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earlier LHC program. This paper presents few highlights to illustrate the substantially enhanced
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1. Introduction

The 7 and 8 TeV data taking in 2010–2012, the so-called Run1, at LHC was very successfull
for both ATLAS and CMS experiments. The LHC machine has delivered an integrated luminos-
ity of about 30 fb−1 to each of the two general purpose experiments and the collected data have
yielded a huge amount of interesting Physics results, which culminated in the discovery of a Higgs-
like boson [1, 2] in 2012. While it represents a milestone in understanding the origin of elementary
particle mass, several fundamental questions in particle Physics, like the origin of Dark Matter, the
asymmetry between matter and anti-matter, the force unification, are still far from being explained,
hence the results obtained in Run1 have further motivated the search for new physics and the need
of precision study of the discovered Higgs-like particle. The increase in energy during the ongoing
Run2 is certainly the starting point to address this program, however it may not be enough to ad-
dress the New Physics quests and the increase in luminosity, foreseen at HL-LHC, will complement
and further enlarge the Physics potential at LHC adding the possibility to explore rare phenomena
and increasing the phase space coverage. In this document, which by far cannot be considered as
an exhaustive resume of the HL-LHC Physics potential, few highlights of the ongoing studies in
preparation towards the HL phase are discussed.

2. The HL-LHC

After the successfull data-taking in 2010–2012 and the “Long Shutdown 1” period from 2013
till mid of 2015 (LS1), the LHC machine and its experiments are now entered in the so-called Run2
period. During the first period of Run2 it is expected to operate at the original perfomance goal
of LHC with a peak luminosity of 1034 cm−2s−1 and 25 ns bunch spacing, resulting in an average
number of pp interactions per bunch crossing, µ , of approximately 25 (referred to as “pile-up”).
Subsequentely, upgrades to the LHC machine during the “Long Shutdown 2” in mid-2018–2019
will increase the instantaneous luminosity to above 2×1034 cm−2s−1, with the pile–up increasing
to µ ∼ 60, providing an integrated luminosity of 300 fb−1 by 2023. To maintain the present perfor-
mance in this period, the ATLAS [3] and CMS [4] detector will undergo an initial series of staged
upgrades in the period from LS1 through LS2, known as the Phase-I Upgrade.
By 2023, during the LS3, the quadrupoles that focus the beams at the ATLAS and CMS collision
regions will be replaced and crab-cavities will be added to optimize the bunch overlap at each inter-
action region. These changes will produce a significant increase in the LHC delivered luminosity.
The high luminosity period that follows LS3 is referred as HL-LHC or Phase-II. The proposed
operating scenario is to level the instantaneous luminosity at 5×1034 cm−2s−1 and to deliver about
300 fb−1 per year for a further 10 years of operation. Under these conditions the event pile-up
will rise substantially (µ ∼ 140− 200) to become a major challenge for the experiments, and the
performance degradation due to integrated radiation dose will need to be addressed. A full upgrade
program is hence envisaged with the basic goal to maintain the same excellent performance of the
ATLAS and CMS detectors in terms of efficiency, resolution, and background rejection for all the
physics objects as in the current run. Despite different technological choices will be adopted by the
two collaborations, the basic strategy is common and foresees:

• the replacement of the Tracker;
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• the replacement/upgrade of the calorimeter and muon systems;

• the upgrade of the L1 trigger to include track information.

The Phase-II subdetectors should have higher granularity to cope with the increased pile-up, higher
radiation resistance and extended coverage to increase acceptance and improve performances. De-
tails of the detector upgrades can be found elsewhere in these Proceedings [5].

3. The Physics prospect at HL-LHC

The Physics program at the HL-LHC is very broad and will build on the experience acquired,
and the results obtained, in the first phase of the LHC operation, with more than 300 fb−1 of
accumulated data. The main goal is to continue the quest to answer fundamental questions in
particle physics, on one hand with precision measurements, especially of the Higgs-like sector,
including detailed study of any new phenomena discovered before LS3; and on the other hand by
direct searches for new physics.

Both ATLAS and CMS are already studying the sensitivity to different channels addressing
the new features foreseen for the upgraded detectors. For doing that both experiments have used
full simulation studies of the new envisaged detectors in order to extract a parameterization of the
physics object performances. The parameterised response functions account for the effect of the
pile-up ranging between 50 and 140 with 25 ns bunch spacing and are injected either in generator
level studies or in fast simulation tools [6, 7, 8, 9]. In some cases, extrapolation from Run1 have
been used. In addition CMS has also taken into account the effect of the aging of the detector.

3.1 Higgs sector

The measurements of Higgs boson properties made with the Run1 data are already impressive,
however the HL-LHC with its 10 times more deliverable luminosity wrt to the expectation for
Run2/Run3 will enable a full set of Higgs studies comprising precision measurements of many of
the properties of the Higgs boson, such as its couplings, a detailed CP analysis of the Higgs boson
as well the measurement of rare Standard Model (SM) and Beyond the Standard Model (BSM)
decays. Figure 1 shows the estimated precision on the measurements for modified couplings for
a SM-like Higgs boson expected by CMS. Two scenarios are used to extrapolate uncertainties,
namely scenario 1 where all systematic uncertainties are left unchanged, and scenario 2 where the
theoretical uncertainties are reduced by a factor of two and all other systematic uncertainties are
reduced by the square root of the integrated luminosity. The two scenarios are expected to bracket
a realistic extrapolation. Similar results are also reported by ATLAS [10]. Compared to a precision
of about 20% on Higgs boson couplings today, percent-level precision can be reached for most
coupling measurements.

In particular, the coupling to the second-generation fermions will be probed for the first time
measuring the Higgs boson decay to two muons. Higgs boson coupling to charged leptons is a
crucial measurement. The coupling to electrons is too small to measure, but the coupling to τ-
leptons will be well-measured by the end of Phase-II. The couplings to the muons, however, whose
branching fraction is only ∼ 10−4 will become accessible only at the HL-LHC. Projections of the
analysis to the HL-LHC era show that the coupling of the Higgs boson to muons can be measured
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292 Chapter 10. Exploring the High Luminosity LHC Physics Program

Figure 10.2: Estimated precision on the measurements for modified couplings for a SM-like
Higgs boson [9]. The projections assume a center-of-mass energy of 14 TeV and a dataset with
integrated luminosity of 300 and 3000 fb−1. The projections are obtained with two uncertainty
scenarios as described in the text.

the LHC Run-II and III. It is a unique opportunity for in-depth Higgs boson studies if the
experiments can fully benefit from the higher data rates. The key element will be to have a
similar, or possibly even better, sensitivity for Higgs boson detection with upgraded detectors,
that are capable of dealing with the higher pileup at the very high luminosity operation of the
HL-LHC. For the Higgs boson studies in this document we assume an average of 140 pileup
events per bunch crossing. Hence, it is important to verify the experimental capabilities in
detail, by studying a few key processes, as well as exploring the potential for new channels
such as the Higgs boson pair production.

10.1.1 H→ ZZ∗→ 4` analysis

The Higgs boson decay into two Z bosons, each decaying into two charged leptons, electrons
or muons, is the golden channel in the study of the Higgs boson. Electrons and muons can
be measured very accurately, with high efficiency, and excellent energy and momentum res-
olution. The complete final state of the Higgs boson decay can be reconstructed which leads
to a signal of high purity, measured as a peak over a smooth background distribution. The
four lepton events allow for a detailed CP analysis of the Higgs particle by measuring angular
distributions, such as the angle between the ZZ decay planes and the decay angles in these
planes, which contain information of the CP properties of the parent boson. The very accurate
determination of the production rate of H → ZZ bosons is crucial for searches for deviations
from the SM in the study of Higgs boson couplings. As mentioned before, the analysis of the
full four lepton mass spectrum contains information of the total width of the Higgs boson.

The HL-LHC will produce about sixteen thousand Higgs boson events per experiment in the
golden channel through the gluon-fusion production process and about 1400 through vector
boson fusion. Selecting these events with the largest possible acceptance is crucial to the Higgs
physics program. Excellent electron and muon reconstruction at low transverse momentum
and a large rapidity coverage are key. Since four leptons need to be reconstructed in this final
state, any single object inefficiency is potentiated. The Run-I analysis uses electrons with a pT
requirement as low as 7 GeV and muons with a pT as low as 5 GeV with a pseudorapidity
coverage of up to |η| < 2.5.

Figure 10.3 shows the efficiency times acceptance for the Higgs boson signal as a function of
the selection criteria following the selection applied to the Run-I data. A significant increase in

Figure 1: Estimated precision on the measurements
for modified couplings for a SM-like Higgs boson for
and integrated luminosity of 3000 fb−1 for the two
scenarios described in the text [9].
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Figure 2: Distribution of the estimated µ+µ− invari-
ant mass of the H → µ+µ− signal and background
processes at HL-LHC [10].

with a precision of about 8%, still limited by the statistical uncertainty. In H → µ+µ− events the
kinematics of the Higgs boson can be fully reconstructed and this channel can contribute to mass
measurements due to the high resolution of the reconstructed µ+µ− invariant mass. Searches in
this channel are challenged by the low branching fraction and high contributions of background
processes such as Z/γ∗ production. The signal will consist of a small bump over a large di-muon
background from Drell-Yan events, hence an excellent di-muon mass resolution is crucial. The
resulting µ+µ− invariant mass distribution of the signal and background processes expected by the
ATLAS detector for an integrated luminosity of 3000 fb−1 are shown in Fig. 2.
The measurement of the Higgs boson coupling to muons is expected to improve with the square-
root of the improvement in resolution and efficiency. A crucial role in the study of this channel is
hence played by the performance of the new tracking system. CMS foresees a 40% better mass
resolution and a 20% larger efficiency to reconstruct the muon pair, thanks to the reduction of
material and better spatial measurements of the upgraded Phase-II tracking detector with respect to
an aged Phase-I detector.

The very high integrated luminosity collected at HL-LHC will enable the study of the Higgs
potential through the measurement of the Higgs boson pair production. An intrinsic property of
the SM Higgs boson is, indeed, its self-coupling, the strength of which must be established in
order to test whether the observed Higgs boson fulfills its crucial role in electroweak symmetry
breaking. The process is also sensitive to other BSM effects, as new physics can modify the rate
of Higgs boson pair production. Di-Higgs events can be produced via a box diagram and through
the Higgs boson self-coupling contribution. The two processes interfere destructively and the cross
section is near minimum for the SM. The HL-LHC is hence mandatory to study these processes.
Both ATLAS [11] and CMS [9] have performed studies of the di-Higgs production and decay into
bbγγ which offers the potential for a clean HH signal extraction thanks to the narrow mass peak of
the H → γγ decay, as shown in Fig. 3. About 8–9 signal events are expected by each of the two
experiments after trigger and event selections corresponding to a signal significance of ∼ 1.3σ per
experiment for the SM scenario.
In addition, CMS has also studied the bbWW channel, where the W boson decays leptonically, and
bbτhτh and bbτhτµ final states, where τh denotes hadronic tau decays, and τµ denotes tau decays to
muons. About 9000 bbττ di-Higgs boson events per experiment are expected at HL-LHC with 3
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ab−1. However, the tt background with fully leptonic decays to taus is overwhelming. The use of
kinematic variables as well as Boost Decision Tree (BDT) technique seems to be proficient in the
discrimination of the signal and background contribution, as shown in Fig. 4. A combined signal
significance of 0.9σ is expected in the ττ final states.
Combining the studies of bbγγ and bbττ final states, the expected significance for the di-Higgs
boson production is about 1.9 standard deviations with an expected uncertainty in the signal yield
of approximately 54%. Significant improvements in future studies of the di-Higgs productions are
expected by combining multiple channels and using results from ATLAS and CMS.
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3.2 SUSY searches

The discovery (or exclusion) of weak-scale SUSY is one of the highest physics priorities for
the current and future LHC, including the high luminosity upgrade, HL-LHC. Despite the lack of
evidence in Run1, the motivations for supersymmetry are strong: SUSY provides a candidate parti-
cle, the lightest supersymmetric particle (LSP), that may account for all or part of the astrophysical
dark matter; second, if a SUSY particle spectrum is present, the three running gauge couplings of
the SM interactions can converge at a common high energy, a requirement for gauge unification.
Finally, the discovery of a Higgs-like boson by the ATLAS and CMS experiments has given new
urgency to the gauge hierarchy problem. Indeed, a broad class of SUSY scenarios, known as natu-
ral models, can stabilize the Higgs boson mass through additional contributions involving diagrams
with the scalar superpartner, t̃, of the top quark (stop), as well as other SUSY particles.

In order to assess the potentiality to discover and study SUSY at HL-LHC and the impact
of the upgraded detectors, ATLAS has used a set of simplified SUSY models together with a set
of benchmark scenarios [12], while CMS has used both simplified models as well as five full-
spectrum benchmark models, which include three natural SUSY scenarios, as well as stau and stop
coannihilation scenarios and has used a signature-based search strategy. Figure 5 gives an overview
of the CMS search strategy and shows the discovery significances expected at the end of Run3 and
at the HL-LHC for the five full-spectrum benchmark models considered. Details of the analyses
can be found in Ref. [13].

The factor 10 increase in integrated luminosity expected at HL-LHC will play a central role to
significantly extend the discovery reach not only for squarks and gluinos, which have the highest
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5.2 Evaluation of systematic uncertainties 7

Table 1: Overview over the analyses and their application to the different models.

Analysis Luminosity Model
( fb−1) NM1 NM2 NM3 STC STOC

all-hadronic (HT-Hmiss
T ) search 300

3000
all-hadronic (MT2) search 300

3000
all-hadronic b̃1 search 300

3000
1-lepton t̃1 search 300

3000
monojet t̃1 search 300

3000
m`+`− kinematic edge 300

3000
multilepton + b-tag search 300

3000
multilepton search 300

3000
ewkino WH search 300

3000

< 3σ 3− 5σ > 5σ

with an efficiency of unity. The FastJet area method [31] is applied to correct measurements
of jets and energy in the calorimeters for the contribution from neutral pileup particles and
charged pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH 5 [14,
15], including up to four extra partons from initial and final state radiation, matched to PYTHIA 6.4
for fragmentation and hadronization. The background cross section is normalized to the next-
to-leading-order (NLO) cross section, which is based on the work in preparation for the Snow-
mass summer study 2013 and discussed in more detail in Refs. [32–34].

5.2 Evaluation of systematic uncertainties

All presented studies are based on 8 TeV analyses, where the systematic uncertainties have
been evaluated based on the various background estimation methods. We assume that the
backgrounds will be estimated in a similar way for the 14 TeV analyses in the future, while in
this paper we use the Monte-Carlo prediction only. Therefore, we use the systematic uncertain-
ties of the 8 TeV analyses as starting point, and scale them on a case-by-case basis depending
on their origin and predicted development of this origin:

• If the selection requirements of the 14 TeV analysis have been tightened such that the
background yield in the signal region is comparable to the one in the 8 TeV analysis,
we quote a typical uncertainty from the 8 TeV search. This is the case for both all-
hadronic analyses with HT-Hmiss

T and MT2 variables.

Figure 5: Overview of the CMS SUSY search analysis strategy.

production cross-section at LHC, but also in the electroweak sector.
Chargino-neutralino production has been studied in the WZ and Wh mediated scenario, in

which the Z decays leptonically thus originating a 3-lepton final states, while the Higgs bosons
can decay in leptons, taus or bb. A 5σ discovery reach up to 850− 950 GeV in χ̃

±
1 ,χ̃0

2 mass can
be achieved at HL-LHC in both WZ-Wh mediated scenarios depending on the decay channel con-
sidered. Recent studies [14] have also demonstrated that the use of a multivariate analysis (MVA)
technique wrt standard cut-and-count analysis can significantly improve by about 20% the 5σ dis-
covery reach and exclusion limits (Fig. 6).
The degradation of the detector performance as the result of radiation damage will affect most ob-
servables relevant to SUSY searches. The effect of the degradation in the trigger efficiency, lepton
identification, b-tagging efficiency, and missing transverse energy (MET) resolution have been es-
timated for this channel, and the key results are summarized in Fig. 7. This search is particularly
sensitive to detector performances and the gain in discovery reach is significantly reduced if the
existing aged detectors are used thus demonstrating the importance of the foreseen upgrades.
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Significant improvement in the discovery reach can be achieved also for gluino and squark
production. A 5σ discovery reach up to ∼ 2.5 and ∼ 3 TeV can be achieved for gluinos and
squarks, respectively.
In addition, naturalness arguments require that the third generation squarks, sbottom and stop,
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have mass in the range of 1 TeV, thus the discovery at LHC will be possible, in one or more of
the favorable search signatures already with 300 fb−1. At HL-LHC, with 3000 fb−1, sensitivity to
other key signatures with heavier stop and sbottom can be achieved and going one step further, in
case of discovery, the properties of the discovered SUSY particles can be measured.

4. Conclusions

The HL-LHC foreseen to start in about ten years from now will offer a unique opportunity to
deeply explore the Higgs sector and will represent an excellent probe for high scale New Physics.
The expected 3000 fb−1 dataset at 14 TeV will allow large gains in precision, discovery potential,
and will make a number of important, low cross section measurements possible. The detector
upgrades foreseen by ATLAS and CMS will ensure optimal performances despite the very hostile
environment. Work is ongoing to be ready and well prepared for this new exciting LHC-era.
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