 GeV and <� = 1 TeV.

10.2 New results

10.2.1 Hadronic electroweak supersymmetry search with CMS at the HL-LHC [221]

This section presents the projection from a Run 2 CMS search with 137 fb−1of data for electroweak
production of supersymmetric particles [221] to the full expected luminosity of the HL-LHCwith 3000 fb−1.
The search is performed by selecting events with at least two large-area jets (AK8) jets with ?) > 200 GeV
and ?miss

T > 200 GeV.

The AK8 jets are tagged as hadronic W , Z, or Higgs boson candidates. Events are classified into signal
categories consistent with a given diboson pair plus ?miss

T where the combinations W +W −, W ±H, Z 0H, or
W ±Z 0 are considered. The search regions are further binned in ?miss

T to improve sensitivity to electroweak
supersymmetric particle pair production.

The HL-LHC projection described here uses the Run 2 approach for the prediction of SM backgrounds.
The major backgrounds are CC̄, W plus jets, Z plus jets, and diboson production. The signal binning is
kept consistent with the Run 2 search. The signal and background yields are scaled up by the ratio of
luminosity in the Run 2 search to the 3000 fb−1expected at the HL-LHC, as well as the ratio of production
cross-sections at proton-proton collisions of

√
B =13 TeV to 14 TeV, as expected at the HL-LHC. Within

the YR18 systematic uncertainties, the,- and Higgs-boson tagging uncertainties are reduced by a factor
of 2 compared to the Run 2 search based on better available precision in data control samples for data to
Monte Carlo comparisons. The search sensitivity is limited by the statistical precision available in search
region data for both Run 2 and the HL-LHC projection.

The projection is interpreted in two models of supersymmetry, both with a bino-like lightest supersymmetric
particle (LSP): one with a higgsino-like next-to-LSP (NLSP) and one with a wino-like NLSP. The higgsino-
like NLSP scenario considers one charged and two neutral higgsinos, χ̃±1 , χ̃

0
2 , and χ̃

0
3 , respectively, that are

produced in pairs. The bino-like LSP is χ̃0
1 . The following decays are assumed with 100% branching ratios:

χ̃
±
1 → W±χ̃0

1 , χ̃
0
2 → Z χ̃0

1 , and χ̃
0
3 → Hχ̃0

1 . Higgsino pair production thus results in a combination of the
following signals: W ±W ∓, W ±H, W ±Z, and Z H, which are combined to give the 95% CL expected
upper limit as shown in Figure 48(a). The wino-like scenario includes one charged and one neutral wino,
χ̃
±
1 and χ̃0

2 . The χ̃
±
1 decays into W±χ̃0

1 while the χ̃0
2 is allowed to decay into either Z χ̃0

1or H χ̃
0
1 . Results

for Z and H decays are shown in Figures 48(b) and 48(c), respectively. The HL-LHC projection results
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are compared to the Run 2 results, where gains in sensitivity of around 500 GeV are expected, pushing
higgsino (wino) sensitivty as high as 1390 (1590) GeV.
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Figure 48: Projected 95% CL exclusion for 3000 fb−1 (red) for (a) mass-degenerate higgsino-like χ̃±1 χ̃
0
2 , χ̃

±
1 χ̃

0
3 ,

χ̃
±
1 χ̃
∓
1 , and χ̃

0
2 χ̃

0
3 production, and wino-like χ̃±1 χ̃

∓
1 and χ̃±1 χ̃

0
2 production assuming (b) B(χ̃0

2 → Z χ̃0
1 ) = 1 or (c)

B(χ̃0
2 → Hχ̃0

1 ) = 1 as functions of the NLSP and LSP masses. Projections are compared to results from the LHC
Run 2 with 137 fb−1(black). Projected 5f and 3f expected significance curves (blue) are also included. [221]

10.2.2 Search for top squarks in final states with two top quarks and several light-flavor jets with
CMS at the HL-LHC [245]

This section presents the projection of a CMS Run 2 search for top squark pair production under '-parity
violating (RPV) and stealth models of supersymmetry [245]. In the RPV model considered here, j̃0

1 is the
LSP, and it decays into three light-flavor quarks via an off-shell squark as a result of a trilinear Yukawa
coupling between quarks and squarks. The benchmark stealth model for this search (SYY) assumes a
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minimal stealth sector with only one scalar particle S with even '-parity and its nearly mass-degenerate
superpartner S̃ (both of which are singlets under all SM interactions), and a portal mediated by loop
interactions involving a new vector-like messenger field (Y), the gluon (g), j̃0

1 , S, and S̃. Each top squark
decays to a gluon, top quark, and S̃. Each S̃ then decays to a very light gravitino (carrying away very little
�
miss
T ) and S, which decays to jets via S→ gg.

Thus, in both scenarios, the final state is CC̄ + jets with minimal additional �miss
T . As this final state looks

very similar to pair production of top quarks with additional jets in the standard model, the CC̄ + jets process
is the dominant, irreducible background process for the analysis. The main topology feature that does
differentiate the signal and background is the high jet multiplicity. The analysis selects events that contain
exactly one isolated lepton, at least seven jets, and at least one b-tagged jet.

The difficulty in discerning signal from background via any single object- or event-level variable further
motivates how the backgrounds are to be estimated. To discriminate signal from background, the analysis
uses a binary classifier neural network, trained using jet four-vectors and event shape information as input
features, and including a gradient reversal layer to ensure that the neural network output score (NN remains
largely independent of the jet multiplicity. Events are grouped into four categories or (NN bins. The (NN,1
category contains the most background-like events while (NN,4 would be the most enriched with signal
events. In each of these bins, the #jets spectrum is the focus and the (NN bins are defined such that the
shape of the CC̄ + jets #jets spectrum is the same in each of the four categories, removing any residual
differences present after the gradient reversal approach.

A simultaneous fit of the #jets spectrum in the four (NN bins is used to estimate the background component
from CC̄ + jets. The background dominated region (NN,1 acts as a quasi-control region and constrains the
overall fit. The QCD multijet background is estimated from a dedicated control region, while other minor
backgrounds are estimated directly from simulation. A presence of signal would alter the #jets shape
differently in each of the four (NN bins, which could not be absorbed by the fit. Systematic uncertainties in
the CC̄ modeling may have a similar effect and are a limiting factor for the search sensitivity.

For the HL-LHC projection, the same analysis strategy is used. A background-only fit to the #jets

distributions using 2016 data is scaled up, bin-by-bin, by the ratio of the 3000 fb−1expected at the HL-LHC
to the 2016 luminosity. The production cross sections are maintained at the values for 13 TeV?? collisions,
as the increase in energy to 14 TeVis not expected to have a significant impact, given the relatively low top
squark masses (. 1.4 TeV) considered.

Monte Carlo statistical uncertainties are eliminated from the fit for the projection. Modeling uncertainties
associated with renormalization and factorization scales, the underlying event, and the modeling of �T, jet
mass, and jet ?T are all halved. Experimental uncertainties related to JER and JEC are reduced based on
the HL-LHC expectations. Uncertainties with negligible impacts either remain unchanged from Run 2 or
are removed entirely.

For the HL-LHC, in the RPV and stealth SUSY models, projected 95% CL exclusion upper limits on the
top squark pair production cross section are shown in Figure 49. With the improvements for the HL-LHC,
the cross-section sensitivity is projected to improve by a factor of ∼3–7 across the range of top squark
masses considered. The limit on the top squark mass is projected to reach approximately 870 GeV (1190
GeV) in the RPV (stealth) SUSY scenario. This limit can be compared to that observed in Run 2 with
137 fb−1, which excludes top squark masses above 670 GeV (870 GeV) at the 95% CL for RPV (stealth)
SUSY models.
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Figure 49: Projected 95% CL upper limit on the top squark pair production cross section as a function of the top
squark mass for the (a) RPV and (b) stealth SUSY models for 3000 fb−1. Observed limits with the Run 2 dataset of
137 fb−1 are also overlaid. Assumed particle masses and branching fractions are included on the plot. The expected
cross section computed at NNLO+NNLL accuracy is shown in the red curve.

10.2.3 Search for leptophobic `′ resonances decaying to charginos in the dilepton plus missing
transverse energy final state with CMS at the HL-LHC [246]

Searches for high mass resonances have been performed by ATLAS and CMS since the beginning of
LHC data taking, however these searches mainly focus on direct resonance decays to SM particles. Yet,
well-motivated theoretical mechanisms also suggest scenarios where resonances decay to BSM particles.
One example is the leptophobic / ′ bosons appearing within the context of the U(1)’ MSSM (UMSSM)
scenario, which is derived by embedding supersymmetry in the unified gauge group �6. The leptophobic
/
′ can decay into a chargino pair, where each chargino decays into a leptonically decaying, boson and

a neutralino, leading to a clean opposite charge dilepton plus missing transverse momentum final state.
A dedicated analysis is designed to explore the sensitivity of HL-LHC and the Phase-2 CMS detector to
/
′ decays to charginos in this final state in the 4+4−, `+`− and 4±`∓ plus missing transverse momentum

channels [246].

The study is based on signal and background events generated at a center-of-mass energy of
√
B =14

TeV. Leptophobic / ′ exclusively decaying as / ′→ j̃
+
1 j̃
−
1 → ,

+
j̃

0
1,
−
j̃

0
1 → ℓ

+
a j̃

0
1ℓ
−
a j̃

0
1 is considered

as the signal process and events are generated for varying masses <(/ ′) and <( j̃±1 ) with the constraint
<( j̃±1 ) = 2<( j̃0

1). A theoretical framework with a narrow Z’ width is considered, where the width is
calculated to be approximately 1.5% of the Z’ mass, depending on the signal point. Backgrounds include the
dileptonic decays of CC̄+jets (80.22 pb), Drell-Yan+jets with<ℓℓ >100GeV (246.5 pb),,/ (→ 3ℓ+a)+0jets
(3.125 pb),,/ (→ 3ℓ + a) + 1jet (0.955 pb), ++ → 2; + 2a and + = ,, / (13.23 pb). The Phase-2 CMS
detector response is simulated using the Delphes fast detector simulation framework.

A preliminary selection is applied enhancing the features of signal and eliminating most of the reducible
backgrounds. Events are required to have an opposite charge lepton pair with leading (trailing) lepton
transverse momenta > 80 GeV (40 GeV), missing transverse momentum ?

miss
T ≥ 80 GeV, dilepton invariant

mass > 110 GeV, and zero jets identified as originating from 1-quarks. A deep neural network (DNN)
is constructed for signal extraction, as individual variables are not sufficient to effectively discriminate
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signals from the backgrounds. The DNN allows to boost the signal sensitivity without loss of signal events
by additional selection. Inputs to the DNN consist of the kinematic features ?) (ℓ;403), ?) (ℓCA08;), " (ℓℓ),
?
<8BB
) , | ®?) (ℓℓ) + ®?

<8BB
) |, | ®?) (ℓℓ) + ®?

<8BB
) | − ?) (ℓℓ), transverse mass ") ( ®ℓℓ, ®?

<8BB
) ) and the stransverse

mass ") 2, along with the topological features Δq(ℓ, ℓ), Δq( ®?<8BB) , ®?) (ℓℓ)), Δq( ®?
<8BB
) , ®?) (ℓ)), Δ'(ℓ, ℓ)

and Δ'( ®?) (ℓℓ), ®?
<8BB
) ). The DNN is constructed using a supervised learning algorithm. It is trained

in the 4+4−, `+`− and 4±`∓ channels separately and individually for each signal mass point in order to
optimize the performance for each mass point.

The expected upper limits at 95% CL on the ?? → /
′ production cross section computed with the CLs

method for the YR18 systematic uncertainties scenario are shown versus / ′ and chargino masses in
Figure 50. Branching ratio for the / ′ → j̃

+
1 j̃
−
1 → ,

+
j̃

0
1,
−
j̃

0
1 decay is considered to be 1. With the

combination of 4+4−, `+`− and 4±`∓ channels, the analysis will be able to exclude / ′ masses up to 4.5
TeV for the narrow /

′ width scenario for an integrated luminosity of 3000 fb−1.
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Figure 50: The expected upper limits at 95% CL on the ?? → /
′ production cross section computed with the

CLs method for the combination of 4+4−, `+`− and 4±`∓ channels for a narrow width / ′ scenario, with / ′ width
approximately 1.5% of the Z’ mass. Branching ratio for the / ′→ j̃

+
1 j̃
−
1 decay is considered to be 1 and neutralino

masses are taken to be half the chargino masses. [246]

10.2.4 Seesaw model searches using multilepton final states with CMS at the HL-LHC [247]

The discovery of neutrino flavor oscillations in experiments by Ray Davis in the late 1960s and subsequent
studies indicated that neutrinos have non-zero masses much smaller than those of the charged leptons.
SM predicts massless neutrinos and does not offer an explanation for the origin of those small masses.
The experimental results and the SM predictions can be reconciled by addition of new terms to the SM
Lagrangian. One of the best known proposals is the seesaw mechanism, in which a small Majorana mass
can be generated for each of the known neutrinos by introducing massive states with Yukawa couplings to
leptons and to the Higgs field. Seesaw mechanism can be realized in three scenarios, called Type-I, Type-II
and Type-III which introduce heavy states of mass M, that involve, respectively, weak-isospin singlets,
scalar triplets, and fermion triplets.

Since Run 1 of the LHC, numerous studies have been performed both by ATLAS and CMS to search for the
various BSM particles predicted by the three types of seesaw models in different decay channels. This study
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explores the projected sensitivity of the HL-LHC and the Phase-2 CMS detector to Type-I and Type-II
seesaw models in final states with at least three leptons, which can be achieved by both scenarios [247].
The =ℓ ≥ 3 final state also allows to avoid most of the SM backgrounds with large cross-sections such as
those arising from W plus jets, Drell-Yan and top quark pair production processes.

The study is performed using signal and background Monte Carlo events generated at a center-of-mass
energy of

√
B =14 TeV. Signal events are produced for the following BSM particles, productions and decays

predicted by the two scenarios, for different values of BSM particle masses:

• Type-I: ?? → #ℓ
± and ?W → #ℓ

±
9 with # → a/ and # → ℓ

±
,∓;

• Type-II: ?? → Δ
±±
Δ
∓∓ and ?? → Δ

±±
Δ
∓ with Δ±± → ℓ

±
ℓ
± and Δ± → ℓ

±
a;

Background processes considered are CC̄,,/ ,,, , // , CC̄/ , CC̄, ,,,, ,,,/ ,,// and /// . The
Phase-2 CMS detector response is simulated using the Delphes fast detector simulation framework.

Events are required to have at least three tightly identified and isolated leptons (electrons or muons) with
?) > 30 GeV and |[ | < 2.1. The signal processes consist of multiple leptons with large boosts originating
from high mass resonances. This feature is exploited by requiring high values of !) , the scalar ?) sum
of all charged leptons. Moreover, dilepton invariant masses are calculated from each possible dilepton
combination in an event, and the minimum and maximum invariant mass values min(<ℓℓ) and max(<ℓℓ)
are obtained. The minimum invariant mass is required to be min(<ℓℓ) > 120 GeV. Signal regions are
defined for 3 high !) bins of 300-400, 400-600 and 600-14000 GeV; and 3 high max(<ℓℓ) bins of 120-300,
300-500 and 500-14000 GeV. Events in each !) -max(<ℓℓ) bin are further categorized into 11 lepton flavor
configurations 340`, opposite charge 241`, same charge 241`, opposite charge 142`, same charge 142`,
043`, 440`, 341`, 242`, 143` and 044`, which subsequently lead to 99 signal regions.

Figure 51 shows the exclusion limits at 95% CL on the # and ΔΔ production cross sections as functions of
# and Δ masses at an integrated luminosity of 3000 fb−1.

(a) (b)

Figure 51: Exclusion limits at 95% CL on the # and ΔΔ production cross sections as functions of <# , and <Δ for
(a) the Type-I scenario where # only mixes with a muon with

��+;# ��2 = 1.0 and (b) the Type-II scenario with nominal
neutrino mass hierarchy. [247]
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11 EF09: BSM: More general explorations

11.1 Yellow Report summary

This section showcases a few examples from [3] with references to the detailed studies. For the majority
of CMS analyses, signals and background were simulated with present tools (generators, PDF sets) and
the detector response refers to the envisaged Phase-2 detector and HL-LHC conditions including PU.
Systematic uncertainties are included based on the present understanding. The ATLAS studies are based
on generator-level information with parameterized estimates applied to the final state particles to simulate
the response of the upgraded ATLAS detector under Phase-2 PU conditions.

11.1.1 Compositeness

Compositeness models, which assume new substructures of particles considered as "fundamental" in the
SM, can predict the existence of excited leptons (ℓ∗) and quarks (@∗) or heavy Majorana neutrinos (#).
Model parameters are the compositeness scale Λ and the mass of the excited particle such as "ℓ∗ , "@∗ or
" (#ℓ). The CMS searches for compositeness in these channels at the HL-LHC are summarized below.

Discovery limits for excited electrons (4∗) and muons (`∗) have been investigated [248]. The excited lepton,
produced in conjunction with its SM lepton partner, emits a high-energy photon while transitioning into its
SM state resulting in a final state of ℓℓW. Both leptons (with leading and subleading ?) ) and the photon are
reconstructed, but which of the leptons derives from the decay cannot be identified. In fact their ?) ranking
changes as a function of the excited lepton mass (<ℓ∗). Thus two masses are reconstructed by pairing
the (sub)leading lepton with the photon, a minimal (<<8=ℓW ) and a maximal mass (<<0GℓW ). Plotting both
masses against each other, the signal is concentrated in two bands of an inverted L shape in this plane while
the background is scattered in an uncorrelated way at low masses (see example of the electron channel
in Figure 52). The analysis optimized for HL-LHC conditions indicates that the discovery potential 3f
evidence (5f discovery) is possible for both excited electrons and muons with masses up to 5.5 (5.1) TeV. If
no significant discrepancies are seen, excited leptons with masses below 5.8 TeV could be excluded at 95%
CL, compared to 3.9 TeV for the excited muon and 3.8 TeV for the excited electron mass at present [249].

Heavy composite Majorana neutrinos are new particles which would result from compositeness as well.
From the various production and decay channels, the final state with two same-flavor leptons and at least
one large-radius jet was studied [250]. The heavy Majorana neutrino, #ℓ , is produced in conjunction with
the same flavor SM lepton (ℓ = 4, `) and subsequently decays into a second SM lepton and a quark pair,
according to ?? → ℓ#ℓ → ℓℓ@@̄

′. The analysis reconstructs the quark pair as a large-radius jet (labelled �)
and both isolated leptons. The resulting invariant mass " (ℓℓ�) has a good separation power to distinguish
the high-mass signal from the background. Figure 53 shows the background after all selection steps along
with a signal example in the muon channel for Λ = " (#ℓ) = 6 TeV. The electron channel is comparable.
At the HL-LHC, CMS will be able to exclude heavy electron and muon neutrinos masses up to 7.6 TeV
for a compositeness scale Λ = " (#ℓ). Exclusion will be possible for masses up to 8 TeV and Λ up to 40
TeV (see Figure 53) compared to the present mass limits of 4.6 and 4.7 TeV from the electron and muon
channels, respectively [251].
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Figure 52: Searches for compositeness. (a) Excited leptons are searched for in a two dimensional plane defined by the
two invariant masses <<8=4W and <<0G4W . (b) CMS discovery reach for excited electrons at the HL-LHC as a function of
the excited electron mass <4∗ . [248]
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Figure 53: Searches for compositeness. (a) Distribution of the discriminating variable " (``�) in the search for
heavy Majorana neutrinos, considering for signal example Λ = " (#ℓ) = 6 TeV. (b) Expected lower limits on the
compositeness scale Λ as a function of the mass of the heavy composite Majorana neutrino in ``@@̄ channel. [250]
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(a) (b)

Figure 54: (a) Transverse mass distributions for events satisfying all selection criteria in the, ′((" → 4a search.
Expected signal (mass 6.5 TeV) is compared to the stacked sum of the main expected backgrounds. (b) ATLAS
exclusion (red) and discovery reach (blue) for the search for / ′((" and / ′j bosons as a function of the center-of-mass
energy. Dilepton results are combination of electron and muon channel results [252].

11.1.2 New gauge bosons and resonances

New gauge bosons are predicted in several extensions to the SM. The predicted discovery potential of the
new heavy, ′ and / ′ bosons in 3000 fb−1 of simulated

√
B=14 TeV proton–proton collision data have been

investigated.

,
′ bosons are searched for by ATLAS in final states with a bottom and a top quark or with a lepton plus

missing transverse energy [252]. Assuming a right-handed, ′ boson,, ′ masses up to 4.9 TeV can be
excluded with the first search, while the latter search excludes , ′ bosons predicted in the Sequential
Standard Model (SSM) for masses up to 7.9 TeV (see Figure 54(a)). The ATLAS Run 2 searches for, ′

bosons in the, ′→ C11̄ → ;a11̄ final state excluded, at the 95% confidence limit (CL), right-handed, ′

bosons (, ′', with a coupling to the SM particles equal to the SM weak coupling constant, masses up to
3.15 TeV using 36 fb−1 of data [253].

Searches for / ′ bosons at the HL-LHC are performed in several decay channels for a range of center-of-mass
energies and luminosities. ATLAS has performed sensitivity studies for / ′ bosons decaying to two top
quarks and to two lepton (electron and muon) final states. The latter channel produces the best limits,
excluding masses below 6.5 TeV for Sequential Standard Model / ′ bosons in the combined dimuon and
dielectron channel [252]. Exclusion and discovery limits are also predicted for different center-of-mass
energies of

√
B =13, 14 and 15 TeV [252]. These are summarised in Figure 54(b). As for / ′ → CC̄ final

states, masses below 4 TeV are expected to be excluded in the Topcolour-assisted Technicolour model
considered. This can be compared to the Run 2 search for / ′→ CC̄ using 36.1 fb−1 of data, which allowed
the exclusion at 95% CL of the / ′ bosons,using a width of 1% for the Topcolour-assisted Technicolour
model boson, upper limits on the production cross-sections vary from 25 pb to 0.02 pb for masses from 0.4
TeV to 5 TeV[254].

In CMS, a study was performed in the challenging tau plus missing transverse momentum final state [255].
Among many interpretations, a key case is a, ′ within the context of the SSM. Scenarios with SM-like and
also weaker couplings 6, ′/6, ≠ 1 are studied. For the g lepton, the analysis uses the dominant hadronic
decays (∼60%), which are reconstructed as jets with a g identification algorithm. The discriminating
variable for the search is the transverse mass (<) ) calculated from the transverse momentum of the hadronic
g and the missing transverse momentum due to neutrinos. Unlike the light lepton , ′ search channels,
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Figure 55: (a) Discovery significance for a SSM,
′ boson decaying to g + ?miss

T . (b) Expected limit on the coupling
ratio 6, ′/6, as a function of the, ′ boson mass decaying to g + ?miss

T with the 2D cross-section limit represented by
the color code. [255] (c) Expected cross-section limits for a Randall-Sundrum gluon decaying to CC̄ with contributions
from the various final states. [257]

the signal shape does not exhibit a Jacobian peak due to the presence of two neutrinos in the final state
but it is expected to concentrate at high <) where the SM background is low. Using the hadronically
decaying g lepton, the, ′ mass reach for a potential discovery increases to 6.9 TeV for a 3f evidence and
6.4 TeV for a 5f observation, as shown in Figure 55. The present Run 2 SSM,

′ mass exclusion limit
reach is 4.6 TeV [256]. The sensitivity to smaller values for the couplings extends significantly, as shown
in Figure 55.

Another interesting channel to search for new heavy resonances, such as Randall-Sundrum (RS) gluons, is
the CC̄ final state [257]. Reconstructing the event topology of a CC̄ state requires special techniques. The
fully hadronic top quark decays, where the decay products are merged into a single jet, are analysed using
jet substructure variables and top quark identification algorithms. Events are classified according to the
number of 1-tagged jets (0, 1 or 2). In the lepton+jets final state the single lepton (4, `) provides a handle
to extract the signal. A strong discrimination can be achieved by reconstructing the mass of the CC̄ system
using the, boson mass constraint and the I-component of the neutrino system. To improve the sensitivity,
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the events are categorized according to their lepton flavor and the number of C-tagged (0 or 1) large-radius
jets. At the end, all channels are combined to determine the HL-LHC sensitivity, gaining about a factor two
with respect to a single channel. A comparison of the contributions from each final state to the combination
is shown in Figure 55. Discovery with 5f significance reaches a heavy resonance mass up to 5.7 TeV. The
production of an RS gluon with a mass up to 6.6 TeV is excluded at 95% CL at the HL-LHC, improving
the present limit of 4.5 TeV [258].

11.1.3 Long-lived particles and displaced signatures

Long-lived particles (LLP) arise in several new physics models which answer open questions in particle
physics relating to dark matter, neutrino mass, matter-antimatter asymmetry and naturalness. Many of
these theoretical models predict the existence of new neutral particles that can be long-lived, which may
be produced in the proton-proton collisions of the LHC and decay back into SM particles far from the
interaction point resulting in displaced signatures.

Long-lived particles decaying within the tracking volume to multiple outgoing charged particles can be
searched for using a signature of a displaced vertex and missing transverse momentum, in the upgraded
ATLAS detector for the HL-LHC. The replacement of the existing tracking detector with a full-silicon
inner tracker (ITk) significantly changes the search sensitivity, which is estimated using extrapolations
of the reconstruction capabilities for displaced tracks and displaced vertices from a combination of the
performance of the current detector and a simulation of the proposed upgraded detector.

The signature of a displaced vertex and missing transverse momentum, resulting from an LLP, is studied
to determine limits on gluino R-hadron pair production [259]. For long-lived gluinos that decay to SM
quarks and a 100 GeV stable neutralino, ATLAS has the sensitivity to discover R-hadrons with lifetimes
from 0.1 to 10 ns with masses up to 2.8 TeV, as shown in Figure 56(a) [259]. In the absence of long-lived
gluino production, the 95% CL upper limit on gluino masses will reach 3.4 TeV. These limits exceed
those achieved in the Run 2 search using 32.8 fb−1 of data, which excluded, at 95% CL, the production of
long-lived gluinos with masses up to 2.37 TeV and lifetimes ranging from the order of 10−2 to 10 ns, in a
simplified model inspired by Split Supersymmetry [260].

Displaced jets of particles are predicted in several BSM models. For example some dark matter models
predict dark photons which decay to leave give displaced, collimated jets of muons [261]. These particles
can also be long-lived with decay lengths comparable to, or even larger than, the dimensions of the LHC
experiments. The triggering and track reconstruction capabilities of the ATLAS muon spectrometer
have been exploited to search for neutral long-lived particles decaying to pairs of muons in Run 2 and
set exclusion limits on their mass and lifetime. ATLAS has investigated this signature in the context of
a Hidden Sector model and determined the sensitivity prospects for HL-LHC [261]. Two new muon
trigger algorithms are studied to improve the selection efficiency of displaced muon pairs. The resulting
cross-section times branching fraction of � → 2W3 + - , at 95% CL upper limit, as a function of the
dark photon (W3) lifetime, considering 45% dark photon branching fraction to muons is summarized in
Figure 56(b). The exclusion contour plot in the plane defined by the W3 mass and the kinetic mixing
parameter, n , is shown in Figure 56(c), for the scenario assuming a Higgs boson decay branching fraction
to the hidden sector of 1%. The contour achievable in Run 3 with 300 fb−1, shown in red, is compared
to that accessible with 3000 fb−1 at the HL-LHC including the multi-muon scan trigger improvement,
drawn in orange. The 95% CL exclusion limit on the dark photon average cg, where g is the lifetime, is
expected to improve, extending the lower bound down to 0.97 mm and the upper bound up to 597 mm,
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(a) (b)

(c)

Figure 56: (a) Discovery reach and upper limit on the mass of gluino R-hadrons as a function of the gluino lifetime,
for a background of 1.8+1.8−0.9 events. [259] (b) Exclusion contour plot in the plane defined by the dark photon (W3)
mass and the kinetic mixing parameter n . (c) 95% CL upper limit on the cross-section times branching fraction of
� → 2W3 + - as a function of the W3 lifetime, considering 45% dark photon branching ratio to muons. [261]

assuming a branching ratio of the Higgs boson decay to the Hidden sector of 10%. Moreover, the search at
the HL-LHC is expected to probe BR

(
� → 2W3 + -

)
down to ∼1%, where the Run 2 analysis lacks of

sensitivity [261]. ATLAS has performed Run 2 searches for displaced decays of dark photons to muon
pairs using Run 2 data [262].

Heavy stable charged particles (HSCP) are expected to move slower than the speed of light (V = 1) and
hence could be identified based on their longer time-of-flight (TOF) from the center of CMS to the outer
muon system. The RPC part of the CMS muon system will improve its time resolution substantially, from
the current 25 ns to 1 ns in Phase-2. This can be exploited in model-independent HSCP searches based on
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an improved reconstruction efficiency as a function of [ and V [15]. For [ < 1.5, an efficiency of about 90%
can be reached for values of V > 0.25. For comparison, in Run 2, the trigger is highly efficient between 0.6
< V < 1, but only about 20% efficient for V < 0.5.

11.2 New results

11.2.1 Sensitivity projections for a search for new phenomena at high dilepton mass with CMS at
the HL-LHC [263]

A search for new physics in high-mass dielectron and dimuon final states with the full Run 2 dataset at√
B = 13TeV, including for the first time a test of lepton flavor universality (LFU) in these final states,

has been reported by CMS [264]. Expected lower mass limits and the discovery sensitivity for narrow
resonances, as well as the sensitivity to LFU violation in the dimuon-to-dielectron cross-section ratio
'`+`−/4+4− , for the Run 2 + 3 and HL-LHC datasets are derived based on these results. Background
and signal yields are scaled to the expected luminosities, taking into account changes in

√
B and detector

acceptance. A detailed description of the extrapolation techniques and the results can be found in
Ref. [263].

Minimal lepton ?T requirements (35GeV for electrons, 53GeV for muons) are assumed to be unchanged
from Run 2, whereas the maximum lepton pseudorapidity is extended from |[ | < 2.4 (2.5) to |[ | < 2.8
(3.0) for muons (electrons) with the upgraded Phase-2 detector. Events with two electrons with |[ | > 1.56,
rejected in Run 2 due to high background levels from jets misidentified as electrons in this region, are
included in the extrapolated results for the HL-LHC dataset, but not the Run 3 dataset. The impact of the
change in acceptance on background and signal yields is evaluated, respectively, using / ′ and Drell–Yan
(DY) events. Lepton trigger, reconstruction, and selection efficiencies, as well as the detector resolution,
are assumed to be constant from Run 2 to Run 3 and the Phase-2 detector for the leptons selected in this
search.

To account for the different
√
B values, signal cross-sections for the / ′SSM and / ′k benchmark models and

the dominant DY background are calculated at
√
B = 13, 13.6, and 14TeV at LO. The cross-sections of

subdominant backgrounds are scaled in the same way as the DY backgrounds.

Using these extrapolations, expected limits on / ′ resonant production are derived as a function of the
resonance mass (<) for narrow spin-1 resonances, which are shown in Figure 57(a) for the HL-LHC
scenario. The lower mass limits for both / ′SSM and / ′k are expected to increase by about 300GeV for the
Run 2 + 3 dataset and 1.7 TeV with the full HL-LHC dataset, with respect to Run 2. As the impact of
systematic uncertainties on these results was found to be negligible, the uncertainties from Run 2 are used
without modifications.

The resulting product of the signal cross-section and branching fraction for a 5f local significance ranges
from 9.0 × 10−5 pb at < = 1TeV to 1.8 × 10−6 pb at < = 7TeV. The largest mass that would lead to a 5f
discovery at the HL-LHC is 6.27 TeV for the / ′SSM model and 5.72 TeV for the / ′k model.

To test LFU at high dilepton masses, the cross-section ratio '`+`−/4+4− for the DY process is measured
using a profile-likelihood method, where the likelihood describes the shapes of the mass distributions above
a mass value <threshold and includes corrections for the different acceptance and efficiency in the dimuon
and dielectron final states. The expected uncertainty on measurement as a function of <threshold is shown in
Figure 57(b). For dilepton masses above 1 TeV, the expected uncertainty improves by a factor of 2 (5) with
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respect to Run 2 results for the Run 2 + 3 (HL-LHC) dataset. Reducing the systematic uncertainties for the
HL-LHC dataset has a negligible effect on the uncertainty on '`+`−/4+4− .
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Figure 57: (a) Expected exclusion limits at 95% CL as a function of resonance mass < for narrow spin-1 resonances
with the full HL-LHC dataset, compared to Run 2 (shaded). Signal cross-sections for the / ′SSM and / ′k benchmark
models are also shown. (b) Uncertainty on the measurement of the dimuon-to-dielectron cross-section ratio
'`+`−/4+4− as a function of the lower mass threshold <threshold for the Run 2, Run 2+3, and HL-LHC datasets. [263]
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12 EF10: BSM: Dark matter at colliders

12.1 Yellow Report summary

The existence of dark matter (DM) is implied from astrophysical observations. In spite of the abundance
of DM, its origin and nature remain unknown. This mystery is the subject of an active experimental
program planned for the HL-LHC, extending the current existing limits on mass and coupling parameters.
In addition to traditional searches, there is an increasing interest in new physics models which predict
long-lived particles (LLPs).

DM particles are not expected to interact with the detector, but can be inferred by a large amount of missing
transverse momentum (?miss

T ). The specific search strategy depends on the type of particle or system
accompanying the unseen DM. Both the ATLAS and CMS Collaborations have performed searches for DM
particles produced in association with jets, photons,, or / and Higgs bosons, significantly constraining the
allowed parameter space for generic classes of models predicting DM candidates [265]. The sensitivities
for ATLAS and CMS to detect DM in association with a / boson [266], monophoton [267], monojet [268]
and monotop [265] at the HL-LHC are described below. In addition to these searches, the prospective
sensitivity for long-lived dark photons which decay into displaced muons has been studied by the CMS
Collaboration [100].

12.1.1 Search for DM produced in association with a ` boson

CMS has performed a study which considers a scenario with a vector mediator / ′ decaying into a pair Dirac
fermion DM candidates j, recoiling against a leptonically decaying / boson. In addition to the masses
of vector mediator and DM candidate, <<43 and <�" , the model has two free coupling parameters;
6@, the universal mediator-quark coupling, and 6�" , the mediator-DM coupling. In addition to the
simplified model, one with a second higgs doublet and a pseudoscalar (0+2HDM) is considered. This
is a gauge-invariant and renormalizable model that contains two neutral and charged scalars, ℎ, � and
�±, and two pseudoscalars (0,�) where the 0 and � bosons mix, allowing ℎ→ 0/ decays. The a boson
subsequently decays to DM particles producing a / + ?miss

T signature. While this signature is similar to the
simplified models, there is a Jacobian peak present in both the ?miss

T and the ?/) distributions, caused by
the resonant ℎ→ 0/ decay.

The signal consists of events that have a well-reconstructed / boson with large amounts of missing
transverse momentum. Except for the effects of initial state radiation, the invisible particles and the /
boson are expected to be produced back-to-back in the laboratory frame. As such, the signal selection
focuses on extracting events with a balanced topology. Three control regions are used to predict the SM
backgrounds: the opposite-flavor lepton region, used to estimate non-resonant backgrounds; the low-?miss

T ,
used to estimate the contribution from the Drell-Yan process; and the 3-lepton/4-lepton regions used to
estimate the diboson processes which are the largest backgrounds. The signal extraction is performed using
a maximum-likelihood fit to the ?miss

T spectrum simultaneously in the signal and control regions.

To compensate for differences between Run 2 and HL-LHC conditions, additional rescaling procedures
are applied. Scaling takes into consideration the change in center-of-mass energy from

√
B = 13 TeV to

14 TeV, the increased pile-up which may result in degradation of the ?miss
T resolution by a factor of 1.5-2,

conservatively taken as a factor of 2, and the increased integrated luminosity. To account for the latter the
normalization of simulation samples is scaled to integrated luminosities of between 300 fb−1and 3000 fb−1.
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Figure 58: Expected 95% CL exclusion limits on the signal strength for (a) vector-mediated DM production in the
plane of mediator and DM masses and (b) the 0+2HDM scenario as a function of the mass of the main DM mediator,
0, and the masses of the � and � bosons <ℎ = <� [266]. Results are presented for different systematic scenarios.
Scenario labeled as “Run 2” corresponds to Ref [269].

Signal significances and exclusion limits are calculated with the asymptotic approximation of the �!B
method and are shown in Figure 58. Figure 59 shows the expected discovery significance and exclusion
sensitivity for the vector-mediated DM scenario as a function of integrated luminosity [266].

12.1.2 VBF+Kmiss
Z and mono-photon final states

Simplified models, inspired by SUSY and the Minimal Dark Matter models, predict extensions of the SM
by the addition of an electroweak fermionic triplet with null hyper charge. In this scenario, the lightest
mass state of the triplet constitutes a weakly interacting massive particle DM candidate. ATLAS has
performed searches for DM in the mono-photon and Vector Boson Fusion (VBF)+�<8BB) final states and
projected Run 2 analyses strategies [267] to HL-LHC conditions. Complementary collider searches, such
as mono-jet searches and disappearing track signatures, as well as direct DM searches, would also set
stringent constraints on this model.

The main background to the (VBF)+�<8BB) search is from /+jets events, where the / decays to neutrinos.
The pseudorapidity distribution of the two leading jets, Δ[( 91, 92), in events with at least two jets each
with ?T > 50 GeV, is used as a discriminating variable. The expected upper limit on the production
cross-section of neutralino (j) in the VBF+�<8BB) final state is presented in Figure 60(a) for an integrated
luminosity of 3000 fb−1. In this channel it will be possible to test the lower masses of this model to ∼110
GeV.

Mono-photons have a distinct signature in the detector, resulting from an undetectable DM candidate
recoiling against the observable photon. Searches typically require the photons to have high �) . The search
is described in detail in Ref [267]. The expected upper limits at 95% CL on the production cross-section of
j as a function of j0 mass in a mono-photon final state corresponding to an integrated luminosity of 3000
fb−1 are presented in Figure 60(b), where the red line shows the theoretical cross-section. Masses of j0
below 310 GeV will be excluded at 95% CL assuming the same systematic uncertainties adopted in the
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Figure 59: (a) Expected discovery significance, (b) signal strength exclusion limits, (c) exclusion sensitivity for the
couplings 6@ and (d) 6�" are shown for the vector-mediated DM scenario as a function of integrated luminosity [266].
Different mediator masses are shown for different systematic uncertainty scenarios, with the "Run 2" scenario
corresponding to Ref [269].

90



(a) (b)

Figure 60: Expected upper limit on the production cross-section as a function of j0 mass in (a) the VBF+�<8BB) and
(b) the mono-photon final state for 3000 fb−1. The red line shows the theoretical cross-section. [267]

Run 2 analysis, which is higher than achievable in the VBF+�<8BB) channel search. The latter search is
more challenging due to rejection of PU jets, identification of the primary vertex, and the resolution of
low ?T jets. For both analyses, a slight improvement with respect to Run 2 in the signal significance is
expected, due to the increase of the center-of-mass energy to

√
B=14 TeV at the HL-LHC.

12.1.3 Monojet search for WIMPS

ATLAS has performed a search for weakly-interacting massive particles (WIMPs) in the monojet
signature [268]. The A simplified model, in which WIMPs are pair-produced from the s-channel exchange
of an axial vector /� mediator, is used as a benchmark to test the sensitivity of the analysis to DM. In this
model, the /� mediator couples to neutralino (j) (6j) and to gluons (6@). The resulting final state has
at least one jet and large missing transverse momentum. The prospective sensitivities were evaluated by
extrapolating the ATLAS results obtained using 36 fb−1 of ?? collisions at a center-of-mass energy of√
B =13 TeV during Run 2 to integrated luminosities of 300 fb−1 and 3000 fb−1 at

√
B =14 TeV. The impact

of different systematic uncertainty scenarios (standard, reduced by factors 2 and 4) on the sensitivity of the
search was investigated. The resulting mass limits for the axial-vector simplified model with couplings
6j = 1 and 6@ = 0.25, for 3000 fb−1 are shown in Figure 61(a).

12.1.4 Single-top quark in association with invisible particles

The single top ("mono-top") signature is predicted in certain DM models. The ATLAS experiment has
studied the expected sensitivity of a search for events with one top quark and large missing transverse
momentum at the HL-LHC [265]. The search targets the non-resonant production of an exotic state
decaying into a pair of invisible DM particle candidates in association with a right-handed top quark.
This analysis considers only topologies where the, boson from the top quark decays into a lepton and a
neutrino. These final-state events are expected to have a reasonably small background contribution from
SM processes. The distributions of transverse mass of the lepton-�<8BB) system for the signal, of mediator
mass of 2.5 and 4.0 TeV, and the stacked background predicted distributions (which includes CC̄, single-top,
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,+jets and other (i.e. /+jets, dibosons, CC̄ ,// and C/@)) are shown in Figure 61(b). All samples are
normalised using their corresponding theoretical production cross-sections. A BDT-based analysis and
a cut-based analysis are performed. The BDT is trained to discriminate the monotop signal from the
dominant CC̄ background. The predicted event yields in both the pre-selection region and the signal regions
of the BDT- and cut-based analyses were compared. In both analyses the dominant background is the CC̄
production. In the BDT-based analysis, the CC̄ background represents the 65 % of the total background, in
contrast to 90 % in the cut-based analysis. The BDT analysis has about two orders of magnitude larger
signal-to-background ratios than the cut-based analysis. Assuming an integrated luminosity of 3000 fb−1,
the expected exclusion limit (discovery reach) at 95% CL on the mass of the exotic state is 4.6 TeV (4.0
TeV) using a multivariate analysis based on a BDT.

12.1.5 Heavy quarks produced in association with dark matter

Prospects of searches for weakly interacting DM (q/a→ jj̄) produced in association with heavy flavor
quarks (1 or C) at the HL–LHC have been studied by the ATLAS experiment [270]. The search is performed
assuming 3000 fb−1 of ?? collisions collected by the ATLAS detector at a center-of-mass energy of√
B =14 TeV. Two experimental signatures are investigated, characterized by missing transverse momentum

and either a pair of bottom quarks or two opposite-charge leptons (electrons or muons) resulting from the
decay of a top quark pair or a top quark and a,-boson. The results are interpreted within the framework
of Simplified Model, which couples the dark and SM sectors via the exchange of color-neutral spin-0
mediators, assuming unitary couplings and a DM mass of 1 GeV.

The reach achievable for DM detection in events with bottom quarks is extended by a factor of 3.0–8.7
compared to the previous search conducted with 36.1 fb−1of data at

√
B=13 TeV. For the DM+ 11̄ channel,

cross-sections ∼ 45-100 times the theoretically predicted for 6 = 1.0 and masses m(q/a) < 100 GeV
are excluded with the anticipated HL-LHC dataset. This corresponds to a factor of 3.0–3.5 (3.0–4.3)
improvement with respect to the previous reach achievable for the scalar (pseudoscalar) mediator model.
For m(q/a) > 100 GeV, the extended coverage in pseudorapidity enabled by the upgrade to the ATLAS
Inner Tracker allows for better exploitation of anti-correlations in jet and 1-jet spin-sensitive variables like
cos \11. This results in a larger gain in the exclusion potential for the high-mass region, equivalent to a
factor of 5.8-8.7 (3.0-5.0) increase with respect to the

√
B =13 TeV limit for scalar (pseudoscalar) masses in

the range 100-500 GeV.

For events with top quarks in the final state, the expected sensitivity to scalar mediator production improves
by a factor of 5, and pseudoscalar mediator masses can be excluded up to masses of 385 GeV. Figure 61(c)
presents a comparison between ATLAS and direct-detection experiments, of the 90% CL limits on the
spin-independent DM-nucleon cross-section as a function of DM mass, in the context of the color-neutral
simplified model with scalar mediator.

12.1.6 Search sensitivity for dark photons decaying to displaced muons

CMS has explored a class of supersymmetric models which contain an additional*� (1) symmetry which
gives rise to a massive long-lived boson called a dark photon (W�) [100]. This dark photon, with mass
<W�

, can have kinetic mixing with the SM photon and couples to SM charged particles similarly to the SM
photon. The strength of the kinetic mixing is n and the lifetime of the dark photon is proportional to 1/n2,
which leads to long dark photon lifetimes for smaller values of n . In the MSSM model studied, the dark
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Figure 61: (a) Mono-jet search: Expected 3f (solid) and 5f (dashed) discovery contours on the (<j,</�
) mass plane

for the model described in the text. Three systematic uncertainty scenarios are shown [268]. (b) Mono-top search:
Distributions of transverse mass of the lepton-�<8BB) system for the signal of mediator mass 2.5 GeV (solid line) and
4.0 TeV (dashed), and stacked predicted background predictions [265]. (c) Heavy quarks: Comparison of the 90%
CL limits on the spin-independent DM-nucleon cross-section as a function of DM mass, between these results and
the direct-detection experiments, for color-neutral simplified model with scalar mediator. The green contour indicates
the 5f discovery potential at HL–LHC. The lower horizontal line of the DM–nucleon scattering cross-section for the
red (green) contour corresponds to value of the cross-section for m(q)=430 GeV (m(q)=105 GeV). The grey contour
indicates the exclusion derived from the observed limits for 36.1 fb−1 at

√
B =13 TeV [270].
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Figure 62: (a) The '<D>= distribution for the highest ?) muon, named '<D>=−1. (b) The 95% CL upper limits
on the production cross-section f/fCℎ4>A H are shown for several dark photon masses with a fixed decay length
2g = 1000 mm and (c) for a fixed dark photon mass of <W� = 20 GeV as a function of the dark photon decay
length. [100]

photons can be produced in the decays of the SM higgs boson, where the higgs boson decays into a pair of
MSSM-like lightest neutralinos (=1), which each subsequently decays into a dark sector neutralino (=�)
and the dark photon. The dark photon then decays resulting in displaced muons.

This search relies on the displaced standalone algorithm (DSA), a dedicated muon reconstruction algorithm,
designed to identify highly displaced muons [15]. This algorithm uses a Kalman-filter technique without
imposing the primary vertex constraint and can identify displaced muons that may leave hits only in the
muon system. The offline selection requires two DSA muons that are separated and have opposite charge.
Additionally, events are required to have large amounts of missing transverse momentum to account for the
dark neutralinos. The distance from the primary vertex to the point of closest approach of the extrapolated
displaced muon track, indicated by the vector '<D>=, is used to search for the signal as shown in Figure
62(a). The dominant background for this search comes from QCD multijet events where displaced muons
are produced in the decay of mesons inside heavy quark jets.

The results are interpreted for three scenarios: the Phase-2 scenario using the DSA algorithm; Phase-2
scenario using the traditional standalone muon reconstruction; and the Phase-1 scenario based on the
Run 2 data taking. Phase-2 searches are sensitive to higher dark photon masses and lower values of n ,
which corresponds to longer lifetimes. The use of the dedicated displaced muon reconstruction algorithm
drives the difference in the exclusion ranges between Run 2 (Figure 63(a)) and Phase-2. Upper limits at
95% confidence level (�!) are calculated and Figures 62(b) and (c) show the limits on the production
cross-section ratio (f/fCℎ4>A H). Figure 63(b) shows the exclusion and discovery sensitivity in the n −<W�
parameter plane.
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13 Summary

This document summarizes the most up-to-date studies from the ATLAS and CMS Collaborations
concerning their physics program for the HL-LHC. Some studies are summarized from the CERN Yellow
Report on the Physics at the HL-LHC, and Perspectives for the HE-LHC, but new recent results are also
presented. This program spans a very wide range of physics topics, within the Standard Model and beyond,
where the sensitivities of measurements or searches are expected to reach unprecedented levels. While
the figures of merit have been obtained based on the current best knowledge of the upgraded ATLAS and
CMS detectors, these estimates are expected to be further refined by the start of the HL-LHC data-taking,
following developments in the object reconstruction performance and analysis methods. Among the final
HL-LHC legacy ATLAS and CMS results, some are expected to remain the most sensitive in the world for
a long period of time after the end of the HL-LHC data-taking. In that context, the ATLAS and CMS
Collaborations recognize the importance of the Snowmass process to the high-energy physics community
in the US and beyond. Continued strong US participation is in particular critical to the success of the
HL-LHC physics program, as the Phase-2 detector upgrades, the HL-LHC data-taking operations and the
physics analyses based on the HL-LHC dataset will not be able to proceed without the support of the US
community.
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āℓ decays with hadronic tagging at Belle, Phys. Rev. D 92 (2015) 072014,

arXiv: 1507.03233 [hep-ex] (cit. on p. 73).

[235] LHCb Collaboration,
Measurement of the ratio of branching fractions B(�̄0 → �

∗+
g
−
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