Acta Physica Polonica B 56, 9-A4 (2025)

PROSPECTS FOR HIGGS BOSON RESEARCH
AT THE LHC*

ANDRE SOPCZAK
on behalf of the ATLAS and CMS collaborations

Institute of Experimental and Applied Physics
Czech Technical University in Prague
Prague, Czech Republic

Received 22 July 2025, accepted 11 August 2025,
published online 26 September 2025

The search for Higgs bosons in the Standard Model (SM) of particle
physics and beyond the Standard Model (BSM) started intensively at the
Large Electron—Positron (LEP) collider, which operated from 1989 to 2000,
and later at the Tevatron from 2001 to 2011. In 2012, with the discovery
of a Higgs boson at the Large Hadron Collider (LHC) at CERN, a new
era began. This allowed for precision measurements of the Higgs boson
properties which, so far, are all consistent with the SM expectations. Many
searches for predicted BSM Higgs bosons advanced the field of experimental
Higgs boson physics. The LHC already operated in three running periods:
Run 1 from 2010 to 2012, Run 2 from 2015 to 2018, and currently Run 3
from 2022 to 2026. The High-Luminosity LHC (HL-LHC) operation is
foreseen from 2030. The prospects of experimental Higgs boson research
for the next decade are reviewed.
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1. Introduction

After the Higgs boson was proposed in 1964 by Higgs [1]|, Englert, and
Brout [2]|, and Guralnik, Hagen, and Kibble [3], an era for Higgs boson
searches started at the Large Electron—Positron (LEP) collider which op-
erated from 1989 to 2000 in two phases, LEP-1 at 91 GeV centre-of-mass
energy and then later at LEP-2 with centre-of-mass energies up to 209 GeV.
Searches at LEP-1 were summarized in several articles, for example [4]. The
LEP era reached sensitivity for the Standard Model (SM) Higgs boson up
to 114.4 GeV at 95% C.L., when the results from the four LEP experiments
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ALEPH, DELPHI, L3, and OPAL were combined [5]. The LEP collabo-
rations performed several searches for beyond the Standard Model (BSM)
Higgs bosons [6]. A new era of Higgs boson searches started at the Tevatron
collider at Fermilab with the CDF and DO experiments. The combination
of their datasets led to evidence of the Higgs boson in the H — bb channel
just before the Large Hadron Collider (LHC) era at CERN started [7]. In
2012, the SM Higgs boson was discovered at the LHC by the ATLAS and
CMS experiments [8, 9]. Since then, at the LHC, several precision mea-
surements were performed for the SM Higgs boson as briefly summarized
in [10] and detailed in [11, 12]. Several searches were conducted for the
BSM Higgs bosons as reviewed, for example, in [13]. In this review, the
prospects of Higgs boson physics at the High-Luminosity LHC (HL-LHC),
which will start operating from 2030, are reviewed. The LHC tunnel system
and a view of the current preparation for the HL-LHC are shown in Fig. 1.

Fig. 1. Left: Illustration of the LHC tunnel. Right: Photo of current construction
work in preparation for the HL-LHC.

Major open questions will be addressed in future Higgs boson analy-
ses [14]:

— Why is the electroweak interaction so much stronger than gravity?
— Why is there more matter than antimatter in the Universe?

— What is dark matter?

— What is the origin of the vast range of quark and lepton masses?

— What is the origin of the early Universe inflation?
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This review is based on studies for the European Strategy for Particle
Physics (ESPP) [15], which is the cornerstone of Europe’s decision-making
process for the long-term future of the field. It was mandated by the CERN
Council, and it is formed through a broad consultation of the particle physics
community. Opinions of physicists from around the world were actively
solicited, and it was developed in close coordination with similar processes
in the US and Asia to ensure coordination between regions and optimal use
of resources globally. The first update was adopted in 2013, the second was
approved in 2020, and the third update is expected to conclude in January
2026. The prospects of Higgs boson research at the LHC are based on

— ATLAS and CMS data analyses on full LHC Run 2 dataset, 20152018,
with about 140 fb~! per experiment, and

— some of the anticipated improvements for Run 3, 2022-2026, with
larger than 170 fb~! per experiment.

The estimated prospects take into account the ATLAS and CMS detector
upgrades for the HL-LHC. The detectors will have to cope with up to 200
proton—proton interactions per bunch crossing. This is a challenge for the
detector operation and event reconstruction, as illustrated in a simulated
top-quark pair-production ATLAS event, showing the tracker in the HL-
LHC operation (Fig. 2 [16]).

CatLAS

Fig.2. ATLAS simulation of the HL-LHC operation. From [16].
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Considerations for the extrapolated precisions are based on two different
per-experiment integrated luminosity (£) scenarios at centre-of-mass energy
at /s = 14 TeV:

— nominal 3 ab—! and

— intermediate 2 ab™!.

This assumes the data are good for physics analysis, i.e. after taking into
account detector recording inefficiencies and data quality requirements, typ-
ically accounting for a 10% decrease in integrated luminosity. Whenever
possible, combined ATLAS and CMS results are reported. In cases where
results are available from only one collaboration, they are assumed to apply
to both. Insights gained from a decade of detector operations are taken
into account. Extensive studies on the impact of the HL-LHC detector up-
grades were performed. It is assumed that ATLAS and CMS experiments
should achieve comparable sensitivity. The first scenario is referred to as S2
for backward compatibility with the past 2020 European strategy and the
naming convention assumes reduced systematic uncertainties in most cases,
with theoretical systematic uncertainties halved. The additional scenario
(S3) evaluates the impact of recent improvements in specific object recon-
struction relative to S2, focusing on analyses that have already demonstrated
and documented advancements compared with the latest publications [17].

2. Measurement of Higgs boson coupling to fermions
and vector bosons

For the measurement of BSM Higgs boson couplings to fermions and
vector bosons (including loop-induced couplings to photons and gluons), the
kappa framework is used and lambda is defined as Ay = Ky /ky. The cross
section o and branching ratio B(H — ff) at Leading-Order (LO) are pro-
portional to the square of the effective Higgs boson coupling to the SM par-
ticles. In order to search for BSM effects regarding Higgs boson production
and decay, k factors are defined o; By = O'iSMB]ScMHLZZK,?c. Figure 3 illustrates
the couplings. The projected uncertainties of the coupling signal strength

Fig. 3. Coupling definitions for Higgs boson production and decay.
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modifiers, x, and their ratios A, are shown in Fig. 4 [17] for the expected
combined ATLAS and CMS results. The contributions from statistics, ex-
perimental, and theory uncertainties, as well as the total uncertainties are
given. It is remarkable that theory uncertainties are often dominant.
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Fig. 4. Expected uncertainties for x and A measurements. From [17].

3. Observation of Higgs boson rare processes

The future measurement of rare Higgs boson decay modes could give first
evidence of BSM physics. The uncertainties on signal strengths p defined as
the measured value with respect to the SM expectation for the rare decays
H — Z~ and H — pp are determined (Table 1 [17]). High precision p
measurements can be achieved both in the 2ab~! and 3ab~! scenarios.

Table 1. Uncertainties on signal strengths p defined as the measured value with
respect to the SM expectation for the rare decays H — Z~v and H — pp. From [17].

o %]

L H—Zy | H—pup
ATLAS 21 13
2 ab~! CMS 22 8.4
ATLAS+CMS 15 7.1
ATLAS 17 11
3 ab™! CMS 19 7.0
ATLAS+CMS 14 5.9
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4. Observation of the SM di-Higgs boson production

A central question in Higgs boson physics is related to the Higgs boson
potential. In particular, a key question is this: is the current minimum the
true minimum — and thus the Universe is stable — or is there a deeper
one elsewhere, allowing for decay? Figure 5 illustrates the Higgs boson
potential for the SM potential and an alternative potential representing an
unstable vacuum. The figure also illustrates the uncertainty on the potential
measurement from the current LHC results and future expectations at the

HL-LHC.
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Fig.5. Upper: Higgs boson potential, and SM and alternative potentials. Lower:
Tllustration of current and future uncertainties (shaded regions) on the Higgs boson
potential measurements.

4.1. Measurement of the Higgs boson trilinear self-coupling A3

The Higgs potential can be investigated by measuring the Higgs bo-
son self-coupling A, using di-Higgs boson production. In the SM, A3 =

m%/(2v%), where v is the Vacuum Expectation Value (VEV), 246 GeV. The
A value is an essential parameter in the Higgs boson potential

1 1
V(h) = 5quh2 + Agvh3 + 1)\4h4. (1)
A di-Higgs boson signature can arise from the Feynman diagrams shown

in Fig. 6. For ky = \s(HHH)/As(HHH)sym = 0, only the box diagram
contributes. Maximum destructive interference is obtained at k) ~ 2. For
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k) > 5, the triangle diagram dominates. This relation is shown in Fig. 7 [18].
The triangle diagram contributes for low HH masses, while for high HH
masses, the box diagram dominates. In arbitrary units, an ATLAS simula-
tion shows the expected spectrum of contributions for different k) values as
a function of the HH mass. Derivations from the SM value, k) = 1, could
therefore strongly increase the expected rate and make an observation of the
H H process possible earlier than expected in the SM. The figure also shows
the SM differential production cross section as a function of the HH mass.
The strong negative interference is quantified (Fig. 7 [18]).
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Fig. 6. Di-Higgs boson Feynman diagrams.
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Fig. 7. Di-Higgs expected differential cross section as a function of the di-Higgs
boson (HH) mass. From [18].



9-A4.8 A. SOPCZAK

Di-Higgs boson decay fractions in the SM are determined from the SM
Higgs boson decay branching fractions. Figure 8 quantifies the values. The
figure also illustrates the expected signatures with b-quark jets, photons, and
tau leptons. Owing to the dominant decay branching fraction H — bb, the
HH decay modes with one or both Higgs bosons decaying into a b-quark
pair lead to the highest HH decay modes.
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Fig.8. Di-Higgs boson decay fractions in the SM, and illustration of expected
signatures with b-quark jets, photons, and tau leptons.

The previous European Strategy Update (2019) results, summarized in
Table 2 [19] concluded: “A combined significance of 4 standard deviation
can be achieved with all systematic uncertainties included.” This projection
on the significance of the HH cross section with the HL-LHC dataset was
based on partial Run 2 analyses (36 fb~!). This is conservative, due to more
recent H H results, thus, there was a need for a new, combined projection.

Table 2. Previous 2019 discovery prediction for the HH production cross section
and sensitivity contributions from various channels. From [19].

Statistical only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvv) — 0.59 — 0.56
HH — bbZ Z(4l) — 0.37 — 0.37
Combined 3.5 2.8 3.0 2.6

Combined Combined

4.5 4.0
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The new results from ATLAS and CMS for the HL-LHC projections [17]
are based on the full LHC Run 2 analyses (about 5% of the eventual total
LHC dataset), and four times more data than were used in 2019 for the
previous European Strategy input. Improved analysis techniques, object,
and event reconstruction are taken into account. Furthermore, the combined
analysis includes the yybb, bbrT, bbbb, bbll, and multi-lepton channels.

Various scenarios for systematic uncertainties are compared, in particu-
lar:

— S2:  reduced experimental uncertainties, theoretical uncertainties
halved, MC statistical uncertainty is neglected.

— S3: S2 and improved object identification based on Run 3 experience.

The new ATLAS and CMS projections for the HL-LHC lead to a discov-
ery prediction for the H H production cross section, as detailed in Fig. 9 [17].
The figure also shows the sensitivity contributions from various channels.
The bbrT channel gives the highest sensitivity contribution. This reminds
us of Higgs boson searches at LEP for hA — bbrT having a strong contribu-
tion in the BSM Higgs boson searches.

-
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Fig.9. New discovery prediction for the H H production cross section and sensitiv-
ity contributions from various channels. From [17].

Table 3 [17] gives details of the contributions of the H H analysis channel
of the expected statistical significance for HH production, and the corre-
sponding 68% confidence interval on k3, assuming x§"® = 1. The expected
sensitivity is

— S22ab7 ! 6.0 s.d.,
— S23ab~ ! 7.2s.d,

— S33ab ! 7.6 s.d.
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The determination of the Higgs boson self-coupling x3 at 68% C.L. is
— 82 2ab~ ! -32% / +37%,
— 823 ab~ ! -27% / +31%,
— S33ab~ ! -26% / +29%.

Table 3. Discovery prediction for the H H production cross section and sensitivity
contributions from various channels. From [17].

2ab™! (92) 3ab~! (52) 3ab~! (53)
ATLAS CMS ATLAS CMS ATLAS CMS
HH statistical significance
bor T~ 3.01 1.9 3.51 2.4 3.8' 2.7
bbyy 2.1 2.0 2.4 2.4 2.6 2.6
bbbb resolved 0.9 1.0t 1.0 1.2f 1.0 1.3
bbbb boosted - 1.8t - 2.2 - 2.2f
Multilepton 0.8 — 1.0f — 1.0t —
vhet e~ 0.41 - 0.5" - 0.5 -
Combination 3.7 3.5 4.3 4.2 4.5 4.5
ATLAS+CMS 6.0 7.2 7.6
k3 68% confidence interval

bor T 03, 1.8 [0.1, 30 | [04, 1.7]7  [0.2, 2.2] [0.5, 1.6]" [0.3, 2.0]
bbyy 0.3, 20" 02 23" | [04, 1.8 [0.3, 20" | [0.5, 1.7]7  [0.4, 1.9]
bbbb resolved  [-0.7, 6.3] [~0.6, 7.6]" | [-0.5, 6.1] [-0.3, 7.3]' | [~0.5, 6.1] [—0.3, 7.2]
bbbb boosted - [-0.6, 8.5 - [-0.4, 8.2 - [—0.4, 8.2]"
Multilepton [-0.2, 4.9]" - [-0.1, 4.7]f - [—o0.1, 4.7]} -
b0 [-2.4, 9.3]" - [—2.2, 9.2]f - [—2.1, 9.1]} -
Combination [0.6, 1.5] [0.4, 1.7] (0.6, 1.5] [0.5, 1.6] [0.6, 1.4] [0.6, 1.5]
ATLAS+CMS —32% / +37% —27% | +31% —26% / +29%
uncertainty

1 used in the ATLAS+CMS combination

Figure 10 [17] shows the contributions to the y? distribution of vari-
ous analysis channels and their combination as a function of k3 for the S3
scenario 3ab~!.

4.2. Limitations of the HL-LHC projections
There are several limitations of the HL-LHC projections:
— Based on Run 2 analyses, it is not possible to incorporate analysis
improvements that would be accessible only with higher statistics.
— Impact of better reconstruction techniques.
— Hard to study larger acceptance due to detector upgrades.

— Impact of trigger upgrades for increased signal acceptance.
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Fig. 10. Contributions to the x? distribution of various analysis channels and their
combination as a function of x3 for the S3 scenario 3ab~!. From [17].

Therefore, it is difficult to quantify the impact without recorded data,
because one can study the increased signal acceptance, but not the extra
backgrounds in the high-pileup environment. Furthermore, additional de-
tector upgrades are also expected to make an impact.

For example, the b-tagging efficiency will have a large impact on the
detection significance, as detailed in Fig. 11 (from [20]). For the HH — bbrT
reaction, the figure shows the dependence of the H H detection significance as

T , . T T i '
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::f_ . —=— Baseline
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= 6 [ ] 6
=

k=) /
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b-efficiency at DL1r 77% WP c- and light-rejection [%]

Fig. 11. Dependence of the H H detection significance as a function of the b-tagging
efficiency for the scenarios with Run 2 systematic uncertainties, the baseline (S3),
and without systematic uncertainties. From [20].
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a function of the b-tagging efficiency for the scenarios with Run 2 systematic
uncertainties, the baseline (S3), and without systematic uncertainties.
Also, the tau trigger performance will have a significant impact on the
trigger efficiency for bbr7 analysis channels, as shown in Fig. 12 [21]. The
figure shows the trigger efficiency as a function of the generated Higgs pair

mass (miUh) increasing from about 50% to 95% for all triggers.
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Fig.12. Trigger efficiencies in a simulated event sample of SM Higgs boson pair
production at a centre-of-mass energy of 13.6 TeV, with decays to two b-quarks
and two hadronically decaying 77-leptons as a function of the generated Higgs pair
mass (m{Uh). From [21].

5. Beyond Standard Model (BSM)

In models beyond the SM, the trilinear coupling (self-coupling) could
have significantly different values from the SM model unity. Thus, the lin-
earity of the self-coupling measurement with respect to the true value is
addressed. Also, at the HL-LHC, the shape of the Higgs potential and
First-Order Phase Transition (FOPT) can be constrained. The extension of
the SM with extra scalars has been studied. This enriched scalar potential
dynamics enables the possibility of a strong FOPT as it interplays with the
Higgs potential. Furthermore, future precision mass measurements will give
insight into the vacuum stability in the Universe.
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5.1. Linearity of the self-coupling measurement

For the future measurement of k3, it is important to study the linearity
between the true k3 value and the expected measurement. Figure 13 [17]
shows the linearity and the expected measurement uncertainties. The pro-
jected combined results from ATLAS and CMS are presented assuming
3ab~! per experiment in the S2 scenario. Good linearity between the true
and measured k3 values within the measurement uncertainty is expected.
Figure 13 [17] also shows constraints from an H H H search projection on ky4.
In the S3 scenario with 3ab~!, the expected limit at 95% C.L. is 86 times
the SM expectation [17].
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Fig.13. Left: Expected k3 measurement and uncertainty as a function of the
k§Ue values. Right: Constraints from the HH H search projection on 3 and r4.

From [17].

5.2. BSM Higgs boson potential measurement

A central question is whether an SM Higgs potential or an alternative
potential is realized in Nature. For the S2 scenario with 3ab~!, the SM
potential and the expected uncertainty of its measurement are shown in
Fig. 14 [17]. The four non-solid lines correspond to the four alternative
potentials and display the limit of the variation of the shapes that could
still imply a strong FOPT in the early Universe. These lines are obtained
for values of the parameters as indicated in the legend of the figure. Only
variations of the shapes in the direction indicated by the arrows on the
four curves would allow for a strong FOPT. In other words, the arrows on
each of these curves indicate the direction in which the modified potentials
implying a strong FOPT lie on the plot. The darker blue and red shaded
areas show the allowed band for the Higgs potential at 68% C.L. derived
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Fig. 14. Higgs potentials in various models which predict a first-order phase tran-
sition. The models are compared with the SM Higgs potential. Two approaches
(SMEFT 6 and HH-driven) are used to show the expected uncertainties on the
Higgs self-coupling achieved by combining ATLAS and CMS at 3ab~! in the S2
scenario, in a wide range of the Higgs field value. The bottom panel shows the dif-
ference between the potential V(&) and its SM expectation Vay (P). Here, the 68%
and 95% C.L. uncertainty bands of the shape of V(&) are shown, for the H H-driven
and SMEFT 6 potentials. The bottom plot shows the zoom into the Vg () dif-
ference around the minimum of V (&), corresponding to the validity range of the
H H-driven band. From [17].

from the ATLAS and CMS projections. The red area illustrates the allowed
range on the third derivative of the potential (which is sensitive to A3),
ignoring higher-order terms. Its finite range around the minimum aims at
representing the fact that LHC constraints coming from HH production
can only determine k3 (at LO) in a model-independent way close to the
minimum. It is therefore labelled “H H-driven”, as it represents what the
experiments are directly sensitive to. The light blue and light red contours
represent the SM potential variations corresponding to the 68% and 95%
C.L. uncertainty bands on k3.
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5.8. Precision Higgs physics and searches for a heavy scalar singlet

Precision Higgs physics interplays with searches for a heavy scalar singlet.
Some minimal extensions of the SM involve the inclusion of a new real scalar
singlet, .S, which couples to the SM via the Higgs portal. The extended Higgs
boson potential is

1 1
V(h) = §m%,h2+Avh3+ZAh4+bls

+%M§ 4 %b454 +arlBPS? 4 %b3S2 FomlePs. (2)
If the additional scalar is sufficiently heavy, it can decay into a pair of Higgs
bosons. This could enable the possibility of a strong FOPT. The stability of
the vacuum for large field configurations can be affected [17]. Figure 15 [17]
shows exclusion bounds in the plane of the deviation of the Higgs boson
coupling to the Z with respect to the SM one as a function of k3. Dark blue
points show the area where a strong FOPT in the early Universe is possible
within the scalar singlet model for mg = 300 GeV. Scenarios S2 and S3
for 3 ab~! data per experiment and combined ATLAS and CMS results are
shown. The figure also shows exclusion bounds in the plane of the Higgs
boson to ZZ coupling with respect to the SM one as a function of k3, and

FOPT Selection - ms =300 GeV, b; = 0 GeV, by =0.25
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Fig.15. Left: Exclusion bounds in the plane of the deviation of the Higgs boson
coupling to the Z with respect to the SM one as a function of k3. The dark blue
points show the area where a strong FOPT in the early Universe is possible within
the scalar singlet model for mg = 300 GeV. Right: Exclusion bounds in the plane
of the Higgs boson to ZZ coupling with respect to the SM one as a function of xs.
68% and 95% exclusion bounds are displayed. The dark blue points populate the
area where a strong FOPT in the early Universe is possible within the scalar singlet
model. From [17].
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the coverage of points where a FOPT in the early Universe is possible within
the scalar singlet model [17]. Scenarios S2 and S3 are presented for 3 ab™!
data per experiment and combined ATLAS and CMS results.

5.4. Projections of the Higgs boson and top quark masses

Projections for the HL-LHC measurements of the Higgs boson and top-
quark masses relate to the stability of the vacuum in the Universe. The
my measurement projections are based on 3 ab™! of integrated luminosity
per experiment in the S2 scenario (Fig. 16 [17]). These projections result
in a total uncertainty on my from H — ZZ* — 40 ({ = e or u) events of
38 MeV for ATLAS and 26 MeV for CMS, leading to a combined uncertainty
of 21 MeV [17].

ATLAS+4CMS 3 ab~! per experiment
Projections ESPPU 2026

180.0 1

) Instability B o _
177.5 1 my from thrJet
= ---- 8 TeV (202 1h1)
o Metastability —— 13TeV (363 1)
g 0 —— S2 with profiling

- S2 without profiling

172.5 \
S=Kk

A
17004 Stability  Ts----- -

T T T T T T
124.8 125.0 125.2 125.4 125.6 125.8

myr [GeV]

Fig.16. Contours in the plane m; versus mpy. Instable, metastable, and stable
vacuum regions are shown. The band between the stable and metastable region
represents the uncertainty in cs. From [17].

6. Past-present-future LHC operation

Figure 17 [22]| gives an overview of the past, present, and future LHC
operation schedule. Currently, LHC 3 is taking data. In 2026, the Long
Shutdown 3 (LS3) will start. During LS3, installations for the HL-LHC
operation will take place. Data taking will start after a commissioning phase
in 2030, then protons will be colliding for high-luminosity physics analyses.
The LHC operation for Run 4 is scheduled for a duration of four years.
Afterwards, the Long Shutdown 4 (LS4) is planned before Run 5 starts.
The HL-LHC planning extends beyond 2040.
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Fig.17. Overview and details of the past, present, and future LHC operations.
From [22].

7. Conclusions

LHC Higgs predictions for the European Strategy for Particle Physics are
updated for the 2026 report. The H — puu, precision of 3% and H — Z~,
and precision 7% are expected. Other Higgs boson couplings precisions
range between 1.6% to 3.6%. The differential cross sections can be mea-
sured with good sensitivity in the high-pp (Higgs) region. Projections for
H H measurements in various final states and their combination are updated.
An HH significance of more than 7o is expected for the HL-LHC. Better
than 30% precision on SM self-coupling is expected, based on direct HH
ATLAS and CMS Run 2 results, and nearly a single-experiment observa-
tion can be achieved. However, the reach of the HH H production search
is 86 times the SM expectation at 95% C.L. Regarding constraining the
shape of the electroweak vacuum potential, the vast majority of the param-
eter space will be covered. Precision measurements of the top-quark mass
will reach an accuracy of 200 MeV, combined with the Higgs boson mass
precision of 21 MeV, enabling exploration of the nature of the electroweak
vacuum and assessment of the stability of the Universe. These projections
are still conservative, as upcoming detector and trigger upgrades, along with
advances in machine learning analysis techniques, are expected to further en-
hance performance. The updated physics goals of the HL-LHC are in line
with the phenomenological studies. Several results are limited by theoreti-
cal uncertainties, highlighting the need for further progress in high-precision
theoretical calculations aligned with the demands of the HL-LHC.
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