
HIGGS PHYSICS:  
QUO VADIS

      Greg Landsberg                         SUSY 2024: Theory 
          Madrid, Spain, 10.06.24     Meets Experiment                                                                               



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 P
hy

si
cs

: Q
uo

 V
ad

is
 - 

SU
SY

 2
02

4.
 M

ad
rid

Outline
✦Higgs Experimental Highlights

✦Higgs Theory Highlights

✦Additional Higgs Bosons

✦Rare Higgs Boson Decays

✦Toward Triple Higgs

✦Conclusions: Quo Vadis?


✦ Disclaimer: this talk is a rapporteur talk reflecting my own thoughts on the 
most interesting aspects of Higgs physics today and a quick preview of 
detailed results to be shown in the rest of this parallel session track.  
(All links are clickable.)


Dedication: I'd like to dedicate this talk to the memory of Peter Ware 
Higgs (29.05.29-08.04.24), whose transformative and groundbreaking 
ideas laid the foundation for the physics of the standard model and the 
very particle named after him
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ATLAS+CMS Physics Reports
✦ ATLAS and CMS just submitted several Phys. Rept. articles on 

various aspects of their physics program

๏ These are legacy Run 2 papers and a valuable resource on 

experimental techniques and results

๏ There are several that concern Higgs physics


✦ ATLAS:

๏ arXiv:2404.05498, Characterising the Higgs boson with ATLAS data 

from Run 2 of the LHC

๏ arXiv:2405.04914, ATLAS searches for additional scalars and exotic 

Higgs boson decays with the LHC Run 2 dataset

✦ CMS:


๏ arXiv:2403.16926, Searches for Higgs boson production through 
decays of heavy resonances


๏ arXiv:2405.18661, Stairway to discovery: a report on the CMS 
programme of cross section measurements from millibarns to 
femtobarns
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https://arxiv.org/pdf/2404.05498
https://arxiv.org/pdf/2405.04914
https://arxiv.org/pdf/2403.16926
https://arxiv.org/pdf/2405.18661
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Higgs Factory
✦ LHC is the Higgs factory and the only place to  

study Higgs physics directly today

✦ At 13 TeV, the production cross section for the 

Higgs boson, dominated by gluon-gluon fusion, is ~50 pb

๏ 15M Higgs bosons delivered by the LHC in Run 2!

๏ By now ATLAS and CMS could have accumulated as many Higgs 

bosons as four LEP experiments accumulated Z bosons

๏ With the cross section @13.6 TeV of ~60 pb another 12M have 

been already delivered in Run 3!

✦ But: triggering is a big challenge:


๏ Most of gg → H(bb) events were never put on tape, which is how 
half of Higgs bosons at the LHC are produced and decay


✦ Need to pursue aggressive triggering strategies and go for 
lower cross section production mechanisms to observe all 
possible Higgs boson decays and couplings

5
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Higgs Boson Cross Sections
✦ Inclusive and fiducial cross section in multiple production modes 

have been measured and broadly agree with the SM predictions

✦ All four major production mechanisms: ggH, qqH, VH, and ttH 

have been firmly established

6

CMS arXiv:2405.18661

78 Page 16 of 34 Eur. Phys. J. C (2024) 84 :78

7 8 9 10 11 12 13 14
[TeV]s

0

10

20

30

40

50

60

70

80

90

100

[p
b]

H
→

ppσ

ATLAS  = 125.09 GeV)Hm,H→pp(σSM
QCD scale uncertainty

)sα PDF+⊕(scaleTotal uncertainty 
γ γ→H l4→*ZZ→H

l4→H + γ γ→HCombined

-1 = 7 TeV,  4.5 fbs
-1 = 8 TeV,  20.3 fbs
-1 = 13 TeV, 139 fbs

-1 = 13.6 TeV, 29.0-31.4 fbs

Fig. 3 Values of the σ (pp → H) measurements from this and previ-
ous [119,120] ATLAS publications as a function of the pp centre-of-
mass energy. The SM predicted values and their uncertainties are shown
by the shaded band. The individual channel results are offset along the
x-axis for display purposes

The nuisance parameters associated with the position of the
signal mass peak do not show any significant pull.

The values of the total cross-section determined from
this analysis, and those from previously published ATLAS
studies [119,120], are shown in Fig. 3 as a function of the
pp centre-of-mass energy. The measurements at the new
centre-of-mass energy of 13.6 TeV are in good agreement
with the SM prediction.

7 Conclusion

The pp collision data recorded with the ATLAS detector at√
s = 13.6 TeV are used to derive the first measurement

of the H → γ γ and H → Z Z∗ → 4ℓ cross-sections
at this new LHC centre-of-mass energy, with corresponding
integrated luminosities of 31.4 and 29.0 fb−1, respectively.
The cross-section measurements are restricted to kinematic
phase spaces of the Higgs boson decay products that closely
match the selection criteria applied at detector level, and are
corrected for detector effects. The measured fiducial cross-
sections are σfid,γ γ = 76+14

−13 fb for the H → γ γ channel
and σfid,4ℓ = 2.80 ± 0.74 fb for the H → Z Z∗ → 4ℓ chan-
nels. They are in agreement with the corresponding Standard
Model predictions of 67.6 ± 3.7 fb and 3.67 ± 0.19 fb.

Assuming SM values for the acceptances and the branch-
ing fractions of the two channels, the fiducial measurements
are extrapolated to the full phase space, yielding total Higgs
boson production cross-sections σ (pp → H) = 67+12

−11 pb
and σ (pp → H) = 46 ± 12 pb at 13.6 TeV for the
H → γ γ and H → Z Z∗ → 4ℓ channels, respectively.
These measurements are combined into a measurement of
σ (pp → H) = 58.2 ± 8.7 pb, in agreement with the SM
prediction of σ (pp → H)SM = 59.9 ± 2.6 pb.
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7. Measurements of Higgs boson production 93
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Figure 54: Measured cross sections for the main Higgs boson production modes. The best
fit cross sections are plotted together with the respective 68% confidence level intervals. The
systematic components of the uncertainty in each parameter are shown by the coloured boxes.
The grey boxes indicate the theoretical uncertainties in the SM predictions. The lower panel
shows the ratio of the fitted values to the SM predictions.

https://arxiv.org/pdf/2405.18661
https://link.springer.com/content/pdf/10.1140/epjc/s10052-023-12130-5.pdf
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Going Differential
✦ By now the number of recorded Higgs bosons is large enough to start 

measuring differential cross sections

✦ Stress tests of higher-order theoretical calculations and parton shower 

generators
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Going Doubly Differential
✦ Already started probing double-differential cross sections 

with reasonable precision

✦ Important for testing theory prediction at high pT(H), high 

associated jet multiplicity, high rapidity, etc. 
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Going STXS
✦ More and more results are being interpreted in the Simplified Template Cross Section 

(STXS) framework, which is somewhat in between fully inclusive and fully differential 
measurements


✦ Allows for a straightforward SMEFT reinterpretation and setting constraints on 
various Wilson coefficients, thus providing sensitivity to BSM physics

9

7. Measurements of Higgs boson production 101
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Figure 59: Observed results of the minimal merging scheme STXS fit for H ! gg at 13 TeV. The
best fit cross sections are plotted together with the respective 68% confidence level intervals.
Figure taken from Ref. [500].
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Higgs Boson Couplings
✦ Couplings to third-generation fermions and EW bosons 

have been measured; first evidence for coupling to muons

10

62 | Nature | Vol 607 | 7 July 2022

Article

a reduction of not only statistical but also systematic uncertainties, as 
well as a more precise calibration of the calorimeters and alignment 
of the tracking detectors. During Run 2, approximately 8 million Higgs 
bosons were produced. Many more final states could be studied, as it 
was possible to separate the events by production mode and decay 
channel, as well as by kinematic properties; and differential distribu-
tions could be measured. Furthermore, improved analysis methods 
were deployed.

To enable comparison with the more precise experimental results, 
theoretical calculations have been carried out with commensurate 
improvements in accuracy36–39, involving higher orders in perturba-
tion theory.

The statistical procedure was developed in preparation for the search 
and discovery of the Higgs boson and has not changed much since 
then. It is based on building a combined likelihood from the various 
input channels (‘Statistical analysis’ in Methods). Parameter estimation 
and limit setting are performed using a profile likelihood technique 
with asymptotic approximation40, taking into account the full correla-
tion of the systematic uncertainties between individual channels and 
the years of data taking. The different channels included in the com-
bination correlate nuisance parameters related to the same underlying 
effect, such as the uncertainty in the theoretical prediction or the 
energy-scale uncertainty of the final-state objects. The inclusive signal 
strength (µ) combination has a total of O(10 )4  nuisance parameters. 
The references to the individual analyses presented in the next section 
each contain more details of the statistical procedure used for 

combining the several categories used, created according to various 
criteria, such as signal-to-background ratios, mass resolutions and 
multiplicities of physics objects.

Portrait of the Higgs boson
The portrait of the Higgs boson is defined by its production modes, via 
cross-sections, and its decay channels, via branching fractions. For the 
value of mass measured by CMS mH = 125.38 ± 0.14 GeV (ref. 41), these 
are given in Extended Data Table 139.

Production
The rate of production of Higgs bosons is given by the product of the 
instantaneous luminosity, measured in units of cm−2 s−1, and the 
cross-section, measured in units of cm2. For mH = 125.38 GeV, the total 
cross-section for the production of the SM Higgs boson at s = 13 TeV 
is 54 ± 2.6 pb (ref. 39). (A cross-section of 1 pb (picobarn) corresponds 
to an area of 10−36 cm2). This results in the production of one Higgs 
boson every second at an instantaneous luminosity of 2 × 1034 cm−2 s−1. 
The dominant production mode in the SM is ggH, where a pair of gluons, 
one from each of the incident protons, fuses, predominantly via a vir-
tual top quark quantum loop. This is depicted in Fig. 1a and represents 
87% of the total cross-section. The next most important production 
mode is vector boson fusion (VBF) depicted in Fig. 1b, where a quark 
from each of the protons radiates a virtual vector boson (W or Z), which 
then fuse together to make a Higgs boson. Other processes, with smaller 
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Fig. 2 | The agreement with the SM predictions for production modes and 
decay channels. Signal-strength parameters extracted for various production 
modes µi, assuming = ( )f f

SMB B  (left), and decay channels µf, assuming σi = (σi)SM 
(right). The thick and thin black lines indicate the 1-s.d. and 2-s.d. confidence 
intervals, respectively, with the systematic (syst) and statistical (stat) 
components of the 1-s.d. interval indicated by the red and blue bands, 

respectively. The vertical dashed line at unity represents the values of µi and µf 
in the SM. The covariance matrices of the fitted signal-strength parameters are 
shown in Extended Data Fig. 5. The P values with respect to the SM prediction 
are 3.1% and 30.1% for the left plot and the right plot, respectively. The P value 
corresponds to the probability that a result deviates as much, or more, from the 
SM prediction as the observed one.
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fraction measurements is required. The coupling fit presented here 
is performed within the κ framework53 with a set of parameters κ that 
affect the Higgs boson coupling strengths without altering any kin-
ematic distributions of a given process.

Within this framework, the cross-section times the branching frac-
tion for an individual measurement is parameterized in terms of the 
multiplicative coupling strength modifiers κ. A coupling strength 
modifier κp for a production or decay process via the coupling to a 
given particle p is defined as κ σ σ= /p p p

2 SM or κ Γ Γ= /p p p
2 SM, respectively, 

where Γp is the partial decay width into a pair of particles p. The param-
eterization takes into account that the total decay width depends on 
all decay modes included in the present measurements, as well as cur-
rently undetected or invisible, direct or indirect decays predicted by 
the standard model (such as those to gluons, light quarks or neutrinos) 
and the hypothetical decays into non-standard model particles. The 
decays to non-standard model particles are divided into decays to 
invisible particles and other decays that would be undetected owing 
to large backgrounds. The corresponding branching fractions for the 
two are denoted by Binv. and Bu., respectively.

In the following, three classes of models with progressively fewer 
assumptions about coupling strength modifiers are considered. Stand-
ard model values are assumed for the coupling strength modifiers of 
first-generation fermions, and the modifiers of the second-generation 
quarks are set to those of the third generation, except where κc is left 
free-floating in the fit. Owing to their small sizes, these couplings are 
not expected to noticeably affect any of the results. The ggF produc-
tion and the H → γγ and H → Zγ decays are loop-induced processes. 
They are either expressed in terms of the more fundamental coupling 
strength scale factors corresponding to the particles that contribute 
to the loop-induced processes in the standard model, or treated using 
effective coupling strength modifiers κg, κγ and κZγ, respectively. The 
latter scenario accounts for possible loop contributions from par-
ticles beyond the standard model. The small contribution from the 
loop-induced gg → ZH process is always parameterized in terms of the 
couplings to the corresponding standard model particles.

The first model tests one scale factor for the vector bosons, 
κV = κW = κZ, and a second, κF, which applies to all fermions. In general, 
the standard model prediction of κV = κF = 1 does not hold in extensions 
of the standard model. For example, the values of κV and κF would be 

less than 1 in models in which the Higgs boson is a composite particle. 
The effective couplings corresponding to the ggF, H → γγ and H → Zγ 
loop-induced processes are parameterized in terms of the fundamental 
standard model couplings. It is assumed that there are no invisible or 
undetected Higgs boson decays beyond the standard model, that is, 
Binv. = Bu. = 0. As only the relative sign between κV and κF is physical and 
a negative relative sign has been excluded with a high level of confi-
dence20, κV ≥ 0 and κF ≥ 0 are assumed. Figure 4 shows the results of a 
combined fit in the (κV, κF) plane. The best-fit values and their uncer-
tainties from the combined fit are κV = 1.035 ± 0.031 and κF = 0.95 ± 0.05, 
compatible with the standard model predictions. A relatively large 
positive correlation of 39% is observed between the two fit parameters, 
because some of the most sensitive input measurements involve the 
ggF production process (that is, via couplings to fermions) with sub-
sequent Higgs boson decays into vector bosons.

In the second class of models, the coupling strength modifiers for 
W, Z, t, b, c, τ and µ are treated independently. All modifiers are assumed 
to be positive. It is assumed that only standard model particles con-
tribute to the loop-induced processes, and modifications of the fermion 
and vector boson couplings are propagated through the loop calcula-
tions. Invisible or undetected non-standard model Higgs boson decays 
are not considered. These models enable testing of the predicted scal-
ing of the couplings of the Higgs boson to the standard model particles 
as a function of their mass using the reduced coupling strength mod-
ifiers κ g κ m/2vev = ( /vev)V V V V  for weak bosons with a mass mV and 
κFgF = κFmF/vev for fermions with a mass mF, where gV and gF are the 
corresponding absolute coupling strengths and ‘vev’ is the vacuum 
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contributions from invisible or undetected non-standard model Higgs boson 
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κ m /vevV V  for vector bosons as a function of their masses mF and mV. Two fit 
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the standard model (SM) structure, and Higgs boson decays to non-SM particles 
are not allowed. The vertical bar on each point denotes the 68% confidence 
interval. The p values for compatibility of the combined measurement and the 
SM prediction are 56% and 65% for the respective scenarios. The lower panel 
shows the values of the coupling strength modifiers. The grey arrow points in 
the direction of the best-fit value and the corresponding grey uncertainty bar 
extends beyond the lower panel range. Data are from ATLAS Run 2.
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Higgs Boson Couplings
✦ Couplings to third-generation fermions and EW bosons 

have been measured; first evidence for coupling to muons

10

62 | Nature | Vol 607 | 7 July 2022

Article

a reduction of not only statistical but also systematic uncertainties, as 
well as a more precise calibration of the calorimeters and alignment 
of the tracking detectors. During Run 2, approximately 8 million Higgs 
bosons were produced. Many more final states could be studied, as it 
was possible to separate the events by production mode and decay 
channel, as well as by kinematic properties; and differential distribu-
tions could be measured. Furthermore, improved analysis methods 
were deployed.

To enable comparison with the more precise experimental results, 
theoretical calculations have been carried out with commensurate 
improvements in accuracy36–39, involving higher orders in perturba-
tion theory.

The statistical procedure was developed in preparation for the search 
and discovery of the Higgs boson and has not changed much since 
then. It is based on building a combined likelihood from the various 
input channels (‘Statistical analysis’ in Methods). Parameter estimation 
and limit setting are performed using a profile likelihood technique 
with asymptotic approximation40, taking into account the full correla-
tion of the systematic uncertainties between individual channels and 
the years of data taking. The different channels included in the com-
bination correlate nuisance parameters related to the same underlying 
effect, such as the uncertainty in the theoretical prediction or the 
energy-scale uncertainty of the final-state objects. The inclusive signal 
strength (µ) combination has a total of O(10 )4  nuisance parameters. 
The references to the individual analyses presented in the next section 
each contain more details of the statistical procedure used for 

combining the several categories used, created according to various 
criteria, such as signal-to-background ratios, mass resolutions and 
multiplicities of physics objects.

Portrait of the Higgs boson
The portrait of the Higgs boson is defined by its production modes, via 
cross-sections, and its decay channels, via branching fractions. For the 
value of mass measured by CMS mH = 125.38 ± 0.14 GeV (ref. 41), these 
are given in Extended Data Table 139.

Production
The rate of production of Higgs bosons is given by the product of the 
instantaneous luminosity, measured in units of cm−2 s−1, and the 
cross-section, measured in units of cm2. For mH = 125.38 GeV, the total 
cross-section for the production of the SM Higgs boson at s = 13 TeV 
is 54 ± 2.6 pb (ref. 39). (A cross-section of 1 pb (picobarn) corresponds 
to an area of 10−36 cm2). This results in the production of one Higgs 
boson every second at an instantaneous luminosity of 2 × 1034 cm−2 s−1. 
The dominant production mode in the SM is ggH, where a pair of gluons, 
one from each of the incident protons, fuses, predominantly via a vir-
tual top quark quantum loop. This is depicted in Fig. 1a and represents 
87% of the total cross-section. The next most important production 
mode is vector boson fusion (VBF) depicted in Fig. 1b, where a quark 
from each of the protons radiates a virtual vector boson (W or Z), which 
then fuse together to make a Higgs boson. Other processes, with smaller 
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Fig. 2 | The agreement with the SM predictions for production modes and 
decay channels. Signal-strength parameters extracted for various production 
modes µi, assuming = ( )f f

SMB B  (left), and decay channels µf, assuming σi = (σi)SM 
(right). The thick and thin black lines indicate the 1-s.d. and 2-s.d. confidence 
intervals, respectively, with the systematic (syst) and statistical (stat) 
components of the 1-s.d. interval indicated by the red and blue bands, 

respectively. The vertical dashed line at unity represents the values of µi and µf 
in the SM. The covariance matrices of the fitted signal-strength parameters are 
shown in Extended Data Fig. 5. The P values with respect to the SM prediction 
are 3.1% and 30.1% for the left plot and the right plot, respectively. The P value 
corresponds to the probability that a result deviates as much, or more, from the 
SM prediction as the observed one.
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fraction measurements is required. The coupling fit presented here 
is performed within the κ framework53 with a set of parameters κ that 
affect the Higgs boson coupling strengths without altering any kin-
ematic distributions of a given process.

Within this framework, the cross-section times the branching frac-
tion for an individual measurement is parameterized in terms of the 
multiplicative coupling strength modifiers κ. A coupling strength 
modifier κp for a production or decay process via the coupling to a 
given particle p is defined as κ σ σ= /p p p

2 SM or κ Γ Γ= /p p p
2 SM, respectively, 

where Γp is the partial decay width into a pair of particles p. The param-
eterization takes into account that the total decay width depends on 
all decay modes included in the present measurements, as well as cur-
rently undetected or invisible, direct or indirect decays predicted by 
the standard model (such as those to gluons, light quarks or neutrinos) 
and the hypothetical decays into non-standard model particles. The 
decays to non-standard model particles are divided into decays to 
invisible particles and other decays that would be undetected owing 
to large backgrounds. The corresponding branching fractions for the 
two are denoted by Binv. and Bu., respectively.

In the following, three classes of models with progressively fewer 
assumptions about coupling strength modifiers are considered. Stand-
ard model values are assumed for the coupling strength modifiers of 
first-generation fermions, and the modifiers of the second-generation 
quarks are set to those of the third generation, except where κc is left 
free-floating in the fit. Owing to their small sizes, these couplings are 
not expected to noticeably affect any of the results. The ggF produc-
tion and the H → γγ and H → Zγ decays are loop-induced processes. 
They are either expressed in terms of the more fundamental coupling 
strength scale factors corresponding to the particles that contribute 
to the loop-induced processes in the standard model, or treated using 
effective coupling strength modifiers κg, κγ and κZγ, respectively. The 
latter scenario accounts for possible loop contributions from par-
ticles beyond the standard model. The small contribution from the 
loop-induced gg → ZH process is always parameterized in terms of the 
couplings to the corresponding standard model particles.

The first model tests one scale factor for the vector bosons, 
κV = κW = κZ, and a second, κF, which applies to all fermions. In general, 
the standard model prediction of κV = κF = 1 does not hold in extensions 
of the standard model. For example, the values of κV and κF would be 

less than 1 in models in which the Higgs boson is a composite particle. 
The effective couplings corresponding to the ggF, H → γγ and H → Zγ 
loop-induced processes are parameterized in terms of the fundamental 
standard model couplings. It is assumed that there are no invisible or 
undetected Higgs boson decays beyond the standard model, that is, 
Binv. = Bu. = 0. As only the relative sign between κV and κF is physical and 
a negative relative sign has been excluded with a high level of confi-
dence20, κV ≥ 0 and κF ≥ 0 are assumed. Figure 4 shows the results of a 
combined fit in the (κV, κF) plane. The best-fit values and their uncer-
tainties from the combined fit are κV = 1.035 ± 0.031 and κF = 0.95 ± 0.05, 
compatible with the standard model predictions. A relatively large 
positive correlation of 39% is observed between the two fit parameters, 
because some of the most sensitive input measurements involve the 
ggF production process (that is, via couplings to fermions) with sub-
sequent Higgs boson decays into vector bosons.

In the second class of models, the coupling strength modifiers for 
W, Z, t, b, c, τ and µ are treated independently. All modifiers are assumed 
to be positive. It is assumed that only standard model particles con-
tribute to the loop-induced processes, and modifications of the fermion 
and vector boson couplings are propagated through the loop calcula-
tions. Invisible or undetected non-standard model Higgs boson decays 
are not considered. These models enable testing of the predicted scal-
ing of the couplings of the Higgs boson to the standard model particles 
as a function of their mass using the reduced coupling strength mod-
ifiers κ g κ m/2vev = ( /vev)V V V V  for weak bosons with a mass mV and 
κFgF = κFmF/vev for fermions with a mass mF, where gV and gF are the 
corresponding absolute coupling strengths and ‘vev’ is the vacuum 
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Fig. 4 | Negative log-likelihood contours corresponding to 68% and 95% CL 
in the (κV, κF) plane. The data are obtained from a combined fit assuming no 
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decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.
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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

κ m /vevV V  for vector bosons as a function of their masses mF and mV. Two fit 
scenarios with κc = κt (coloured circle markers), or κc left free-floating in the fit 
(grey cross markers) are shown. Loop-induced processes are assumed to have 
the standard model (SM) structure, and Higgs boson decays to non-SM particles 
are not allowed. The vertical bar on each point denotes the 68% confidence 
interval. The p values for compatibility of the combined measurement and the 
SM prediction are 56% and 65% for the respective scenarios. The lower panel 
shows the values of the coupling strength modifiers. The grey arrow points in 
the direction of the best-fit value and the corresponding grey uncertainty bar 
extends beyond the lower panel range. Data are from ATLAS Run 2.
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More on Higgs boson production and 
properties in the following talks:


R.Barrué, D. Mungo (Tue), R. Zhang (Fri)

https://www.nature.com/articles/s41586-022-04893-w.pdf
https://www.nature.com/articles/s41586-022-04892-x.pdf
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Couplings to 2nd Generation
✦ First evidence for Higgs coupling to muons has been 

established at 3σ by CMS and 2σ by ATLAS

✦ One of the highest priorities is to reach the observation 

level w/ Run 1-3 data, which should be possible in the 
ATLAS+CMS combination 
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Coupling to Charm
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Figure 2: The observed and expected 95% CL upper limits on the cross-section times branching fraction normalized
to its SM prediction in each lepton channel and for the combined fit. The single-channel limits are obtained using a
five-POI fit, in which each channel has a separate +� (! 22̄) parameter of interest.
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Figure 3: The post-fit <22 distribution summed over all signal regions after subtracting backgrounds, leaving only
the +� (! 22̄), +, (! 2@) and +/ (! 22̄) processes, for events with (a) one 2-tag and (b) two 2-tags. The red
filled histogram corresponds to the +�,� ! 22̄ signal for the fitted value of `

+ � (22̄) = �9, while the open red
histogram corresponds to the signal expected at the 95% CL upper limit on `

+ � (22̄) (`+ � (22̄) = 26). The hatched
band shows the uncertainty of the fitted background.
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Figure 4: The 95% CL upper limits on µVH(H!cc ). Green and yellow bands indicate the 68 and
95% intervals on the expected limits, respectively. The vertical red line indicates the SM value
µVH(H!cc ) = 1.
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Other Ways to Probe Hqq?
✦ One could probe charm Yukawa  

coupling through Higgs decays via  
charmonium, e.g., H → J/ѱɣ, ѱ(2S)ɣ

๏ SM predicted branching fraction is ~10-6


๏ Unfortunately, it is largely dominated by the Dalitz decay, not 
the direct Hcc coupling diagram


✦ Current limits on the branching fraction  
≲ 2 x 10-4, which corresponds to |𝜅c/𝜅ɣ| ≲ 150


✦ Significantly worse than the VH(cc) limits, but it may be 
the only way to probe coupling to the s quark (via H → 
φ(1020)ɣ) or the first-generation quarks (via H → 𝜌(780)ɣ)


✦ First limits are already available13

781 Page 2 of 33 Eur. Phys. J. C (2023) 83 :781

Fig. 1 Feynman diagrams depicting the a direct amplitude and b indi-
rect amplitude contributing to the H → Q γ process, where Q is a
vector quarkonium state. The hatched circle in b denotes a set of one-
loop diagrams

access both the magnitude and the sign of the charm-quark
Yukawa coupling [29,30]; the corresponding decays in the
bottomonium sector, H → ϒ(1S, 2S, 3S) γ , can provide
information about the real and imaginary parts of the bottom-
quark coupling to the Higgs boson [31]. Studies of these
decays complement searches for the inclusive H → cc̄ and
H → bb̄ decays. The results of recent independent calcu-
lations of the branching fractions expected for these decays
in the SM are presented in Table 1, and are of the order
of 10−6 for H → J/ψ γ and of order 10−9 to 10−8 for
H → ϒ(1 S, 2 S, 3 S) γ [31–36]. The branching fraction for
H → ψ(2S) γ is expected to be (1.03± 0.06)× 10−6. This
was obtained via a private communication from the authors
of Ref. [34], who used an estimate of the value of the order-ν2

non-relativistic QCD long-distance matrix element, where ν

is the velocity of the heavy quarks in the Q rest frame. It is
noted that the branching fractions for decays in the bottomo-
nium sector are small compared to those in the charmonium
sector: in this case there is an almost perfect cancellation
between the direct and indirect decay amplitudes, caused by
the mass of the b-quark being large compared to the masses
of quarks in the first and second generations.

Deviations of the quark Yukawa couplings from SM
expectations can lead to significant enhancements in the
branching fractions of these radiative decays, particularly
in the bottomonium sector. Such deviations can arise in

BSM theories [37]. For instance, the quark masses may
not originate entirely from the Higgs mechanism, but could
also be induced by other, subdominant, sources of elec-
troweak symmetry breaking [38]. Some further examples are
the Froggatt–Nielsen mechanism [39], the Randall–Sundrum
family of models [40], the minimal flavour violation frame-
work [41], the Higgs-dependent Yukawa couplings model
[42], and the possibility of the Higgs boson being a compos-
ite pseudo-Goldstone boson [43].

The Z boson production cross section at the LHC [44]
is approximately 1000 times larger than the Higgs boson
production cross section [37,45], which allows rare Z boson
decays to be probed to much smaller branching fractions than
Higgs boson decays to the same final state. Similarly to the
Higgs boson decays in Fig. 1, radiative decays of the Z boson
into a vector quarkonium state and a photon receive analo-
gous contributions from direct and indirect amplitudes. In
Z → Q γ decays, the power corrections in terms of the ratio
of the QCD energy scale to the vector-boson mass are small.
As discussed in Ref. [46], this allows the light-cone distribu-
tion amplitudes (LCDAs) of the mesons to be probed in a the-
oretically clean region where power corrections are in con-
trol, which is not possible in other applications of the QCD
factorisation approach. These decays have not yet been mea-
sured, but recent independent calculations of the SM branch-
ing fractions for Z → J/ψ γ and Z → ϒ(1S, 2S, 3S) γ
are presented in Table 2 and are expected to be of order
10−8 to 10−7 [46–48]. No value has been calculated for
Z → ψ(2S) γ .

Decays of the Higgs and Z bosons into J/ψ or ϒ(1S, 2S,
3S) and a photon were searched for by the ATLAS Collab-
oration, initially with up to 20.3 fb−1 of data collected at√
s = 8 TeV [49] and subsequently with up to 36.1 fb−1

of data collected at
√
s = 13 TeV [50]; the latter search

also introduced the study of the ψ(2S) decay channels.
The obtained 95% confidence level (CL) upper limits on
the branching fractions were 3.5 × 10−4 and 2.0 × 10−3

for H → J/ψ γ and H → ψ(2S) γ , respectively, and
(4.9, 5.9, 5.7) × 10−4 for H → ϒ(1S, 2S, 3S) γ . The cor-
responding 95% CL upper limits for the analogous Z boson
decays were 2.3 × 10−6, 4.5 × 10−6 and (2.8, 1.7, 4.8)

Table 1 Recent calculations of
the H → Q γ branching
fractions expected in the
Standard Model

Vector SM branching fraction, B (H → Q γ )

quarkonium state Ref. [31] (2015) Refs. [33,34] (2017) Ref. [36] (2019)

J/ψ 2.95+0.17
−0.17 × 10−6 2.99+0.16

−0.15 × 10−6 3.01+0.15
−0.15 × 10−6

ϒ(1S) 4.61+1.76
−1.23 × 10−9 5.22+2.02

−1.70 × 10−9 9.97+4.04
−3.03 × 10−9

ϒ(2S) 2.34+0.76
−1.00 × 10−9 1.42+0.72

−0.57 × 10−9 2.62+1.39
−0.91 × 10−9

ϒ(3S) 2.13+0.76
−1.13 × 10−9 0.91+0.48

−0.38 × 10−9 1.87+1.05
−0.69 × 10−9

123
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ATLAS JHEP 07 (2018) 127
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-023-11869-1.pdf
https://cds.cern.ch/record/2894541/files/HIG-23-005-pas.pdf
https://link.springer.com/content/pdf/10.1007/JHEP07(2018)127.pdf


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 P
hy

si
cs

: Q
uo

 V
ad

is
 - 

SU
SY

 2
02

4.
 M

ad
rid

Exploring Higgs Potential
✦ One of the most important couplings is a Higgs boson self-coupling, λ

✦ Directly affects the shape of the Higgs potential, with implications for both 

early and late universe (e.g., EW vacuum stability)

✦ Depends on λ (or, in the SM, mH= ), mt, and 𝛼s


✦ Important to precisely measure all these parameters, including λ, to test the 
predictions of the Higgs mechanism

2λv

14

Degrassi et al. JHEP 08 (2012) 098

J
H
E
P
0
8
(
2
0
1
2
)
0
9
8

Figure 5. Regions of absolute stability, meta-stability and instability of the SM vacuum in the
Mt–Mh plane. Right : zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

Type of error Estimate of the error Impact on Mh

Mt Experimental uncertainty in Mt ±1.4GeV

↵s Experimental uncertainty in ↵s ±0.5GeV

Experiment Total combined in quadrature ±1.5GeV

� Scale variation in � ±0.7GeV

yt O(⇤QCD) correction to Mt ±0.6GeV

yt QCD threshold at 4 loops ±0.3GeV

RGE EW at 3 loops + QCD at 4 loops ±0.2GeV

Theory Total combined in quadrature ±1.0GeV

Table 1. Dominant sources of experimental and theoretical errors in the computation of the SM
stability bound on the Higgs mass, eq. (1.2).

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of

the SM potential. By taking into account all uncertainties, we find that the stability region

is disfavored by present data by 2�. For Mh < 126GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

The dominant uncertainties in the evaluation of the minimum Mh value ensuring abso-

lute vacuum stability within the SM are summarized in table 1. The dominant uncertainty

is experimental and comes mostly from the measurement of Mt. Although experiments at

the LHC are expected to improve the determination of Mt, the error on the top mass will

remain as the largest source of uncertainty. If no new physics other than the Higgs boson

is discovered at the LHC, the peculiarity of having found that the SM parameters lie at

the critical border between stability and metastability regions provides a valid motivation

for improved top quark mass measurements, possibly at a linear collider.

The dominant theoretical uncertainty, while reduced by about a factor of 3 with the

present work, is still related to threshold corrections to the Higgs coupling � at the weak
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More on connection of the Higgs boson 
and cosmology in the following talks:


K. Radchenko Serdula (Mon),  
M. Mlinarevic (Thu), M. Sassi, A. Dashko, 

T. Biekötter (Fri)


https://link.springer.com/content/pdf/10.1007/JHEP07(2021)225.pdf
http://CERN%20Courier%2062%20(2022)%2059


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 P
hy

si
cs

: Q
uo

 V
ad

is
 - 

SU
SY

 2
02

4.
 M

ad
rid

Higgs Boson Mass (and Width)
✦ New, more precise measurements of the Higgs boson mass by ATLAS and 

CMS, with sub-permille precision per experiment achieved!

✦ The two experiments also measured the Higgs boson width by combining 

on-shell and off-shell production of H(ZZ) with 

๏ ΓH = 3.2+2.4-1.7 MeV

๏ ΓH = 4.5+3.3-2.4 MeV 

๏ Measurements are in agreement with the SM prediction of ΓH = 4.1 MeV


✦

15
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Figure 1: Value of �2 ln⇤ as a function of <� for (left) � ! WW, � ! //⇤ ! 4✓ channels and their combination
(magenta, cyan and green, respectively) using Run 2 data only and for (right) Run 1, Run 2 and their combination
(red, green and black, respectively). The dashed lines show the statistical component of the uncertainty. The 1f (2f)
confidence interval is indicated by the intersections of the horizontal line at 1 (4) with the log-likelihood curves.

ATLAS
Run 1:

p
s = 7-8 TeV, 25 fb°1, Run 2:

p
s = 13 TeV, 140 fb°1
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Figure 2: Summary of <� measurements from the individual � ! WW and � ! //⇤ ! 4✓ channels and their
combination presented in this letter. The uncertainty bar on each point corresponds to the total uncertainty; the
horizontal shaded bands represent the statistical component of the uncertainties; the vertical red line and gray band
represent the combined result presented in this letter with its total uncertainty.
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Higgs Boson Mass (and Width)
✦ New, more precise measurements of the Higgs boson mass by ATLAS and 

CMS, with sub-permille precision per experiment achieved!

✦ The two experiments also measured the Higgs boson width by combining 

on-shell and off-shell production of H(ZZ) with 

๏ ΓH = 3.2+2.4-1.7 MeV

๏ ΓH = 4.5+3.3-2.4 MeV 

๏ Measurements are in agreement with the SM prediction of ΓH = 4.1 MeV
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Figure 8: Observed profile likelihood projection on mH, split per final state and combined,
using N -2D

0
VXBS approach. Both statistical and systematic uncertainties have been considered.
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Top Quark Mass Measurement
✦ The most precise measurement of the top quark mass is currently 

from a recent Run 1 combination of ATLAS and CMS measurements: 
mt = 172.52 ± 0.33 GeV, with <2‰ precision

๏ The most precisely measured quark mass!

16

6

165 170 175 180 185
 [GeV]tm

ATLAS+CMS  = 7,8 TeVs

ATLAS+CMS combined
stat uncertainty
total uncertainty

 syst) [GeV]± stat ± total (± tmATLAS
  dilepton 7 TeV  1.31)± 0.54 ± 1.42 (±173.79 
  lepton+jets 7 TeV  1.04)± 0.75 ± 1.28 (±172.33 
  all-jets 7 TeV  1.21)± 1.35 ± 1.82 (±175.06 
  dilepton 8 TeV  0.74)± 0.41 ± 0.84 (±172.99 
  lepton+jets 8 TeV  0.82)± 0.39 ± 0.91 (±172.08 
  all-jets 8 TeV  1.02)± 0.55 ± 1.15 (±173.72 

CMS
  dilepton 7 TeV  1.52)± 0.43 ± 1.58 (±172.50 
  lepton+jets 7 TeV  0.97)± 0.43 ± 1.06 (±173.49 
  all-jets 7 TeV  1.23)± 0.69 ± 1.41 (±173.49 
  dilepton 8 TeV  0.94)± 0.18 ± 0.95 (±172.22 
  lepton+jets 8 TeV  0.45)± 0.16 ± 0.48 (±172.35 
  all-jets 8 TeV  0.57)± 0.25 ± 0.62 (±172.32 
  single top 8 TeV  0.93)± 0.77 ± 1.20 (±172.95 

 8 TeVψ  J/  0.94)± 3.00 ± 3.14 (±173.50 
  secondary vertex 8 TeV  1.11)± 0.20 ± 1.12 (±173.68 

  combined  0.41)± 0.25 ± 0.48 (±172.71 

  combined  0.39)± 0.14 ± 0.42 (±172.52 
WGtopLHCATLAS+CMS

  dilepton  0.51)± 0.29 ± 0.59 (±172.30 
  lepton+jets  0.32)± 0.17 ± 0.36 (±172.45 
  all-jets  0.36)± 0.26 ± 0.45 (±172.60 
  other  0.64)± 0.43 ± 0.77 (±173.53 
  combined  0.30)± 0.14 ± 0.33 (±172.52 

total

stat

Figure 1: Comparison of the individual mt measurements and the result of the mt combination.
Also shown are the separate combinations of each experiment and the result of the simultane-
ous combination for the different decay channels, where the “other” category covers the single
top, J/y, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/y meson measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the input measurements. It was verified that
performing the combinations with a likelihood-based approach [55] gives identical results.

The combination of all 15 input measurements gives

mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV,

which is compared with the input measurements in Fig. 1. The LHC combination has the same
statistical uncertainty as the CMS combination. This is because the figure of merit in BLUE is
the total uncertainty, and the statistical component is a consequence of the optimized weights
in the combination.

The combination achieves an improvement in the total mt uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8 TeV lepton+jets (0.34), dilepton (0.12), and all-jets (0.12) results, and the
ATLAS 8 TeV lepton+jets (0.17) and dilepton (0.16) measurements. The hierarchy of the weights
originates from the uncertainty of each measurement, as well as the correlation between mea-
surements. For example, the ATLAS 8 TeV lepton+jets measurement has a higher weight than
the corresponding dilepton measurement, despite having a larger uncertainty. This is because
of the smaller correlation with the precise CMS 8 TeV lepton+jets measurement. The combina-
tion shows good compatibility between the measurements, with c2 = 7.5 and a corresponding

A.6 Numerical details of the combination 17
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 = 7,8 TeVs

combination
Simultaneous

68% CL

95% CL

ATLAS

CMS

ATLAS+CMS
CMS
t = mATLAS

t = mLHC
tm

Figure A.1: The simultaneous extraction of the mt measured by ATLAS (mATLAS
t ) and CMS

(mCMS
t ) from a BLUE combination of the 15 input measurements is shown by the star. The solid

ellipses show the regions allowed at 68 and 95% confidence level (CL) by the combination
and are in good agreement with the expectation mATLAS

t = mCMS
t (shown by the black dashed

line). The observed correlation between mATLAS
t and mCMS

t is 0.15. The blue and red lines
and bands show the central values and 68% CL intervals for the individual ATLAS and CMS
combinations, which use the 6 ATLAS and 9 CMS measurements, respectively. In addition,
the central value of the LHC combination, mLHC

t , which assumes mLHC
t = mATLAS

t = mCMS
t , is

shown by the circular marker. The projection of the corresponding diagonal error bar on either
axis represents the total uncertainty mLHC

t .

Table A.1: BLUE weights of the simultaneous ATLAS and CMS combination for each input
measurement. The input measurements are the ATLAS and CMS 7 and 8 TeV mt measure-
ments in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS 8 TeV
mt measurements in the single top (“t”), secondary vertex (“vtx”), and J/y analysis (“J/y”).
The sum of the ATLAS weights in the CMS combined value is zero, and vice versa. The indi-
vidual weights, however, are different from zero due to the correlation between the different
experiments. The weights are rounded to two decimal places; when the full precision is used,
the weights for each of mATLAS

t and mCMS
t sum to one.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/y vtx
mATLAS

t <0.01 +0.16 +0.04 +0.33 +0.36 +0.11 �0.05 �0.07 +0.03 +0.03 �0.11 +0.14 �0.03 +0.01 +0.05
mCMS

t �0.04 +0.01 �0.03 +0.04 +0.04 �0.02 �0.10 +0.02 +0.04 +0.18 +0.67 +0.10 �0.04 +0.01 +0.11

ATLAS & CMS arXiv:2402.08713

https://arxiv.org/pdf/2402.08713


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 P
hy

si
cs

: Q
uo

 V
ad

is
 - 

SU
SY

 2
02

4.
 M

ad
rid

Strong Coupling Measurement
✦ Several new results from ATLAS and CMS, including ATLAS's novel 

N3LO extraction based on Z boson pT spectrum, which is as precise as 
the 2022 world average! [Submitted to Nature Physics.]


✦ The running of 𝛼S(Q) has been probed at the LHC over nearly 3 orders of 
magnitude in Q and agrees very well with the QCD NLO RGE evolution
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ATLAS ATEEC 0.1185 ± 0.0021
CMS jets 0.1170 ± 0.0019
H1 jets 0.1147 ± 0.0025
HERA jets 0.1178 ± 0.0026

 inclusivetCMS t 0.1145 ± 0.0034
 inclusivetTevatron+LHC t 0.1177 ± 0.0034

T
CDF Z p 0.1191 ± 0.0015
Tevatron+LHC W, Z inclusive 0.1188 ± 0.0016

2 decays and low Qτ 0.1178 ± 0.0019
 bound statesQQ 0.1181 ± 0.0037

PDF fits 0.1162 ± 0.0020
 jets and shapes-e+e 0.1171 ± 0.0031

Electroweak fit 0.1208 ± 0.0028
Lattice 0.1184 ± 0.0008
World average 0.1179 ± 0.0009

 8 TeV
T

ATLAS Z p 0.1183 ± 0.0009

Hadron Colliders
Category Averages PDG 2022
Lattice Average FLAG 2021
World Average PDG 2022
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T

ATLAS Z p

ATLAS
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Figure 43: (a) Ratios of the measured double-differential cross-sections to the post-fit predictions, both as functions
of the transverse momentum and rapidity of the / boson. The dependency on Us is indicated. (b) Comparison of the
determination of Us (</ ) from the / boson transverse-momentum distribution with other determinations at hadron
colliders, the PDG category averages, the lattice QCD determination and with the PDG world average [236].

boson. Figure 43(a), shows the post-fit ratios of the double-differential cross-sections to predictions. The
resulting value is Us(</ ) = 0.1183 ± 0.0009, where the largest contributions to the uncertainty are from
experimental effects, PDFs, residual theory uncertainties from scale choices and heavy-quark contributions.
Figure 43(b) presents this result together with other determinations of Us. This result is the most precise
experimental determination of Us(</ ) achieved so far.

12.3 Measurement of the ` boson invisible width

Part of the Run 2 data sample is used to perform a direct measurement of the invisible / width
�(/ ! inv) [245] using the ratio of / (! aa) + jets to / (! ✓✓) + jets cross-sections, defined as

'
miss

(?T,/ ) =

df (/+jets)⇥⌫(/!aa)

d(?T,/ )

df (/+jets)⇥⌫(/!✓✓ )

d(?T,/ )

(5)

in a common phase space with ?T,/ > 130 GeV and a jet with ?T > 110 GeV. After bin-wise correction
for detector effects and an additional correction of the / ! ✓✓ component for the <✓✓ requirement
and for the W

⇤ contributions, '
miss is independent of ?T,/ (see Figure 44(a)). �(/ ! inv) is then

extracted from the result b'miss of a fit to '
miss

(?T,/ ) as �(/ ! inv) = b'miss�(/ ! ✓✓) using the well-
constrained 4

+
4
� measurement of �(/ ! ✓✓). The invisible width is determined with 2.5% uncertainty

as �(/ ! inv) = 506 ± 13 MeV. This is in good agreement with the lineshape-based measurement at
LEP and the most precise experimental result to date for a measurement based on recoil final states (see
Figure 44(b)).
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Figure 12 shows the energy dependence predicted by the RGE (dashed line) using the current
world-average value aS(mZ) = 0.1180± 0.0009 [5] together with its associated total uncertainty
(yellow band). The results from the aS(Q) determinations in the four subregions presented in
Table 5 are also shown, along with aS values determined at lower scales by the H1 [90, 93, 94],
ZEUS [95], D0 [11, 12], CMS [14, 17, 18, 22], and ATLAS [21, 24] Collaborations. All results
reported in this study are consistent with the energy dependence predicted by the RGE, and no
deviation is observed from the expected behaviour up to ⇠ 2 TeV.

Table 5: Values of aS(mZ) and aS(Q) determined in four different jet pT fitting subregions
corresponding to an average scale hQi over each pT interval.

pT range (GeV) aS(mZ) hQi (GeV) aS(Q)

360–700 0.1177+0.0104
�0.0067 433.0 0.0967+0.0066

�0.0044

700–1190 0.1162+0.0108
�0.0073 819.0 0.0878+0.0060

�0.0042

1190–1870 0.1159+0.0112
�0.0077 1346.0 0.0830+0.0055

�0.0040

1870–3170 0.1118+0.0110
�0.0070 2081.0 0.0775+0.0051

�0.0034

Q (GeV)10 210 310

(Q
)

S
α

0.05

0.1

0.15

0.2

0.25
 7 TeV : EPJC 73:2604 (2013)  32CMS R

CMS 3-Jet mass 7TeV : EPJC 15:186 (2015)
CMS incl. jets 7 TeV : EPJC 15:288 (2015)
CMS incl. jets 8 TeV : JHEP 03:156 (2017)
ATLAS TEEC 8 TeV : EPJC 77:872(2017)

 8 TeV : PRD 98:092004 (2018)φ∆ATLAS R
 13 TeV  φ∆CMS R

0.0009   ±) = 0.1180
Z

(mSαPDG 2023:  

D0 : Phys. ReV. D 80:111107 (2009)
D0 : PLB 718:56 (2012)
H1 : EPJC 75:65 (2015) 
ZEUS : Nucl. Phys. B 864:1 (2012)

Theory at NLO

CMS

Figure 12: Running of the strong coupling aS(Q) (dashed line) evolved using the current
world-average value aS(mZ) = 0.1180 ± 0.0009 [5] together with its associated total uncer-
tainty (yellow band). The four new extractions from the present analysis (Table 5) are shown
as filled red circles, compared with results from the H1 [90, 93, 94], ZEUS [95], D0 [11, 12],
CMS [14, 17, 18, 22], and ATLAS [21, 24] experiments. The vertical error bars indicate the total
uncertainty (experimental and theoretical). All the experimental results shown in this figure
are based on fixed-order predictions at NLO accuracy in pQCD.

CMS arXiv:2404.16082

ATLAS arXiv:2309.12986

https://arxiv.org/pdf/2404.16082
https://arxiv.org/pdf/2309.12986
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Probing Self-Coupling
✦ Measurement of Higgs boson self-coupling λ is an ultimate goal of HL LHC

✦ The cross section is very low, due to large negative interference between the diagrams 

contributing to Higgs boson pair production

✦ Enormous progress has been achieved using ML b-tagging techniques and multivariate 

methods

✦ Current 95% CL limits on μ = σ/σSM for HH production are <2.9 (2.4) in ATLAS and  

<3.4 (2.5) in CMS [already exceeded early 300 fb-1 projections!]
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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estimated production cross-section and the expectation from the SM (σTheory) in 
searches using different final states and their combination. The search modes 
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different datasets: early LHC Run 2 data (35.9 fb−1), present results using full 
LHC Run 2 data (138 fb−1) and projections for the HL-LHC (3,000 fb−1).

AT
LA

S 
PL

B
 8

43
 (2

02
4)

 1
37

74
5

C
M

S 
N

at
ur

e 
60

7 
(2

02
2)

 6
0

3.4 obs. (2.5 exp.)

If �� production is absent, the expected upper limit is 2.4 at 95% CL, and in the SM case the expected
upper limit is 3.4. The expected limit is improved by 17% with respect to the previous combination [4]:
13% from the improvements of the 11̄g+g�, 11̄WW and 11̄11̄ channels and an additional 4% from the
inclusion of the multilepton and 11̄✓✓ + ⇢miss

T channels. This analysis provides the best expected sensitivity
to the �� production cross-section to date. Figure 2 displays the limits from individual searches and their
combination1, highlighting the 11̄g+g� channel as the expected most sensitive in constraining `�� . The
?-value for the compatibility between the `�� measurements in individual searches and in the combination
is 16%. The observed and expected upper limits on fggF + VBF(��) from the combination are 86 fb
and 71 fb at 95% CL, respectively, derived excluding the theoretical uncertainties on the �� production
cross-section.

Figure 2: Observed and expected upper limits at the 95% CL on the signal strength for inclusive ggF and VBF
�� production from the 11̄g+g� , 11̄WW, 11̄11̄, multilepton and 11̄✓✓ + ⇢miss

T decay channels, and their statistical
combination. The <� is set at 125 GeV when deriving the predicted SM cross-section. The expected limit, along
with the associated error bands, is calculated under the assumption of no �� process and with all NPs profiled to the
observed data.

The self-coupling modifier ^_ is explored in the ggF and VBF �� production processes. Based on
the assumption that other Higgs boson couplings conform to the SM predictions, fitting the data yields
^_ = 3.8+2.1

�3.6, which is compatible with the SM prediction, with a ?-value of 53%. The expected value under
the SM assumption for ^_ is 1.0+4.7

�1.5. The observed (expected) constraints at 95% CL are �1.2 < ^_ < 7.2
(�1.6 < ^_ < 7.2), representing the best expected sensitivity to date to the Higgs boson self-coupling. The
values of the test statistic as a function of ^_ are shown in Figure 3(a), for the individual searches and
their combination, highlighting the 11̄WW channel as the most sensitive. Similarly, ^2+ is explored in the
VBF �� production process. Assuming the SM predictions of other Higgs boson couplings, the observed
(expected) value is ^2+ = 1.02+0.22

�0.23 (^2+ = 1.00+0.40
�0.36). The observed (expected) constraints at 95% CL are

0.57 < ^2+ < 1.48 (0.41 < ^2+ < 1.65). The values of the test statistic as a function of ^2+ are shown
in Figure 3(b), highlighting the 11̄11̄ analysis as the most sensitive, with a dominant contribution from
the boosted channel [26]. The deficit of the signal in this regime results in stronger constraints on ^2+

1 The test statistic and statistical uncertainties of the signal MC samples are updated in the 11̄✓✓ + ⇢miss
T result compared to

Ref. [30]

5

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.251802
https://www.nature.com/articles/s41586-022-04892-x.pdf
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Sensitivity to λ
✦ Because of the negative interference, sensitivity to λ is non-trivial


๏ Combination of single and double Higgs production 
 helps to constrain the self-coupling in a more 
model-independent way: 
and


๏ Here focus on just the HH analyses:

19

-1.2 < 𝜿λ < 7.2 @ 95% CL 
0.57 < 𝜿2V < 1.48 @ 95% CL
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Figure 2: Examples of one-loop _��� -dependent diagrams for (a) the Higgs boson self-energy, and for single-Higgs
production in the (b) ggF, (c) VBF, (d) +�, and (e) CC� modes. The self-coupling vertex is indicated by the filled
circle.

SM predictions corrected for the _���-dependent NLO EW effects. A framework for a global fit to
constrain the Higgs boson self-coupling and the other coupling modifiers ^< was proposed in Refs. [20,
21]; the model-dependent assumptions of this parameterisation are described in the same references. In the
current work, inclusive production cross-sections, decay branching ratios and differential cross-sections are
exploited to increase the sensitivity of the single-Higgs analyses to ^_ and ^<. The differential information
is encoded through the simplified template cross-section (STXS) framework described in Section III.3 of
Ref. [50]. The signal yield in a specific decay channel and STXS bin is then proportional to:

=signal
8, 5 (^_, ^<) / `8 (^_, ^<) ⇥ ` 5 (^_, ^<) ⇥ fSM,8 ⇥ BSM, 5 ⇥ (n ⇥ �)8 5 ,

where `8 and ` 5 describe respectively the multiplicative corrections to the expected SM Higgs boson
production cross-sections in an STXS bin (fSM,8) and each decay-channel branching ratio (BSM, 5 ) as a
function of the values of the Higgs boson self-coupling modifier ^_ and the LO-inspired modifiers ^<. The
(n ⇥ �)8 5 coefficients take into account the analysis efficiency times acceptance in each production and
decay mode.

The functional dependence of `8 (^_, ^<) and ` 5 (^_, ^<) on ^_ and ^< varies according to the production
mode, the decay channel and, more strongly for the +� and CC� production modes, on the STXS bin. A
detailed description of the cross-section and decay-rate dependence on ^_ is given in Refs. [51, 52]. The
STXS information from the VBF, ,�, /� and CC� production modes is exploited here to constrain ^_
and ^<. For the ggF production mode, only the inclusive cross-section dependence on ^_ is currently
available and it was used in this study, while the STXS bin dependence was not considered.

5
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-1.24 < 𝜿λ < 6.9 @ 95% CL 
0.67 < 𝜿2V < 1.38 @ 95% CL 
𝜿2V = 0 is excluded at 6.6σ!

11

the Higgs boson self-interaction coupling modifier kl is in the range �1.24 to 6.49, while the
quartic k2V coupling modifier is in the range 0.67 to 1.38. Figure 6 (right) shows that k2V = 0
is excluded, with a significance of 6.6 s.d., establishing the existence of the quartic coupling
VVHH depicted in Fig. 1n.
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Figure 6: Limits on the Higgs boson self-interaction and quartic coupling.
Combined expected and observed 95% CL upper limits on the HH production cross section for
different values of kl (left) and k2V (right), assuming the SM values for the modifiers of Higgs
boson couplings to top quarks and vector bosons. The green and yellow bands represent,
respectively, the 1 and 2 s.d. extensions beyond the expected limit; the red solid line (band)
shows the theoretical prediction for the HH production cross section (its 1 s.d. uncertainty).
The areas to the left and to the right of the hatched regions are excluded at 95% CL.

7 Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle content of the standard model
(SM) of elementary particle physics, a theory that explains visible matter and its interactions in
exquisite detail. The completion of the SM spanned 60 years of theoretical and experimental
work. In the ten years following the discovery, great progress has been made in painting a
clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date combination of results on
the properties of the Higgs boson, based on data corresponding to an L of up to 138 fb�1,
recorded at 13 TeV. Many of its properties have been determined with accuracies better than
10%. All measurements made so far are found to be consistent with the expectations of the SM.
In particular, the overall signal strength parameter has been measured to be µ = 1.002 ± 0.057.
It has been shown that the Higgs boson directly couples to bottom quarks, tau leptons, and
muons, which had not been observed at the time of the discovery, and also proven that it is
indeed a scalar particle. The CMS experiment is approaching the sensitivity necessary to probe
Higgs boson couplings to charm quarks [74]. The observed (expected) 95% CL value for kc is
found to be 1.1 < |kc | < 5.5 (|kc | < 3.40), the most stringent result to date. Moreover, the recent
progress in searches for the pair production of Higgs bosons has allowed the setting of tight
constraints on the Higgs boson self-interaction strength, and the setting of limits on the Higgs
boson pair production cross section not much above twice the expected SM value.

Much evidence points to the fact that the SM is a low-energy approximation of a more compre-
hensive theory. In connection with the mechanism of spontaneous symmetry breaking, several
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than expected. To reduce model dependence, two-dimensional contours of �2 ln⇤ in the ^2+–^_ plane are
presented in Figure 3(c). The ?-value of the compatibility between the combined measurement and the
SM prediction is 78%.

(a) (b)

(c)

Figure 3: Expected values (dashed lines) of the test statistic (�2 ln⇤) as functions of (a) ^_ and (b) ^2+ . These results
are shown for the decay channels 11̄WW (purple), 11̄g+g� (green), multilepton (cyan), 11̄11̄ (blue) and 11̄✓✓ + ⇢miss

T
(brown), as well as their combination (black). The observed values from the combined data are depicted by solid
black lines. These results are computed with the assumption that all other Higgs boson couplings follow the SM
predictions. (c) Expected 95% CL constraints in the ^2+–^_ plane, derived from the decay channels and their
combination, are illustrated using dashed lines. The observed constraints from the combined dataset are depicted by
a solid black line. The SM prediction is marked by a star, and the combined best-fit value is indicated by a cross.

For the HEFT interpretation the three most sensitive �� decay channels, 11̄g+g�, 11̄WW and 11̄11̄, are
combined. The VBF �� process is ignored due to its minimal impact on 2⌘⌘⌘ (^_) compared to the
dominant ggF �� process. One-dimensional constraints are evaluated separately for the coefficients 266⌘⌘
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Interplay of Different Channels
✦ The sensitivity to HH production is dominated by 

bbbb, bbττ, and bbɣɣ channels

๏ Somewhat different relative sensitivities in ATLAS and 

CMS, mostly due to different triggering strategies and 
background estimation methods


✦ Analyses, particularly in the bbbb channel, are done 
separately in resolved and merged topologies

๏ Important to add a semi-merged topology, currently 

missing

๏ The resolved topology dominates sensitivity to 𝜅λ

๏ The merged topology dominates sensitivity to 𝜅2V


๏ Both contribute similarly to μHH determination

20
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More on Higgs boson pair production in 
the following talks:


A. Verduras, E. Martin Viscasillas,  
M. Mlinarevic (Thu), J. Dávila Illán (Fri)



Higgs Theory 
Highlights
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NLO → NNLO → N3LO
✦ Amazing theoretical progress in both precision Higgs boson 

calculations and related matters (backgrounds, PDFs, 𝛼S)

✦ NNLO revolution of the past decade: by now all the 2 → 2 and a 

few 2 → 3 processed are calculated at NNLO (QCD) + NLO (EW)

๏ This quickly became a de facto standard


✦ Now moving to N3LO: now available for a number of 2 → 1 
processes; the challenge is to have N3LO 2 → 2 calculations

๏ Recent success with DY, HH, VH, partial dijet production @ N3LO

22

Figure 2 shows the value of the NLO, NNLO, and N3LO
cross sections normalized to the central N3LO value as a
function of the invariant mass Q2 of the lepton pair. The
bands indicate the dependence of the cross section at
different orders on the choice of the renormalization and
factorization scales. We choose Q as a central scale and
increase and decrease both scales independently by a factor
of 2 with respect to the central scale while maintaining
1
2 ≤ μR=μF ≤ 2. We observe that at N3LO the cross section
depends only very mildly on the choice of the scale. In
particular, for small and very large invariant masses, the
dependence on the scale is substantially reduced by
inclusion of N3LO corrections compared to NNLO.
Remarkably, however, we find that, for invariant masses
50≲Q≲ 400 GeV, the bands obtained by varying the
renormalization and factorization scales at NNLO and
N3LO do not overlap for the choice of the central scale
Q that is conventionally chosen in the literature. This is in
stark contrast to the case of the N3LO corrections to the
inclusive cross section for Higgs production in gluon and
bottom-quark fusion [17,19,20], where the band obtained at
N3LO was always strictly contained in the NNLO band (for
reasonable choices of the central scales). We note that this
behavior does not depend on our choice of the central scale,
but we observe the same behavior when the central scale is
chosen asQ=2. Since this is a new feature that has not been
observed so far for inclusive N3LO cross section, we
analyze it in some detail.
Figure 3 shows the dependence of the cross section for

an invariant mass Q ¼ 100 GeV on one scale, with the

other held fixed at the central scale Q ¼ 100 GeV. The
bands are again obtained by varying the scale by a factor of
2 up and down around the central scale. We see that in both
cases the NNLO and N3LO bands do not overlap.
Furthermore, we see that for the μR dependence the width
of the band is substantially reduced when going from
NNLO to N3LO. For the μF dependence, however, the
width of the band is increasing from NNLO to N3LO. We
note that this statement depends on the choice of the value
of Q2 considered as well as the center-of-mass energy of
the hadron collider. It would be interesting in how far this
observation is related to the missing N3LO PDFs (keeping
in mind that in that case one could not disentangle
completely the PDF-TH and scale uncertainties anymore).
Figure 4 shows the relative contribution of the different

partonic channels as a function of the invariant mass Q2 to
the N3LO correction of the DY cross section. We see that
the cross section is dominated by the qq̄, qg, and gg
channels. While the qg channel gives a large and positive
contribution, the qq̄ channel (and to a lesser extent also the
gg channel) gives a negative contribution that largely
cancels the contribution from the qg channel. The same
cancellation happens already in the case of the NNLO
corrections to an even larger extent. Given the sizeable
cancellation of different partonic initial-state contributions,
small numerical changes in the parton distribution func-
tions will have an enhanced effect on the prediction of the
DY cross section. Consequently, estimating and improving
on the sources of uncertainties related to parton distribution
functions considered in Fig. 1 is of great importance.

FIG. 2. The cross section as a function of the invariant mass Q2 of the lepton pair for small (left) and large (right) values of Q.

FIG. 3. Dependence of the cross section on either μF or μR with the other scale held fixed.

PHYSICAL REVIEW LETTERS 125, 172001 (2020)

172001-4

Duhr, Dulat, Mistlberger, PRL 75 (2020) 172001

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.172001
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Higher-Order PDFs and 𝛼S
✦ Huge progress in higher-order matrix element 

calculations requires matching precision in PDF and 
𝛼S extraction, as well as better parton shower 
accuracy


✦ Significant progress in all these areas:

๏ NNLOPS with NLO logarithmic matching; towards NNLL 

accuracy very recently

๏ First N3LO PDFs - large 

impact on inclusive ggH 
cross section O(5%) -  
beyond theory uncertainty


๏ N3LO 𝛼S extraction from 
Drell-Yan pT spectrum

23
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Higgs in Gluon Fusion (PDF + MHOUs)

NNPDF4.0

NNPDF4.0 (NNLOpdf)

MSHT20

MSHT20 (NNLOpdf)

Figure 5.4. Same as Fig. 5.1 for Higgs production in gluon-fusion and via vector-boson fusion.

they do not at NLO for VBF, nor at NLO and NNLO for associated production. The impact of using aN3LO
PDFs instead of NNLO PDFs at N3LO for NNPDF4.0 is very moderate for gluon fusion, somewhat more
significant for associated production, and more significant for VBF, in which it is comparable to the PDF
uncertainty. For MSHT20 instead a significant from using aN3LO instead of NNLO PDFs is also observed
for gluon fusion, where suppression of the cross-sections is seen when replacing NNLO with aN3LO PDFs.
This follows from the behaviour of the gluon luminosity seen in Fig. 4.19. The impact of MHOUs on the
PDFs is generally quite small on the scale of the PDF uncertainty at all perturbative orders, and essentially
absent for gluon fusion. For associated production it marginally improves perturbative convergence.

6 Summary and outlook

We have presented the first aN3LO PDF sets within the NNPDF framework, by constructing a full set
of approximate N3LO splitting functions based on available partial results and known limits, approximate
massive DIS coe�cient functions, and extending to this order the FONLL general-mass scheme for DIS
coe�cient functions. We now summarize the new PDF sets that we are releasing, our main conclusions on
their features, and our plans for future developments.

The NNPDF4.0 aN3LO PDF sets are available via the LHAPDF6 interface,

http://lhapdf.hepforge.org/ .

Specifically, we provide an aN3LO NNPDF4.0 set

NNPDF40 an3lo as 01180

that supplements the LO, NLO and NNLO sets of Ref. [37].
We also provide NLO and aN3LO NNPDF4.0MHOU sets

NNPDF40 nlo as 01180 mhou

NNPDF40 an3lo as 01180 mhou
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Still Several Open Issues
✦ With the data accuracy achieving differential and 

double-differential cross section extraction, need 
best possible theoretical calculations


✦ Example: very high pT Higgs boson ggH spectrum

๏ CMS data in H(bb) + ISR jet 

are significantly above the 
theoretical predictions 
at very high pT - a hint for  
new physics or insufficiently  
accurate pT(H) spectrum  
modeling?
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Figure 7. Measured ggH differential fiducial cross section as a function of Higgs boson pT shown
in black, in comparison to the predictions of ref. [33], shown in red, and HJ-MiNLO [32], shown in
blue. The two predictions are nearly identical. The larger gray band shows the total uncertainty
in the measured cross section while the red and blue hatched bands show the uncertainties in
the predictions of ref. [33] and HJ-MiNLO, respectively. In the bottom two panels, the dotted
line corresponds to a ratio of one. The relative uncertainties in the predictions of ref. [33] and
HJ-MiNLO are approximately 10 and 20%, respectively.

production of a Z boson and jets is used to validate the method and is measured to be
consistent with the SM prediction. The inclusive Higgs boson signal strength is measured to
be µH = 3.7± 1.2 (stat)+0.8

−0.7 (syst)
+0.8
−0.5 (theo) = 3.7+1.6

−1.5, based on the theoretical prediction
from the HJ-MiNLO generator for the gluon fusion production mode. The measured
µH corresponds to an observed significance of 2.5 standard deviations (σ) with respect
to the background-only hypothesis, while the expected significance of the SM signal is
0.7σ. The significance of the observed excess with respect to the SM expectation is 1.9σ.
With respect to the previous CMS result, the relative precision of the µH measurement
improves by approximately a factor of two because of the increased integrated luminosity,
an improved b tagging technique based on a deep neural network, and smaller theoretical
uncertainties. Finally, the differential cross section for the pT of a Higgs boson produced
through gluon fusion, assuming the other production modes occur at the SM rates, in the
phase space regions recommended by the LHC simplified template cross section framework
has also been presented. An excess is seen for Higgs boson pT > 650GeV with a local
significance of 2.6σ with respect to the SM expectation including the Higgs boson.

– 20 –

CMS JHEP 12 (2020) 085

https://link.springer.com/content/pdf/10.1007/JHEP12(2020)085.pdf
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Figure 7. Measured ggH differential fiducial cross section as a function of Higgs boson pT shown
in black, in comparison to the predictions of ref. [33], shown in red, and HJ-MiNLO [32], shown in
blue. The two predictions are nearly identical. The larger gray band shows the total uncertainty
in the measured cross section while the red and blue hatched bands show the uncertainties in
the predictions of ref. [33] and HJ-MiNLO, respectively. In the bottom two panels, the dotted
line corresponds to a ratio of one. The relative uncertainties in the predictions of ref. [33] and
HJ-MiNLO are approximately 10 and 20%, respectively.

production of a Z boson and jets is used to validate the method and is measured to be
consistent with the SM prediction. The inclusive Higgs boson signal strength is measured to
be µH = 3.7± 1.2 (stat)+0.8

−0.7 (syst)
+0.8
−0.5 (theo) = 3.7+1.6

−1.5, based on the theoretical prediction
from the HJ-MiNLO generator for the gluon fusion production mode. The measured
µH corresponds to an observed significance of 2.5 standard deviations (σ) with respect
to the background-only hypothesis, while the expected significance of the SM signal is
0.7σ. The significance of the observed excess with respect to the SM expectation is 1.9σ.
With respect to the previous CMS result, the relative precision of the µH measurement
improves by approximately a factor of two because of the increased integrated luminosity,
an improved b tagging technique based on a deep neural network, and smaller theoretical
uncertainties. Finally, the differential cross section for the pT of a Higgs boson produced
through gluon fusion, assuming the other production modes occur at the SM rates, in the
phase space regions recommended by the LHC simplified template cross section framework
has also been presented. An excess is seen for Higgs boson pT > 650GeV with a local
significance of 2.6σ with respect to the SM expectation including the Higgs boson.

– 20 –

CMS JHEP 12 (2020) 085

More on theoretical aspects of Higgs 
physics in the following talks:  

P. Bandyopadhyay (Mon),

D. Kotlarski, C. Borschensky (Tue), F. Arco, 
J. Braathen, K. Radchenko Serdula (Thu),


C. Borschensky, R .Kumar (Fri)

https://link.springer.com/content/pdf/10.1007/JHEP12(2020)085.pdf


Additional 
Higgs Bosons
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Additional Higgs Bosons
✦ Many searches have been done  

for light and heavy additional  
Higgs bosons, typically in the  
context of (h)MSSM or generic  
2HDM, 2HDM+S, and 2HDM+a  
models


✦ While some hints have been  
seen at various high masses, by  
now none of them really survived


✦ Still searches continue, with larger data sets and in more sophisticated 
models and via different production mechanisms


✦ Of particular interest are generic X → YH searches, where X, Y are two 
new resonances (do not have to be spin-0 though), which are being 
aggressively pursued by ATLAS and CMS in multitude of channels


✦ Perhaps the only excess that has survived so far is the infamous 95 
GeV one26
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β
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ττ →gg/bb H/A, H/A 
-1139 fb

Phys. Rev. Lett. 125 (2020) 051801
-1, 36.1 fbντ → +, H+t(b) H

JHEP 09 (2018) 139
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Phys. Rev. D 102 (2020) 032004
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Eur. Phys. J. C 81 (2021) 332
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arXiv:2207.00230
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Figure 46: The expected (dashed lines) and observed (filled areas) exclusions at 95% CL for the hMSSM. The figure
is taken from Ref. [154].

The hMSSM summary plot displayed here is a specific benchmark; the sensitivities of the performed
analyses and patterns of excluded areas will be different in other benchmarks.

4.5 Additional scalars and exotic decays of the Higgs boson

The Higgs BSM searches which involve exotic decays of the Higgs boson, and possibly also additional
scalars, are collected here.

4.5.1 Exotic decays of the Higgs boson to invisible final states

The search for `N, N ! invisible [124] sets an upper limit of 19% on the branching fraction of the
Higgs boson to invisible particles at the 95% CL (assuming SM cross-sections for /� production). The
corresponding expected limit of 19% represents an improvement of about 45% in comparison with a
projection of the previous analysis scaled to the present integrated luminosity. Exclusion limits were also
set for simplified dark-matter models and 2HDM+0 models for a number of benchmark parameters, one of
which is shown in Figure 47.

The search for VBF N ! invisible determined an observed (expected) 95% CL upper limit ofB�!invisible <

0.145 (0.103) [125], which is an improvement on the previous analysis [126]. The result is interpreted
using Higgs portal models to exclude regions in the parameter space of (fWIMP–nucleon,<WIMP) for various
WIMP models [125]. The obtained results are also interpreted as a search for invisible decays of new scalar
particles with masses of up to 2 TeV, resulting in an upper limit of 1 pb on fVBF ⇥ Binvisible for a mediator
mass of 50 GeV, decreasing to 0.1 pb for a mass of 2 TeV, as shown in Figure 48.

56

ATLAS arXiv:2405.04914

https://arxiv.org/pdf/2405.04914


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 P
hy

si
cs

: Q
uo

 V
ad

is
 - 

SU
SY

 2
02

4.
 M

ad
rid

Additional Higgs Bosons
✦ Many searches have been done  

for light and heavy additional  
Higgs bosons, typically in the  
context of (h)MSSM or generic  
2HDM, 2HDM+S, and 2HDM+a  
models


✦ While some hints have been  
seen at various high masses, by  
now none of them really survived


✦ Still searches continue, with larger data sets and in more sophisticated 
models and via different production mechanisms


✦ Of particular interest are generic X → YH searches, where X, Y are two 
new resonances (do not have to be spin-0 though), which are being 
aggressively pursued by ATLAS and CMS in multitude of channels


✦ Perhaps the only excess that has survived so far is the infamous 95 
GeV one26
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Figure 46: The expected (dashed lines) and observed (filled areas) exclusions at 95% CL for the hMSSM. The figure
is taken from Ref. [154].

The hMSSM summary plot displayed here is a specific benchmark; the sensitivities of the performed
analyses and patterns of excluded areas will be different in other benchmarks.

4.5 Additional scalars and exotic decays of the Higgs boson

The Higgs BSM searches which involve exotic decays of the Higgs boson, and possibly also additional
scalars, are collected here.

4.5.1 Exotic decays of the Higgs boson to invisible final states

The search for `N, N ! invisible [124] sets an upper limit of 19% on the branching fraction of the
Higgs boson to invisible particles at the 95% CL (assuming SM cross-sections for /� production). The
corresponding expected limit of 19% represents an improvement of about 45% in comparison with a
projection of the previous analysis scaled to the present integrated luminosity. Exclusion limits were also
set for simplified dark-matter models and 2HDM+0 models for a number of benchmark parameters, one of
which is shown in Figure 47.

The search for VBF N ! invisible determined an observed (expected) 95% CL upper limit ofB�!invisible <

0.145 (0.103) [125], which is an improvement on the previous analysis [126]. The result is interpreted
using Higgs portal models to exclude regions in the parameter space of (fWIMP–nucleon,<WIMP) for various
WIMP models [125]. The obtained results are also interpreted as a search for invisible decays of new scalar
particles with masses of up to 2 TeV, resulting in an upper limit of 1 pb on fVBF ⇥ Binvisible for a mediator
mass of 50 GeV, decreasing to 0.1 pb for a mass of 2 TeV, as shown in Figure 48.

56

ATLAS arXiv:2405.04914

More on additional Higgs bosons in the 
following talks:


T. Qiu, G. Weiglein (Mon)

https://arxiv.org/pdf/2405.04914
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The 95 GeV Puzzle
✦ The long-standing puzzle with a ~2σ hint seen since LEP 

era

✦ A 2.8σ hint seen in CMS in H(ɣɣ) analysis with 20 fb-1 of 8 

TeV + 36 fb-1 of 13 TeV data


✦ Recent CMS analysis of full Run 2 data sees a similar 
excess (albeit with much smaller cross section)


✦ New ATLAS result neither confirms nor kills this excess

27
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Figure 7: The background confidence 1 − CLb as a function of the test mass mH. Full curve:
observation; dashed curve: expected background confidence; dash-dotted line: the position of the
minimum of the median expectation of 1− CLb for the signal plus background hypothesis, when the
signal mass indicated on the abscissa is tested. The horizontal solid lines indicate the levels for 2σ
and 3σ deviations from the background hypothesis (see the Appendix for the conversion).

19

ADLO hep-ex/0306033

CMS PLB 793 (2019) 320The CMS Collaboration / Physics Letters B 793 (2019) 320–347 329

Fig. 6. Expected and observed exclusion limits (95% CL, in the asymptotic approxi-
mation) on the product of the production cross section and branching fraction into 
two photons for an additional Higgs boson, relative to the expected SM-like value, 
from the analysis of the 8 and 13 TeV data. The inner and outer bands indicate the 
regions containing the distribution of limits located within ±1 and 2σ , respectively, 
of the expectation under the background-only hypothesis.

Fig. 7. Expected and observed local p-values as a function of mH for the 8 and 
13 TeV data and their combination (solid curves) plotted together with the relevant 
expectations for an additional SM-like Higgs boson (dotted curves).

the LHC Higgs cross section working group [60]. No significant ex-
cess with respect to the expected number of background events is 
observed. The minimum (maximum) observed upper limit on the 
product of the production cross section and branching fraction nor-
malized to the SM-like value is 0.17 (1.13) corresponding to a mass 
hypothesis of 103.0 (90.0) GeV. Fig. 7 shows the expected and ob-
served local p-values as a function of the mass of an additional 
SM-like Higgs boson, calculated with respect to the background-
only hypothesis, from the analyses of the 8 and 13 TeV data, and 
from their combination. The most significant expected sensitivity 
occurs at the highest explored mass hypothesis of 110 GeV with 
a local expected significance close to 3σ (>6σ ) for the 8 (13) TeV
data, while the worst expected significance occurs in the neigh-
borhood of 90 GeV, where it is approximately 0.4σ (slightly above 
2σ ). For the combination, the most (least) significant expected 
sensitivity occurs at a mass hypothesis of 110 (90) GeV with a local 

expected significance of approximately 6.8σ (slightly above 2.0σ ). 
In the case of the 8 TeV data, one excess with approximately 2.0σ
local significance is observed for a mass hypothesis of 97.7 GeV. 
For the 13 TeV data, one excess with approximately 2.90σ local 
(1.47σ global) significance is observed for a mass hypothesis of 
95.3 GeV, where the global significance has been calculated using 
the method of [77]. In the combination, an excess with approxi-
mately 2.8σ local (1.3σ global) significance is observed for a mass 
hypothesis of 95.3 GeV.

8. Summary

A search for an additional, SM-like, low-mass Higgs boson de-
caying into two photons has been presented. It is based upon 
data samples corresponding to integrated luminosities of 19.7 and 
35.9 fb−1 collected at center-of-mass energies of 8 TeV in 2012 
and 13 TeV in 2016, respectively. The search is performed in a 
mass range between 70 and 110 GeV. The expected and observed 
95% CL upper limits on the product of the production cross sec-
tion and branching fraction into two photons for an additional 
SM-like Higgs boson as well as the expected and observed local 
p-values are presented. No significant (>3σ ) excess with respect 
to the expected number of background events is observed. The ob-
served upper limit on the product of the production cross section 
and branching fraction for the 2012 (2016) data set ranges from 
129 (161) fb to 31 (26) fb. The statistical combination of the results 
from the analyses of the two data sets in the common mass range 
between 80 and 110 GeV yields an upper limit on the product of 
the cross section and branching fraction, normalized to that for a 
standard model-like Higgs boson, ranging from 0.7 to 0.2, with two 
notable exceptions: one in the region around the Z boson peak, 
where the limit rises to 1.1, which may be due to the presence of 
Drell–Yan dielectron production where electrons could be misiden-
tified as isolated photons, and a second due to an observed excess 
with respect to the standard model prediction, which is maximal 
for a mass hypothesis of 95.3 GeV with a local (global) significance 
of 2.8 (1.3) standard deviations. More data are required to ascertain 
the origin of this excess. This is the first search for new resonances 
in the diphoton final state in this mass range based on LHC data 
at a center-of-mass energy of 13 TeV.
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Wait, there is More!
✦ Two more CMS results seems to suggest some 

excess in the same 95 GeV region

๏ MSSM H(ττ) search with an excess at m(ττ) ≈ 100 GeV

๏ X → H(ɣɣ)Y(bb) search with MX ≈ 650 GeV and  

MY ≈ 100 GeV

28
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The observed excess being not statistically significant, we set upper limits at 95%
confidence level (CL) on the product of resonant production cross section and branching
fraction to γγbb channel using the CLs criterion [86], taking the LHC profile likelihood
ratio as a test statistic [87]. The asymptotic approximation is used in the limit setting
procedure [86, 88, 89].

Figure 6 shows the upper limits on resonant production cross section as a function
of resonance mass mX for HH searches. The expected limits decrease from low to high
mX region and observed limits are consistent with them within ±2 standard deviations
(±2σ). Depending on mX , the observed upper limits at 95% CL vary between 0.82–0.07
and 0.78–0.06 fb for spin-0 and -2 resonant HH searches, respectively. The corresponding
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But...
✦ Recent ATLAS result in the same X → H(ɣɣ)Y(bb) 

channel sees no excess at the (650,100) GeV point 
and sets an upper limit on the cross section of 0.2 fb


✦ The jury is still out
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Figure 3: Post-fit distributions of the PNN discriminant output in the (a) 2 1-tagged signal region for <- = 250 GeV
and <( = 100 GeV and (b) 1 1-tagged signal region for <- = 1000 GeV and <( = 70 GeV, after a background-only
fit to data. The signals corresponding to the two PNN parameterisations, normalised to a 1 fb cross section, are
illustrated for comparison. The WW+ jets category represents the sum of WW+ jets, W + jets and dĳet backgrounds.
The error band corresponds to the total systematic uncertainty after fit.

(a) (b)

Figure 4: (a) Expected and (b) observed 95% CL upper limits on the signal cross section times branching fraction
for the -! (� signal, in the (<-, <() plane. The points show where the limits were evaluated. The band at
<( = 125 GeV is not shown as those points are equivalent to those already probed in Ref. [19].
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But...
✦ Recent ATLAS result in the same X → H(ɣɣ)Y(bb) 

channel sees no excess at the (650,100) GeV point 
and sets an upper limit on the cross section of 0.2 fb


✦ The jury is still out
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Figure 3: Post-fit distributions of the PNN discriminant output in the (a) 2 1-tagged signal region for <- = 250 GeV
and <( = 100 GeV and (b) 1 1-tagged signal region for <- = 1000 GeV and <( = 70 GeV, after a background-only
fit to data. The signals corresponding to the two PNN parameterisations, normalised to a 1 fb cross section, are
illustrated for comparison. The WW+ jets category represents the sum of WW+ jets, W + jets and dĳet backgrounds.
The error band corresponds to the total systematic uncertainty after fit.

(a) (b)

Figure 4: (a) Expected and (b) observed 95% CL upper limits on the signal cross section times branching fraction
for the -! (� signal, in the (<-, <() plane. The points show where the limits were evaluated. The band at
<( = 125 GeV is not shown as those points are equivalent to those already probed in Ref. [19].

18

ATLAS arXiv:2404.12915

More on the 95 GeV excess in the 
following talk:


S. Heinemeyer (Mon)

https://arxiv.org/pdf/2404.12915


Rare Higgs 
Boson Decays



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 P
hy

si
cs

: Q
uo

 V
ad

is
 - 

SU
SY

 2
02

4.
 M

ad
rid

Rare Higgs Boson Decays
✦ This is another promising avenue of searches for new physics in the Higgs sector

✦ Typically, branching fractions of the Higgs boson are currently known to ≈10% 

precision, leaving some space for rare Higgs boson decays

✦ The most prominent one is H → inv., which also serves as a sensitive probe for 

relatively light dark matter via an on-shell Higgs mediator

๏ Current best combined observed (expected) limits are: 


✤ B(H→ inv.) < 0.107 (0.077) @95% CL (ATLAS) 

✤ B(H→ inv.) < 0.15 (0.10) @95% CL (CMS)
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spontaneous symmetry breaking mechanism. This adds at least two free parameters to the model: the mass
<2 of the additional dark Higgs boson and its mixing angle U with SM Higgs boson.

The constraint from the combined observed Run 1+2 exclusion limit of B�!inv < 0.093 at 90% CL
is compared to the results from representative direct DM detection experiments [65–68] in Figure 4.
The excluded fWIMP-Nucleon values range from 10�45 cm2 to 10�42 cm2 in the scalar WIMP scenario.
In the Majorana fermion WIMP case, the e�ective coupling is reduced by a factor <2

� [27], excluding
cross-section values down to 2⇥ 10�47 cm2 for low WIMP masses; fWIMP-Nucleon values down to 10�54 cm2

can be excluded for the vector WIMP hypothesis. For UV-complete models, Figure 4 also shows the
upper limit cross-section behaviour for a mixing angle U = 0.2 and for masses of the Dark Higgs particle
equal to 65 GeV and 100 GeV corresponding to the worst and best limit for a scan of <2 in the range
[65, 1000] GeV [64]. This comparison illustrates the complementarity in coverage by the direct-detection
experiments and the searches at colliders, such as the presented analysis.
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Figure 4: Upper limit at the 90% CL on the spin-independent WIMP-nucleon scattering cross-section as a function of
the WIMP mass for direct detection experiments and the interpretation of the � ! invisible combination result in
the context of Higgs portal models considering scalar, Majorana and vector (WIMP hypotheses. For the vector case,
results from UV-complete models are shown (pink curves) for two representative values for the mass of the predicted
Dark Higgs particle (<2) and a mixing angle U=0.2. The uncertainties from the nuclear form factor are smaller than
the line thickness. Direct detection results are taken from Refs. [65–68]. The neutrino floor for coherent elastic
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over the whole WIMP mass range. The regions above the limit contours are excluded in the range shown in the plot.

6 Conclusion

In summary, searches for invisible decays of the Higgs boson using 139 fb�1 of ?? collision data atp
B = 13 TeV recorded in Run 2 of the LHC in several Higgs boson production topologies were statistically

combined assuming SM Higgs boson production. An upper limit on the invisible Higgs boson branching
ratio of B�!inv < 0.113 (0.080+0.031

�0.022) is observed (expected) at the 95% CL. A statistical combination of
this result with the combination of � ! invisible searches using up to 4.7 fb�1 of ?? collision data atp
B = 7 TeV and up to 20.3 fb�1 at 8 TeV collected in Run 1 of the LHC yields an observed (expected) upper

limit of B�!inv < 0.107 (0.077+0.030
�0.022) at the 95% CL. The combined Run 1+2 result is translated into

upper limits on the WIMP-nucleon scattering cross-section for Higgs portal models. The derived limits
on fWIMP-Nucleon range down to 10�45 cm2 (scalar), 2 ⇥ 10�47 cm2 (Majorana) and 10�54 cm2 (vector),
highlighting the complementarity of DM searches at the LHC and direct detection experiments.
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Figure 49: � ! invisible combination: (a) The observed and expected upper limits on B�!invisible at 95% CL
from the Run 2 analyses targeting the production modes indicated on the G-axis and their combination, the Run 1
combination and the combined Run 1 and Run 2 result; the 1f and 2f contours of the expected limit distribution are
also shown. (b) Upper limit at the 90% CL on the spin-independent WIMP–nucleon scattering cross-section as a
function of the WIMP mass for direct-detection experiments and the interpretation of the � ! invisible combination
result in the context of Higgs portal models considering scalar, Majorana and vector (WIMP) hypotheses. For the
vector case, results from UV-complete models are shown (pink curves) for two representative values of the mass of
the predicted dark Higgs particle (<2) and a mixing angle U = 0.2. The uncertainties from the nuclear form factor
are smaller than the line thickness. Direct-detection results are taken from Refs. [160–163]. The neutrino floor for
coherent elastic neutrino–nucleus scattering (solid grey line) is taken from Refs. [164, 165], which assume that
germanium is the target over the whole WIMP mass range. The regions above the limit contours are excluded in the
range shown in the plot. Figures are taken from Ref. [127].

are the ones where the Higgs boson is produced via VBF or /�, and are described in more detail
above. Figure 49(b) shows the model-dependent Higgs portal interpretation where limits are set on the
WIMP–nucleon scattering cross-section, shown in a context of other related searches, highlighting the
complementarity of DM searches at the LHC and direct-detection experiments.

The search for N ! $$d in associated production with a / boson did not reveal an excess [128]. Exclusion
limits are set on the branching fraction of SM Higgs boson decay into a photon and a dark photon. For a
massless W3 , an observed (expected) 95% CL upper limit of 2.28% was placed on B(� ! WW3). For a
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the model-dependent acceptances to display the 95% CL upper limit on the cross-section times branching
fraction of the � ! /3/3 ! 4✓ process. A slight excess with a local significance of 2.5f is found for a
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Other Rare Decays
✦ Many other rare decays are being sought:


๏ H → aa, SS (including long-lived decay products)

๏ LFV H → eμ, eτ, μτ

๏ H → Za
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Figure 58: Regions in the Higgs branching fraction versus 2g plane excluded at 95% CL, for a hidden-sector
model where a mediator Higgs boson of mass 125 GeV decays into a pair of long-lived neutral scalars (B). The
legend explains the coloured lines. Also shown are exclusions for models where the neutral scalars are prompt or
detector-stable.

NMSSM. The observations were consistent with SM. Upper limits are therefore set on the product of
cross-section times branching fraction, using a three-dimensional scan of the masses of the j1, j2 and
0-boson, as shown in Figure 61. These limits assume 100% branching fractions for the decays j̃

0
2 ! 0 j̃

0
1

and 0 ! 11̄. They represent the first j̃1 j̃2 direct limits on this exotic Higgs boson decay obtained at the
LHC.

4.5.3 Rare exclusive Higgs boson decays

The search for N ! ee/e-, which may reveal BSM enhancement of the 44 channel or LFV in the 4`

channel [142], set exclusion limits on these processes. Observed (expected) 95% CL upper limits on the
branching fractions, 3.6⇥ 10�4

(3.5⇥ 10�4
) for B(� ! 44) and 6.2⇥ 10�5

(5.9⇥ 10�5
) for B(� ! 4`),

are obtained for a Higgs boson with mass 125 GeV. These are the first such searches made by the ATLAS
Collaboration and are considerable improvements on previous measurements.

The direct searches N ! e3 and N ! -3 for LFV in Higgs boson decays produced the results detailed in
Ref. [144]. In particular, a small excess was observed with respect to the SM background, but below the
threshold for evidence of a new signal, when the two processes were treated independently. When the two
processes were treated simultaneously, the excess was compatible with a branching fraction of zero within
2.1f. Results of the fits are shown in Figure 62.

The searches N/` ! 8$ and N ! Q⇤$ for these rare exclusive decays study possible BSM Higgs boson
couplings to light quarks [145]. They did not find any significant excess above the SM background. Results
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are obtained for a Higgs boson with mass 125 GeV. These are the first such searches made by the ATLAS
Collaboration and are considerable improvements on previous measurements.

The direct searches N ! e3 and N ! -3 for LFV in Higgs boson decays produced the results detailed in
Ref. [144]. In particular, a small excess was observed with respect to the SM background, but below the
threshold for evidence of a new signal, when the two processes were treated independently. When the two
processes were treated simultaneously, the excess was compatible with a branching fraction of zero within
2.1f. Results of the fits are shown in Figure 62.

The searches N/` ! 8$ and N ! Q⇤$ for these rare exclusive decays study possible BSM Higgs boson
couplings to light quarks [145]. They did not find any significant excess above the SM background. Results
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More on rare Higgs boson decays in the 
following talk:


M. Cepeda (Mon)

https://arxiv.org/pdf/2405.04914


Toward Triple 
Higgs
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HHH Production
✦ Study of quartic Higgs coupling remain  

outside the realm of the HL-LHC, since  
HHH production cross section is very  
small: σHHH(14 TeV, NNLO) = 0.1 fb


✦ In the SM, λ3 = λ4 = 0.13, but it  
is possible that they are not the same


✦ Out of 50 LO diagrams contributing to  
HHH production, only 2 contain λ4,  
while there are 18 ~yt2λ3 and another  
6 ~ytλ32


✦ Thus study of HHH production will help to constrain λ3


✦ Moreover, there a many models in which HHH can be 
enhanced via resonance decays, e.g., Y → XH, X → HH


✦ All of these makes HHH studies quite exciting already now
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Dubrovnik Workshop 2023

✦ A kick-off HHH Workshop took  
place in Dubrovnik last July and was very interesting


✦ About to post the White Paper on the arXiv

✦ Many interesting ideas


๏ Best channels, triggers, merged vs. resolved

๏ Resonance decay benchmarks

๏ Tools against combinatorics


✦ Plan a follow-up workshop in September 2025 when we 
expect first experimental results already be available

35
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Simulating 𝛋3 and 𝛋4 coupling modifications

HH and HHH parametrisation with trilinear 𝛋3 and 𝛋4 quartic coupling modifiers 
•Current HH analyses: neglect 𝛋4 coupling modifier → additional assumption 

•Relax assumption 𝜆3 = 𝜆4 in combined HH and HHH measurement 
•Assuming HHH sensitivity about 100x SM: competitive limit on 𝛋3 possible w.r.t HH channels 
→ Can we reach 100x SM HHH sensitivity with Run 2?

CMS searches Limit at 95% CL
HH→bbbb (boosted) -9.9 < 𝛋3 < 16.9 
HH→bbbb (resolved) -2.3 < 𝛋3 < 9.4 
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More on the HHH production in the 
following talk:


P. Stylianou (Thu)
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Conclusions: Quo Vadis?
✦ Discovery of the Higgs boson in 2012 has completed the particle content of the 

standard model of particle physics and paved an avenue for decades of exploration

๏ Cf. the richness of top quark physics now, nearly 30 years after the discovery!


✦ Unlike the top quark, the Higgs boson is a unique particle, never seen before; its 
deep understanding, both theoretically and experimentally, is of crucial importance 
to answer big questions, including those about the origin and fate of our universe


✦ While several Higgs boson parameters have been precisely measured and agree 
with the SM predictions, there is still space for new physics in the Higgs sector


✦ Key avenues to pursue in the (near) future are:

๏ Couplings to the 2nd generation fermions

๏ Higgs self-coupling

๏ Rare Higgs boson decays

๏ Searches for resonances decaying into H + anything, including triple-object resonances, 

such as HHH, VHH, VVH

✦ All of these require continuous theoretical support and state-of-the-art calculational 

techniques

✦ Higgs will remain an exploratory machine for the next two or more decades, and it 

will shine the way toward the next steps in particle physics36
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ChatGPT Conclusions
In the realm of particles so grand, 
Where mysteries lie in each strand, 
The Higgs boson takes its place, 
With secrets held in its embrace.


Its self-coupling, a subtle dance, 
A tryst of particles in cosmic expanse. 
Yet direct measurements remain unseen, 
As scientists strive to grasp its serene.


Indirect constraints like whispers told, 
Unveiling truths in the particles' fold. 
With bounds and limits, we seek to find, 
The Higgs self-coupling, an enigma entwined.

37


