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In this chapter we review the projected reach of the ATLAS and the
CMS upgraded detectors with full HL-LHC dataset of about 3000 fb~"
at /s = 14 TeV (per experiment)in the measurement of key properties
of the Higgs boson such as its mass and natural width, coupling to SM
fermions and bosons, and its self-coupling.

1. Introduction

The discovery!:? of the Higgs boson (H ) represents a major milestone in the
understanding of the Electroweak Symmetry Breaking mechanism (EWSB)
in nature. Since its discovery, a major push at the LHC has been to deter-
mine whether this object is the elementary boson predicted by the Standard
Model (SM) of particle physics, or whether it represents the first observa-
tion of a beyond SM (BSM) particle. With the first ~ 140 fb=! of p-p
collisions at the LHC taken mainly at /s = 13 TeV, an impressive set of
Higgs boson properties, including its spin-parity have been measured. The
Higgs boson mass, a free parameter in the theory, has been measured with
better than per mille accuracy. The Higgs mass of ~ 125 GeV allows for
measurements of its coupling to a variety of fermions. Its coupling to gauge
bosons and the heavy fermions of the third generation has been measured

This is an open access article published by World Scientific Publishing Company. It is
distributed under the terms of the Creative Commons Attribution 4.0 (CC BY) License.

221


https://doi.org/10.1142/9789811280184_0015
https://creativecommons.org/licenses/by/4.0/

The Future of the Large Hadron Collider Downloaded from www.worldscientific.com
by 31.18.34.94 on 09/07/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

222 A. Nisati and V. A. Sharma

with a precision of &~ 5% and 10% respectively. All the major Higgs boson
production modes have been observed and the first evidence of its coupling
to muons has been established.

While a general portrait® ® of the Higgs boson has emerged, the exper-
imental exploration of the Higgs sector is in its infancy. With about 20x
more data that HL-LHC is expected to deliver at /s = 14 TeV, the two
major thrusts in Higgs physics are on (i) measurement of its mass, natural
width and precise measurements of its couplings to fermions and bosons
(ii) the first measurements of Higgs self-interaction.

The motivation for precision coupling measurement stems from the fact
that rates for Higgs-related processes could be impacted by the contribu-
tions of BSM particles which may be too heavy to be directly produced at
the LHC but still contribute to its properties via quantum loops. A sug-
gested rule of thumb® is that increasing the coupling precision by a factor
of four doubles the BSM mass scale that can be indirectly probed. The
second important line of HL-LHC probe is on the shape of the Higgs po-
tential. After EWSB, the Higgs potential gives rise to cubic and quartic
terms in the Higgs boson field, resulting in a self-coupling term. Given a
precise Higgs boson mass, this self-coupling is precisely predicted in the
SM and can be measured in Higgs boson pair production (HH) processes.
Any significant deviation from SM predictions signifies BSM physics and
has major consequences for our understanding of this universe.

This chapter is organised as follows: The ATLAS and CMS detector
upgrade for HL-LHC is summarised in Sec. 2, followed by a brief description
of the procedures used for the projections in Sec. 3. Section 4 projects the
precision on measurements of Higgs mass and its natural width, Sec. 5
summarizes the Higgs boson couplings measurements prospects. Section 6
is dedicated to the HL-LHC potential for the measurements of Higgs self-
coupling, followed by a summary in Sec. 7.

2. Upgraded ATLAS and CMS detectors for the HL-LHC

In order to operate in the high intensity environment of the HL-LHC, AT-
LAS” and CMS® experiments are planning significant modification of their
detectors, see Chapters 11 and 12 for a summary.? These upgrades, with in-
creased granularity detectors with larger acceptances, targets efficient data
taking and event reconstruction at increased luminosity and pileup (PU),
up to ~200 additional inelastic interactions per bunch crossing and up to an
order of magnitude larger radiation doses. For both detectors, in order to
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maintain or even lower the trigger thresholds with respect to Run 2, several
trigger subsystems will be replaced or upgraded as well. New charged par-
ticle tracking systems will be installed, extending the tracking coverage up
to pseudo-rapidities of |n| = 4. The addition of new timing detectors with a
precision of about 35 ns, covering up to |n| = 3 for CMS and 2.4 < |n| < 4.0
for ATLAS, will introduce new PU rejection capabilities in the HL-LHC
environment. 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 sampling
calorimeter. Finally, the muon systems of ATLAS and CMS will be up-
graded with fast electronics to deal with the extreme rates of secondary
particles produced in HL-LHC collisions and additional muon chambers
will be added to increase acceptance and redundancy.

3. Prognostication on Higgs studies in the HL-LHC era

As Niels Bohr once said, “Prediction is very difficult, especially if it’s about
the future!”. We need to keep these sage words in mind while prognosti-
cating the future. The ATLAS and CMS Collaborations have followed a
few conservative strategies to project the precision of the Higgs measure-
ments with the data collected at the end of HL-LHC era. The majority
of the Higgs boson studies presented in this chapter generally follow the
techniques used in Run 2 analyses. In some cases, the Run 2 analyses
have been extrapolated to HL-LHC, taking into account the superior per-
formance expected from the upgraded ATLAS and CMS apparatuses, and
the large event pile-up expected at the HL-LHC. In other cases, such as
for Higgs self-coupling measurements, Monte Carlo simulation studies were
performed to assess the physics prospects at HL-LHC.

The expected performance at HL-LHC depends on both the signal event
statistics, as well as on the systematic uncertainties that affect the event
reconstruction in the unprecedented pile-up produced in the p-p collisions.
Several scenarios have been identified to describe the impact of these un-
certainties on the measurements. In the baseline scenario, the systematic
uncertainties are set according to the technical recommendations'® for HL-
LHC projections. The expected uncertainty on the integrated luminosity
of the full HL-LHC dataset is assumed to be 1%, lower than the Run 2
uncertainty of 1.7%. Theoretical systematic uncertainties are reduced by a
factor of two with respect to those used in the Run 2 analyses, under the
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assumption of continued progresses on theoretical computations of pertur-
bative corrections, PDFs, ay etc. The statistical components of the exper-
imental uncertainties are scaled according to 1/ VL.

In terms of analysis tools, the rapid deployment of Deep Machine Learn-
ing methods in Higgs measurements is expected to bring substantial gains
in the HL-LHC era. Finally, it should be noted that in general, at particle
colliders, due to continued innovations in analysis techniques, the precision
in the final measurements of an electroweak observable have by far exceeded
their prior projections.

4. Mass and natural width

The Higgs boson mass, my, is an unknown parameter of the Standard
Model which should be measured as precisely as possible. The Higgs boson
mass, together with the top quark mass, impacts the electroweak vacuum
stability, and it has important consequences in cosmology.

With the Run 2 data, the Higgs boson mass, my, has been measured
to be my = 124.97 + 0.24 GeV (ATLAS'") and mpy = 125.38 + 0.14 GeV
(CMS!?). These are the result of the combination of the independent H —
ZZ™) — 4l and H — vy mass measurements in each experiment.

At HL-LHC, the mass measurement accuracy will be limited by the sys-
tematic uncertainties dominated by the uncertainty on the electron, photon
and muon energy scales. The projection studies assumed (conservatively)
that the energy scale achieved in Run 2, namely 0.01% (0.15%) for the
muon (electron), holds for HL-LHC as well. Consequently, the accuracy
on the Higgs mass measurement will be dominated by the 4-lepton final
states, particularly the H — ZZ™) — puup final state, which are statis-
tically limited in the current measurements. In the H — ZZ®) — pupup
channel, an overall systematic uncertainty of 15 MeV is projected for the
mp measurement. In the H — ZZ") — ppuee and H — ZZ*) — eeee
channels, the mpy measurements are less precise, with a total uncertainty
of about 100 MeV. A statistical accuracy of about 28 MeV is expected with
3000 fb~! from the H — ZZ") — ppup channel, that reduces to 22 MeV
when combined with the other 4-lepton final states. Finally, by combining
all H — ZZ®*) — 4] final states, a total uncertainty of 30 MeV on my is
projected for the HL-LHC data set.

The total width (I'g) is another very important Higgs boson observ-
able for probing new physics contributions. In the SM, the Higgs boson
width is predicted to be 4.1 MeV for myg = 125 GeV. The invariant mass
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resolution of the two Higgs final states that can be fully reconstructed
(H — vy and H — ZZ*) — 41) is much larger (O(1 GeV)) than the SM
prediction, therefore only a model-independent experimental upper limit
can be set. The projected upper limits at 95% C.L. of the Higgs boson
width are 94 MeV (statistical uncertainty only) and 177 MeV (statistical
and systematic uncertainties combined).

More precise (but model-dependent) estimates of Iy can be obtained by
relating its off-shell production to its on-shell production.'® ¢ With Run 2
data, CMS measurement of the Higgs boson off-shell production processes
H — ZZ%" — 4l and H — ZZ®) — 212v yield Ty = 3.2731 MeV.'7 A
measurement'® by ATLAS yields Ty = 4.675% MeV. The observed (ex-
pected) upper limit on the total width is 9.7(10.2) MeV at 95% confidence
level in the asymptotic approximation. With this method and by combin-
ing the CMS and ATLAS results with the HL-LHC data, a precision on the
Higgs boson width of about 0.8 MeV, dominated by theoretical uncertain-
ties, can be obtained.

5. The Higgs boson production, decay and couplings

The leading Feynman diagrams for Higgs boson production in pp collisions
at the LHC, decay and pair production are shown in Fig. 1.

5.1. Production and Decay

The projected precision in the measurements of various production modes
are shown in Fig. 2(left). The expected precision ranges from 1.6% (ggH)
to 5.7% (V H) and begins to be dominated by the theoretical uncertainties
within the phase space of the experimental measurement. The major Higgs
decay rate measurements should reach precision of about 3% for H —
vy, H = ZZW, H — WW® and H — 77, and 4% for (H — bb).
They are all expected to be dominated by theoretical uncertainties. The
measurements of rare decays H — u™p~ and Zv will be statistically limited
with a branching ratio uncertainty of about 8% and 19% respectively.

5.2. Higgs Boson Couplings to bosons and fermions

BSM phenomena are expected to affect the Higgs production modes and
its decay channels in a correlated way if they are governed by similar inter-
actions. Any modification in the interaction between the Higgs boson and,
e.g. the W bosons and top quarks would not only affect the H — WW*)
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Fig. 1. Feynman diagrams for the leading order Higgs boson interactions: Higgs boson

production in (a) gluon-gluon fusion (99 — H), (b) vector boson fusion (VBF), (c) as-
sociated production with a W or Z (V) boson (VH), (d) associated production with a
top or bottom quark pair (¢¢H or bbH), (e, f) associated production with a single top
quark (tH); with Higgs boson decays into (g) heavy vector boson pairs, (h) fermion-
antifermion pairs, and (i, j) photon pairs or Zv; Higgs boson pair production: (k, 1) via
gluon-gluon fusion, and (m, n, o) via vector boson fusion. The different Higgs boson in-
teractions are labelled with the coupling modifiers , and highlighted in different colours
for Higgs-fermion interactions (red), Higgs-gauge-boson interactions (blue), and multiple
Higgs boson interactions (green).?
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Fig. 2. (Left) projected precision in Higgs production cross section measurement, (right)

projected precision in the modifiers of Higgs coupling to bosons and fermions.

and H — vy decay rates but also the production cross-section for gluon
fusion production process ggH, VBF and VH. In order to probe small



The Future of the Large Hadron Collider Downloaded from www.worldscientific.com
by 31.18.34.94 on 09/07/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

Higgs Physics at HL-LHC 227

contribution of BSM particles to the SM predictions, the x-framework!?
developed to analyse Run 2 data is used. For a given production process
or decay mode j, a coupling modifier «; is defined such that;

K = O'j/O']SM or K= 7 /Ty (1)
In the SM, all x; values are positive and equal to unity. Six coupling
modifiers kw, Kz, k¢, Kb, K- and kK, corresponding to tree-level Higgs
couplings are introduced along with effective coupling modifiers g4, £ and
kz addressing the loop-process in ggH, H — vy and H — Z~. The total
width of the Higgs boson, relative to the SM prediction, varies with the
coupling modifiers as T'gr /T3 = > BéMK?/(l — Bggm), where BJéM is the
SM branching fraction for the H — jj channel and Bggys is the Higgs boson
branching fraction to BSM final states. In the results for the x; parameters
presented here Bggy is fixed to zero and only decays to SM particles are
allowed. The projected precision on Higgs boson coupling modifiers are
shown in Fig. 2(right).

It should be noted that the x framework merely compares the exper-
imental measurement to their best values computed within the SM and
does not require any BSM calculation. It is based on assumptions and has
limitations in its ability to describe general deformations of the SM. A sys-
tematic and powerful way to capture the deviations in Higgs coupling due
to BSM phenomena comes from SM Effective Field Theory® and are being
studied in the context of HL-LHC.2°

5.3. Rare Higgs Decays

A dataset of 3000 fb~! will allow probe of several rare or hard-to-detect
Higgs boson decays. Having measured Higgs boson coupling to the vector
bosons and fermions of the third generation to ~ 10% precision, the atten-
tion will focus on measurements of Higgs boson coupling to the second and
first generation fermions. So far, due to tiny rates and large backgrounds,
there are no model-independent and sensitive strategies at LHC to directly
measure the Higgs coupling to the first generation fermions. For exam-
ple, the best 95% CL limit?! on H — ete™ decay rate with Run 2 data
is about 3 x 10™* to be compared with the expected SM branching ratio
of =~ 5 x 107°. But by searching for and not finding such decays in the
Run 2 data, we have learnt already that Higgs couplings to fermions are
not universal.
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53.1. H— pu u~

At the HL-LHC, the relatively most accessible channel to probe Higgs cou-
pling to the second generation is H — ptu~. With a branching rate of
2 x 10~* and an irreducible Z/v* — p*p~ background with a rate several
orders of magnitude higher, it is also one of the most difficult Higgs de-
cay channels to probe. The H — p+pu~ signal appears as a narrow peak
over a smoothly falling Drell-Yan background. The CMS detector, with an
excellent charged particle momentum resolution of ~ 1-2.5% and precise
background shape modeling, reported?? the first evidence-level measure-
ment of this decay with the Run 2 data. After the phase IT upgrade, CMS
and ATLAS will benefit from the improved charged particle tracking accep-
tance and momentum resolution leading to improvement in m,,,, resolution
(for example, the expected momentum resolution improvement in CMS is
about 30%). These improvements will enable a direct measurement of x,,
with an uncertainty of about 4%.23

5.3.2. H—cc

Due to small charm hadron masses and low charged particle multiplicity
in their decay, the identification of charm quark jets in the multi-jet envi-
ronment of LHC is difficult. This limitation, along with the contamination
from b quark jets and the small decay rate of H — c¢ ~ 3% makes the
direct measurement of Higgs coupling to charm very challenging. In the
recent years, ML techniques have been employed to better isolate H — c¢
signal from multitudes of backgrounds. At the HL-LHC, a 95% upper limit
on the signal strength of VH(H — c¢¢) production mode of 6.4 times the
SM prediction and a constraint of |x.| < 3.0 is projected.?*

5.3.3. H— Zv

The SM Higgs boson can decay into H — Z+ through loop diagrams and
the branching ratio is predicted to be BR(H — Zv) ~ 1.5 x 1073, It
is an interesting mode because the measured rate can differ from the SM
prediction in many BSM scenarios.?> 27 Due to the small branching fraction
in the SM, the H — Z~ decay has not yet been observed at the LHC. An
upper limit?® at 95% confidence level on the production cross-section times
the branching ratio for pp — H — Zv has been set at 3.6 times the SM
prediction. The extrapolation to HL-LHC uses simple scaling approach on
the Run 2 analysis. The measurement is expected to be statistically limited.
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For example, with the 3000 fb~! dataset, ATLAS expects only a 5 standard
deviations observation of this mode and a signal strength measurement of
23% precision.?? The effective coupling Kz is expected to be measured
with an uncertainty of about 10%.24

5.3.4. H — invisible (H — inv)

While major decay modes of the Higgs boson have been measured with
some accuracy, there is enough room for the Higgs boson to decay into?” a
pair of BSM particles such as Dark Matter (DM) candidates. If kinemat-
ically accessible, non-interacting DM particles, such as neutralinos in su-
persymmetry models or graviscalars in models with extra dimensions could
manifest themselves as invisible decays of the Higgs boson. Current® 95%
CL limits on the branching fraction to invisible decays, dominated by the
sensitivity in the VBF topology, is about 10%. The irreducible background
in this search occurs at 0.1% and arises from H — ZZ*) decays where both
Z bosons decay into neutrinos. At the HL-LHC, the major challenge in the
search for H — inv stems from the impact of high pileup conditions on the
reconstruction of the EX5 and its resolution. Feasibility studies?® in the
VH and VBF modes using a variety of EXS threshold project a 95% CL
upper limit on BR(H — inv) < 2.5%.

6. The Higgs boson self-coupling

The study of the Higgs boson self-coupling represents an important test of
the Standard Model, and hence is one of the primary goals of the HL-LHC.
Deviations from SM predictions would indicate the presence of new physics
beyond this theory. Furthermore, the Higgs boson self-interactions are of
primary importance for cosmological theories involving, for example, the
vacuum stability and inflation.?

Figure 3 shows the theoretical predictions for the total rates at proton-
proton colliders with up to v/s = 100 TeV, see Ref. 30 and references therein.
The production cross section at /s = 14 TeV is about 39 fb. Figure 4 shows
the dependence of the total HH production cross section as a function of the
self-coupling A in units of the SM predicted value. The HH production rate
is particularly low for a coupling strength around the SM value, A/Agpr = 1.

At the HL-LHC, the Higgs boson self-interactions are probed by mea-
suring the H H production rate. The main physics HH final states studied
are HH — bbbb, HH — bbyy and HH — bbrt7~. Other channels, such as
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HH production at pp colliders at NLO in QCD
[ My=125 GeV, MSTW2008 NLO pdf (68%cl)
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MadGraphs.
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Fig. 3. Total cross sections at the Next-
to-the-Leading-Order (NLO) in QCD
for the six largest HH production chan-
nels at pp colliders. The thickness of
the lines corresponds to the scale and
Parton Distribution Functions (PDF)
uncertainties added linearly.30

HH production at 14 TeV LHC at (N)LO in QCD
S My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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Fig. 4. Total cross section at the Lead-
ing Order (LO) and NLO in QCD
for HH production channels, at /s =
14 TeV LHC as a function of the self-
interaction coupling A. The dashed
(solid) lines and light-(dark-)colour
bands correspond to the LO (NLO) re-

sults and to the scale and PDF uncer-
tainties added linearly.3°

HH — bWW*W~, HH — bbZZ, HH — WtW vy and HH — 777" vy
have been also explored. Detailed studies have been reported in the HL-
LHC CERN Yellow Report?° (from now on called “Yellow Report”). In
response to the Snowmass 2021 process,?! new studies and several updates
have been produced regarding the HL-LHC projections for non-resonant
H H processes, by both ATLAS?* and CMS?? Collaborations.

The combined minimum negative-log-likelihoods of ATLAS and CMS
projections are shown in Fig. 5. As seen, two minima are found. The
first® is at k) = 1, as expected for Standard Model. The 68% Confidence
Intervals (CIs) are 0.52 < k) < 1.5 and 0.57 < k) < 1.5 with and without
systematic uncertainties respectively. The overview of the 68% CI for each
channel in each experiment, as well as the combination, is shown in Fig. 6.
The 68% CI. for k) are 0.52 < k) < 1.5 and 0.57 < k) < 1.5 with and
without systematic uncertainties respectively.

ATLAS has updated the HL-LHC projections for non-resonant HH
production in the HH — bbyy3? and HH — bbr+7733 final states, taking

2The presence of a second minimum, located at k) ~7, can be mostly explained by
the result of the HH — bbrt7~ analysis. At sy larger than 1, the HH production
cross section increases with increasing k), and at the same time the signal acceptance
decreases, leading to a similar shape to the k) = 1 signal. Together, the degeneracy
of the second minimum, originating mainly from the HH — bbrT7~ channel, is largely
removed by the result of the HH — bby~y analysis. This second minimum of the likelihood
can be excluded at 99.4% CL.
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ATLAS and CMS  HL-LHC prospects 3ab (14 TeV)

SM HH significance: 40
0.1 <1 < 2.3[95% CL] ;
0.5 << 15[68% CL]

— Combination
o bbyy
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“°" bbbb
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== bbVV(Iviv)
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Fig. 5. Minimum negative log-
likelihood as a function of k), cal-
culated by performing a conditional
signal+background fit to the back-
ground and SM signal. The coloured
dashed lines correspond to the com-
bined ATLAS and CMS results by
channel, and the black line to their

at HL-LHC 231

ATLAS and CMS 3000 fo' (14 TeV)
DL T T T
]

= L —. HL-LHC prospects
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Fig. 6. Expected measured values of k)
for the different channels for the AT-
LAS in blue and the CMS experiment
in red, as well as the combined measure-
ment. The lines with error bars show
the total uncertainty on each measure-
ment while the boxes correspond to the
statistical uncertainties.

combination. The likelihoods for the
channels are normalised to 6000 fb—1.

advantage of the analysis methodologies which were updated to the latest

Run 2 analyses.?*35

6.1. The bbvy~ final state

The HH — bbyy analysis exploits the large H — bb branching ratio in com-
bination with the excellent ATLAS photon resolution, allowing the search
for a narrow H — 7 signal in the smoothly falling distribution of the m..,
di-photon mass spectrum.

The ATLAS Run 2 analyses studied a categorization based on the out-
put of a BDT discriminant and the modified four-body mass mwa
Mpbyy — (Mpp — 125) — My — 125) (units in GeV) allowed to increase sig-
nificantly the sensitivity of this search with respect to previous analyses.

In the Yellow Report, the projection results are obtained using the pro-
file likelihood ratio.?¢ Signal and background distributions in the Run 2
categories are first scaled by a uniform scaling factor defined as the ratio
between the target integrated luminosity of 3000 fb~! to the Run 2 inte-
grated luminosity (139 fb—!). The change in the center-of-mass energy from
/s =13 TeV to /s = 14 TeV is accounted for with an additional scaling
factor, which depends on the physics process considered. Finally, the pro-
jected results in individual analyses are obtained by considering different
scenarios of systematic uncertainties.
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In the updated projection,®? the significance of the SM signal (rky = 1)
with (without) the baseline HL-LHC systematic scenario increases to 2.2
(2.3) standard deviations (s.d.), an improvement with respect to the values
of 2.0 (2.1), with (without) systematic uncertainties, found in the previ-
ous study. The combination of all categories results in a 1 s.d. confidence
interval on ky of [0.3, 1.9] ([0.4, 1.8]) with (without) systematic uncertain-
ties. This represents again an improvement with respect to the previous
projection,3” which established the 1 s.d. CI for xy to be [-0.2, 2.5] ([-0.1,
2.4]).

The CMS Collaboration has also updated its projection using the latest
studies of the detector layout in the high-luminosity upgrade and corre-
sponding reconstruction algorithms. In addition to the gluon-gluon fusion
process, the new study includes the VBF production mode of HH, which
provides a unique access to the HHVV (V = W= or Z bosons) coupling.
In the early study this process was neglected. The Vector Boson Fusion
process is the second largest production mode of the non-resonant HH
production. The study3® was performed using Monte Carlo samples emu-
lated in the CMS upgrade detector with the DELPHES fast and parametric
simulation package tuned for /s = 14 TeV and assuming an average pile-up
of 200 events per bunch crossing.

The invariant mass distributions derived from the selected photon and
b-jets pairs are studied to categorise events according to their signal sensi-
tivities. Figure 7 shows the distribution of the vy invariant mass, m., for
the selected pseudo-data events by this new CMS analysis. The curves cor-
respond to continuum background only (green dashed), total background
(continuum + single Higgs boson) (solid blue), and the signal + background
(solid red). The signal contribution is shown in solid magenta line at the
bottom of the plot.

The expected significance for the inclusive di-Higgs signal is 2.16 s.d.
including systematic uncertainties. This is an improvement over the value
of 1.83 s.d. reported in the previous study.3?

6.2. The bbrT1~ final state update

New b-tagging performance studies expected with the ATLAS detector at
HL-LHC were performed by ATLAS since the publication of the Yellow
Report, taking into account, in particular, the latest developments in the
ITk simulation. The b-tagging performance is not expected to be signif-
icantly worse than in Run 2, in spite of the significantly larger pile-up
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expected for HL-LHC. The expected b-tagging performance will be very
beneficial to the search for the di-Higgs process, in particular, for the
study of the HH — bbbb and HH — bbrt7~ final states. Concerning
the HH — bbrtr~ final state, the updated projection leads to a signal
significance of 2.8 s.d., while the previous extrapolation yielded a signal
significance of 2.2 s.d.33

Assuming baseline uncertainties, the updated HH — bbrT 7~ projec-
tion provides 1 s.d. Confidence Interval 0.3 < k) < 1.9 and 5.2 < k) < 1.9
which, compared to the previous projection, results in an improvement of
28%. While the full Run 2 search is dominated by statistical uncertain-
ties, the current projection clearly shows that systematic uncertainties will
become a limiting factor of the HH — bbr*7~ analysis at the HL-LHC.

6.3. Combination of HH — bbrt7T~ and HH — bbvy~
analyses4?

ATLAS has also combined the updated projections of the HH — bbrt7~
and HH — bbyy final states. The combination of the these updated projec-
tions*? 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. 41.

Values of the negative log-profile-likelihood ratio as a function of xy for
various uncertainty scenarios are shown in Fig. 8. If the baseline scenario
is assumed, the combination of HH — bbrt7~ and HH — bbyy yields
a significance of 3.2 s.d. This result is an improvement on the projection
presented by ATLAS in the Yellow Report and in subsequent updates, in
particular with respect to the analysis where ATLAS combined the projec-
tions for the HH — bbbb, HH — bbrt1~ and HH — bbyy final states,*?
where a significance of 2.9 s.d. was estimated.

Combining, the 1-standard deviation confidence intervals on k) are
found to be in the interval [0.5, 1.6] in the baseline scenario and [0.6, 1.5]
without systematic uncertainties. These intervals show an improvement
in sensitivity with respect to the previous projection?? which reported a
1-standard deviation CI at [0.25, 1.9] ([0.4, 1.7]) with (without) systematic
uncertainties.
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Dashed horizontal lines correspond to
1 s.d. and 2 s.d. confidence intervals.

6.4. The ttHH final state and other HH final states

The production of a pair of Higgs bosons in association with a tt pair of-
fers the possibility to explore the interplay between the HH and the ttH
measurements. This process is also highly sensitive to potential BSM con-
tributions. A preliminary study of this process has been carried out by
CMS.23 In this study, the analysis is based on the reconstruction of events
with two Higgs boson decaying each to b-quark pairs, and semileptonic de-
cays of the top-antitop quark pair, which leads to final states with a single
lepton, multiple jets, multiple b-jets and moderate missing transverse mo-
mentum. The results of this prospect study shows that an upper limit to the
ttH H production cross section of 3.147527x SM prediction (0.948 fb~1).
CMS performed a di-Higgs search study also in the HH — WTW =~y
and HH — 777~~~ channels, which benefits from the sensitive H — v~
process and provides a clean and distinguishable signature. Combining all
these final states, the expected significance for signal is 0.22 s.d., includ-
ing systematic uncertainties at integrated luminosity of 3000 fb~! at the
HL-LHC.
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6.5. Summary of the projected precision on self-coupling

Table 1 shows a summary of the signal significancy of HH final states
produced by prospects studies performed by the ATLAS and CMS Col-
laborations. As seen, the update studies made for the Snowmass process
further increased the findings reported in the Yellow Report. The SM
double Higgs boson production yield is expected to be measured with a
significance greater than 4 s.d. Correspondingly, the Higgs self-coupling
modifier k) should be measured with an uncertainty of about 50% by each
experiment. The combination of the results from two experiments should
yield an uncertainty significantly better than 50%. Further refined studies
will consolidate the current projections, and most likely new Deep learning
based analyses techniques could increase the possibility of observing (5 s.d.)
the Standard Model HH production at HL-LHC, if realised in nature. On
the other hand, a statistically significant measurement of k) # 1 would be
very interesting.

Table 1. Prospects for the signal significance of the H H final states studied by
the ATLAS and CMS Collaborations, reported in the CERN Yellow Report. The
numbers between [| reports the results presented in the Snowmass paper. The
number between () represents a simple combination of the most recent signal
significance results available.

HH final state ATLAS significance CMS significance
(s.d.) (s.d.)
HH — bbbb 0.61 0.95
HH — bbyy 2.0 [2.2] 1.8 [2.16]
HH — bbrtr— 2.1 [2.8] 1.4
HH — bbVV (llvy) — 0.56
HH — bbZ Z(4) — 0.37
HH - WtW=yy +
HH — ttr7yy — — [0.22]

overall combination: 4.020 (~4.3)

7. Summary

The luminosity upgrade of LHC, the HL-LHC, represents a unique oppor-
tunity for precision measurements of the Higgs boson properties by ATLAS
and CMS. Any significant deviation of these measurements from the Stan-
dard Model predictions will indicate presence of new physics beyond SM
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at the energy scale of the LHC or colliders proposed for future high-energy
physics exploration.

Higgs boson couplings to gauge bosons will be measured with an ac-
curacy of about 2%, while the couplings to the fermions of the third gen-
eration and the muons of the second generation will be measured with an
accuracy of about 4%. Because of the very small branching ratios, the
model-independent measurement of the Higgs coupling to the fermions of
the first generation will be very challenging.

The measurement of the Higgs boson mass, an unpredicted parameter in
the Standard Model, can be performed at the HL-LHC with an uncertainty
of tens of MeV. The direct measurement of the Higgs boson natural width
is limited by the energy resolution of muon systems and electromagnetic
calorimeters. The I'y ~ 4 MeV, predicted by Standard Model, can be
probed with the study of off-shell Higgs boson production. An uncertainty
of 1 MeV (or better) on this parameter is expected at the HL-LHC.

The study of the Higgs self-coupling represents one of strongest physics
cases for the HL-LHC programme. The Higgs self-coupling can be studied
by measuring the production of Higgs boson pairs. The contribution to the
Higgs boson pair production cross section from processes induced by Higgs
self-coupling, is very small and thus, large data samples are needed for a
precise measurement. At the HL-LHC, the Higgs boson pairs produced by
Higgs self-coupling can be observed with a significance of about 5 standard
deviations, and the strength of the self-coupling can be measured with an
uncertainty of about 50%.

The investigations at the HL-LHC of the Higgs couplings, particularly
its self-coupling, will be unique in the world for many decades to come.
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