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The Higgs mechanism is the most economical way 
to endow fundamental particles with mass while 
keeping the SM gauge invariant and predictive


The Higgs field is responsible for the spontaneous 
breaking of electroweak symmetry

VH = μ2 +
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H4 −
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λHHH = 4λHHHH =
m2

H

v2

only parameter regulating field’s shape

+


predicted by the SM once mH is measured

1.1. The Standard Model of particle physics 13
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To satisfy space isotropy and homogeneity, it must be a scalar and its vacuum expectation
value (v.e.v. or v) a constant. Moreover, since the introduction of the BEH doublet must break
the original local SU(2)L ⌦ U(1)

Y
symmetry while preserving the U(1)EM one, it must have

weak hypercharge Y = 0. All of these requirements result in a scalar omni-pervasive field of
electromagnetic charge Q = 0, whose quantum excitations manifest themselves as Higgs bosons
(H). The Lagrangian that introduces this field in the SM is:

LBEH =
�
Dµ�

�†
(D

µ
�) � V (�

†
�) (1.32)

where the covariant derivative is that introduced in Equation 1.22 and the potential V (�
†
�)

can be explicitely written as:
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where both µ
2 and � are strictly positive. The functional form of such potential is depicted

in Figure 1.3, where the typical so-called Mexican hat shape can be appreciated. The potential
presents an unstable local maximum for � = 0 and a continuum of stable ground states satisfying:
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Figure 1.3: Schematic illustration of spontaneous symmetry breaking via the BEH mechanism.
The represented surface has the functional form of the Higgs potential (mexican hat), while the
red ball illustrates the process of passing from an unstable local maximum to the continuum of
ground states where v is referred to as vacuum expectation value.

The choice of ground state among the continuum defined above is what spontaneously breaks
the local SU(2)L⌦U(1)

Y
symmetry while preserving the U(1)EM symmetry as it is parallel to the

�
0 component of the doublet. Therefore, the small perturbations expansion around the minimum

can be written as:
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What, why, and where to look
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Test resonant BSM models


i. Minimal Supersymmetric Standard Model (MSSM)


 2 h± + 3 h0 (scalar and pseudoscalar zoo)


ii. Next to MSSM (NMSSM) or any two Higgs doublet plus singlet 
models (2HDM+S) 


  2 h± + 5 h0 (scalar and pseudoscalar zoo)


iii. Extra Dimensions 

 spin-0 radion / spin-2 graviton

→

→

→

σggHH
NNLO-FTapprox( s = 13TeV, mH = 125GeV) ≈ 31fb

σqqHH
N3LO( s = 13TeV, mH = 125GeV) ≈ 1.7fb

DESTRUCTIVE INTERFERENCE

NON-RESONANT HH PRODUCTION RESONANT HH PRODUCTION

⊕
κλκt

κt

κt

κλ κV

κV
κ2VκV

What, why, and where to look

1. Test BSM effective models with anomalous couplings:  ,  ,  , 


2. Test model-independent non-resonant EFT benchmarks

κλ κt κV κ2V

1.   is not a free parameter                  
 closure test of SM 

λHHH
→

2.  only parameter regulating H 
potential shape  EWSB and 
vacuum stability test

λHHH
→

3. Deviation of  from SM can allow first-
order EW transition  3rd Sakharov 
condition for matter-antimatter asymmetry

λHHH
→

Check out 
Chayanit’s talk later

Check out 
Raffaele’s and Lisa’s 

talks later

https://indico.ijclab.in2p3.fr/event/9063/timetable/?view=standard#103-additional-scalar-bosons-c
https://indico.ijclab.in2p3.fr/event/9063/timetable/?view=standard#129-higgs-and-cosmology
https://indico.ijclab.in2p3.fr/event/9063/timetable/?view=standard#141-electroweak-phase-transiti
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2. Or very good selection purity 

3. Having both would be the best option

5

Ideally we would like to investigate all the possible decay 
modes of HH but given the current luminosity and the harsh 
experimental conditions, to achieve good sensitivity, we need:

BUT 

Thanks to ever-improving reconstruction techniques and 
identification methods we are gradually escaping 
these two constraints!

Direct HH searches

What, why, and where to look
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HH  bbbb *    Non-resonant, resolved topology Phys. Rev. Lett. 129.081802 

  Non-resonant, boosted topology Phys. Rev. Lett. 131.041803


  Non-resonant,  VHH production CMS-PAS-HIG-22-006


  Resonant X YH Phys. Lett. B 842.137392


HH  bb  *     Non-resonant Phys. Lett. B 842.137531


               Resonant X YH JHEP 11 (2021) 057


HH  bb  *     Non-resonant JHEP 03 (2021) 257


               Resonant X YH CMS-PAS-HIG-21-011


HH  bbZZ *     Non-resonant JHEP 06 (2023) 130


               Resonant Phys. Rev. D. 102.032003


HH  bbWW     Non-resonant + Resonant CMS-PAS-HIG-21-005 

                            Resonant  JHEP 05 (2022) 005 

HH  WW      Non-resonant CMS-PAS-HIG-21-014


HH  WWWW + WW  +  *  Non-resonant + Resonant JHEP 07 (2023) 095


HH combination Nature 607 (2022) 60 (uses only starred * final states)

→

→

→ ττ

→

→ γγ

→

→

→

→ γγ

→ ττ ττττ

Direct HH searches

Complementary searches to constrain BSM models:


H aa  [JHEP07 (2023) 148] [arXiv:2209.06197v1] 

H aa bb  + bb  [CMS-PAS-HIG-21-021] [CMS-PAS-HIG-22-007]


Check out Stephanie’s talk tomorrow morning

→ →γγγγ

→ → ττ μμ

What, why, and where to look

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://cds.cern.ch/record/2853338?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269322005263?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://link.springer.com/article/10.1007/JHEP11(2021)057
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cds.cern.ch/record/2815230?ln=en
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032003
https://cds.cern.ch/record/2853597?ln=en
https://link.springer.com/article/10.1007/JHEP05(2022)005
https://cds.cern.ch/record/2840773?ln=en
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://www.nature.com/articles/s41586-022-04892-x
https://link.springer.com/article/10.1007/JHEP07(2023)148
https://arxiv.org/abs/2209.06197
https://cds.cern.ch/record/2839924?ln=en
https://cds.cern.ch/record/2853298?ln=en
https://indico.ijclab.in2p3.fr/event/9063/timetable/?view=standard#143-search-for-higgs-boson-dec
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• At NLO EW correction H boson production 
includes processes sensitive to  

• ttH, tH, and VH have the largest sensitivity 
owing to large t/V masses 

• Independently targeted only by one analysis                      
H ZZ 


• Combined result obtained in Nature H combination


• One future projection in  final state


Differential H ZZ   JHEP 08 (2023) 040 

H combination Nature 607 (2022) 60 

Projections ttH+tH, H  CMS-PAS-FTR-18-020

λHHH

→ →ℓℓℓℓ

γγ

→ →ℓℓℓℓ

→ γγ

7

What, why, and where to look
887 Page 4 of 24 Eur. Phys. J. C (2017) 77 :887
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Fig. 1 Representative one-loop diagrams in single Higgs processes with anomalous trilinear coupling. Differential information on ggF requires
the calculation of EW two-loop amplitudes for H j production, which is not yet feasible with the current technology

and thus negligible. On the other hand, in the limit κ3 → 1,
ZBSM
H → 1 and thus "BSM

λ3
goes to the SM case at fixed NLO

"SM
λ3

= "LO(1 + C1 + δZH ). (8)

This is particularly convenient for the discussion in Sect. 4,
where we will analyze NLO EW corrections in the SM in
conjunction with λ3-induced effects. In conclusion, the rela-
tive corrections due to the trilinear coupling can be expressed
as

δ"κ3 =
"BSM

λ3
− "SM

λ3

"LO

= (ZBSM
H − 1)(1 + δZH )+ (ZBSM

H κ3 − 1)C1, (9)

which manifestly goes to zero in the κ3 → 1 limit.
Numerical values of C1 at the inclusive level for the pro-

cesses considered in this work are reported in Table 1. The
calculation of C1 for single-top–Higgs production, which

appears for the first time here, is non-trivial and discussed
in Sect. 3.4. The range of validity of Eq. (9) has been iden-
tified in Ref. [39] as |κ3| < 20, given the values of δZH and
C1 in Table 1. As we will see, at the differential level this
limit may be too loose since C1 can receive large enhance-
ments (see Sect. 3.3). On the other hand, we believe that
the constraint |κ3| ! 6 identified in Ref. [57] is appropriate
for inclusive double Higgs production, but it is too strong
for the case of single-Higgs production. Indeed the violation
of perturbativity for the HHH vertex is kinematic depen-
dent and the condition |κ3| ! 6 arises from the configuration
with two H bosons on-shell and the third one with virtuality
slightly larger than 2mH . This is the kinematic configura-
tion present above the threshold in double Higgs production,
where the bulk of its cross section comes from, but is never
present in single Higgs production, since only one Higgs
boson can be on-shell in the HHH vertex appearing at one
loop.

123

Indirect                 effects

λHHH

λHHHλHHH

λHHH

λHHH

λHHH

https://link.springer.com/article/10.1007/JHEP08(2023)040
https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2647986?ln=en
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HH bbbb boosted→

• Largest Br = 34% 

• ID with DeepJet 

• Large QCD bkg


• Simultaneous fit of distributions : 
BDT for ggF and  for VBF


• 95% CL upper limit on 



• 95% CL upper limit on 



•

mHH

σHH /σSM
HH = 3.9(7.9)

σVBF /σSM
VBF = 226(412)

κλ ∈ [−2.3, + 9.4]

Direct HH searches : the historic three*

8

HH bb→ γγ

HH bbbb resolved→
8
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Figure 2: Observed and expected 95% CL upper limits on the sggF+VBF HH cross section as a
function of kl (left), and on the sVBF HH cross section as a function of k2V (right). The green
(yellow) band indicates the regions containing 68% (95%) of the limit values expected under
the background-only hypothesis. The red lines denote the theoretical cross section expectation
assuming that other couplings are set to the SM prediction. For the cross section limit as a
function of k2V, the ggF HH production is assumed to correspond to the SM prediction.

SM expectation, to be in the range �0.1 < k2V < 2.2 (�0.4 < k2V < 2.5). These are the most
stringent observed constraints to date on the HH production cross sections and on the k2V
coupling.
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Figure 8: (left) Observed and expected upper limits at 95% CL as functions of kl on the ggF plus
VBF HH cross section times the bbtt branching fraction. (right) Observed and expected upper
limits at 95% CL as functions of k2V on the VBF only HH cross section times the bbtt branching
fraction. In both cases all other couplings are set to their SM expectation. The red solid line
shows the theoretical prediction for the HH production cross section and its uncertainty (red
shaded band).
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Figure 9: (left) Two-dimensional exclusion regions as a function of the kl and kt couplings
for the full 2016–2018 combination, with both k2V and kV are fixed to unity. (right) Two-
dimensional exclusion regions as a function of k2V and kV, with both kl and kt are set to unity.
Expected uncertainties on exclusion boundaries are inferred from uncertainty bands of the limit
calculation, and are denoted by dark and light-grey areas. The blue area marks parameter com-
binations that are observed to be excluded. For visual guidance, theoretical cross section values
are illustrated by thin, labeled contour lines with the SM prediction denoted by a red diamond.

developed especially for this search: among others, several neural networks to identify the b
jets from the H decay, to categorize the events, and to perform signal extraction. Moreover, this
analysis builds up on the improvements made by the CMS Collaboration in the jet and tau lep-
ton identification and reconstruction algorithms. All these techniques enable the achievement
of particularly stringent results on the HH production cross sections.

The observed (expected) 95% CL upper limit on HH total production cross section corresponds
to 3.3 (5.2) times the theoretical SM prediction. The observed (expected) 95% CL upper limit for
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Figure 9: Invariant mass distributions mgg (left) and mjj (right) for the selected events in data
(black points) weighted by S/(S+B), where S (B) is the number of signal (background) events
extracted from the signal-plus-background fit. The solid red line shows the sum of the fitted
signal and background (HH+H+B), the solid blue line shows the background component from
the single Higgs boson and the nonresonant processes (H+B), and the dashed black line shows
the nonresonant background component (B). The normalization of each component (HH, H, B)
is extracted from the combined fit to the data in all analysis categories. The one (green) and
two (yellow) standard deviation bands include the uncertainties in the background component
of the fit. The lower panel in each plot shows the residual signal yield after the background
(H+B) subtraction.
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Figure 10: Expected and observed 95% CL upper limits on the product of the HH production
cross section and B(HH ! ggbb) obtained for different values of kl assuming kt = 1. The
green and yellow bands represent, respectively, the one and two standard deviation extensions
beyond the expected limit. The long-dashed red line shows the theoretical prediction.

95% CL corresponds to the region outside the interval [�3.3, 8.6]. The shape of the likelihood as
function of kl in Fig. 11 is characterized by 2 minima. This is related to an interplay between the
cross section dependence on kl and differences in acceptance between the analysis categories.

Phys. Rev. Lett. 129.081802 Phys. Lett. B 842.137531

JHEP 03 (2021) 257

• Sizeable Br = 7.3% 

• ID with DeepJet and DeepTau 

• Large  and DY bkg


• Simultaneous fit of single DNN 
output 72 signal regions


• 95% CL upper limit on 



• 95% CL upper limit on 



•

tt̄

σHH /σSM
HH = 3.3(5.2)

σVBF /σSM
VBF = 124(154)

κλ ∈ [−1.7, + 8.7]

HH bb→ ττ
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CMS Supplementary
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 (13 TeV)-1138 fb

Phys. Rev. Lett. 131.041803
• Largest Br = 34% 

• Select events with two large-
cone jets of  GeV and 




• ID with ParticleNet 

• Large QCD bkg


• 95% CL upper limit on 



• 


•

pT > 300
|η | < 2.4

σHH /σSM
HH = 9.9(5.1)

κλ ∈ [−9.9, + 16.9]

κ2V ∈ [0.62, + 1.41]

• Tiny Br = 0.3% + very good  purity 

• B-jets ID with DeepJet


• Purely kinematical signal region 
definition


•  2D maximum likelihood 
fit


• 95% CL upper limit on 



• 95% CL upper limit on 



•

(mbb, mγγ)

σHH /σSM
HH = 7.7(5.2)

σVBF /σSM
VBF = 225(208)

κλ ∈ [−3.3, + 8.5]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
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Direct HH searches : the additional two

9

HH  WWWW + WW  +  → ττ ττττHH  bbZZ→

10

8 Results
No significant excess of events is observed over the expected backgrounds. Upper limits are set
on the production cross section of HH times the branching fraction B(HH ! 4`bb), using the
modified frequentist approach (CLs), taking the profile likelihood as a test statistic [67–70] in
the asymptotic approximation. The limits are compared to the theoretical predictions assuming
SM branching fractions for the H decays.

The results are extracted with a binned maximum likelihood fit to the nine BDT distributions
in data. Shape templates for the BDT score for signal are obtained from simulated samples and
for backgrounds from both simulated samples and data, as described in Section 6. Systematic
uncertainties are treated as described in Section 7.

The observed (expected) upper limit on the signal strength modifier µ, defined as the ratio
of the HH fraction in the 4`bb final state to the SM expectation, is 32.4 (39.6) at 95% CL, as
illustrated in Fig. 4 (left).

Upper limits are also set for different hypotheses of anomalous values of the H self-coupling
kl, assuming all the other couplings [71] are equal to their SM values. The result is shown
in Fig. 4 (right), where the exclusion is compared to the theoretical prediction for the HH
cross section (red line). The analysis constrains kl to be within the observed (expected) range
�8.8 (�9.8) < kl < 13.4 (15.0) at 95% CL.

The limits set by this analysis are obtained with a data set which is independent from those
used for the other channels [11, 12].

Figure 4: Left: upper limit on the signal strength at 95% CL for each year and for their combina-
tion. Right: expected and observed 95% CL upper limits on the SM-like HH production cross
section obtained for different values of kl. The green and yellow bands represent, respectively,
the one and two standard deviation (s.d.) quantiles around the expected limit. The red curve
is the HH theoretical prediction cross section as a function of kl.

The results presented in this section are provided in a tabulated form in the HEPDATA record [72]
for this analysis.
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Figure 9: Observed and expected 95% CL upper limits on the SM HH production cross section,
obtained for both individual search categories and from a simultaneous fit of all seven cate-
gories combined.
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Figure 10: Observed and expected 95% CL upper limits on the HH production cross section as
a function of the H boson self-coupling strength modifier kl. All H boson couplings other than
l are assumed to have the values predicted in the SM. The left plot shows the result obtained
by combining all seven search categories, while the right plot shows the limits obtained for
each category separately. The red curve in the left plot represents the SM prediction for the HH
production cross section as a function of kl, and the red shaded band the theoretical uncertainty
in this prediction.

as a function of the coupling c2, and the region excluded in the kt– c2 plane. The effects of
variations in kl and kt on the rate of the SM single H boson background [21] and on the H boson
decay branching fractions [20] are taken into account when computing these limits and those
shown in Fig. 10. The magnitude of these effects is typically 5 to 10% within the scanned range
of kl and kt . Assuming kt and kl are both equal to 1, the coupling c2 is observed (expected) to
be constrained to the interval �1.05 < c2 < 1.48 (�0.96 < c2 < 1.37) at 95% CL.
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• Very small Br = 3.1%  Br = 0.014% when including Z  

• B-jets ID with DeepJet 

• Single H and ZZ bkg


• BDT used for signal extraction 


• 95% CL upper limit on 


•

→ → ℓℓ
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HH = 32(40)

κλ ∈ [−8.8, + 13.4]

Only result in this 
channel at the LHC

• Small Br(4W) = 4.6%,  Br(2W2 ) = 2.7%,  Br(4 ) = 0.4% 

• 7 categories of -multiplicity 

• Large QCD, V, VV, and  bkg


• BDT used for signal extraction 


• 95% CL upper limit on 


•

τ τ

ℓ

tt̄

σHH /σSM
HH = 21.3(40)

κλ ∈ [−6.9, + 11.1]

Only result in this channels 
 with full Run-2 dataset
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• Early Run-2 95% CL upper limit was     simple luminosity scaling 
would predict   with full Run-2 dataset


• Combined Run-2 result is  

• Much better than simple lumi scaling owing to:

• DeepJet, DeepTau, ParticleNet 
• Improved L1 and HLT triggers  
• Detector upgrades (happened in 2016 YETS) 
• Improved analysis with extensive use of ML
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Direct HH searches : the combination
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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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• First ever analysis at CMS to target a production mechanism other than 
ggF and VBF 

• Tiny event yield : SM predicts 110 VHH events in Run-2 

• 4 channels based on V decay:

• (MET) Z   ,   (1L) W 


• (2L) Z     ,   (FH) W/Z qq


• Signal regions (SRs), control regions, and sidebands defined on one-
dimensional distance from where both H masses are 125 GeV


• SRs further categorised base on number of b-jets, and based on BDT selection 
to enhance  sensitivity


• BDT and DNN used for signal extraction in 2L+1L and FH channels, 
respectively


• 95% CL upper limit 


•   -  


•  - 

→ νν → ℓν

→ ℓℓ →

κ

σVHH /σSM
VHH = 294 (124)

κλ ∈ [−37.7,37.2]([−30.1,28.9]) κ2V ∈ [−12.2,13.5]([−7.2,8.9])

κ2Z ∈ [−17.4,18.5]([−10.5,11.6]) κ2W ∈ [−14.0,15.4]([−10.2,11.6])

VHH | HH  bbbb→

11

9. Results 17

0 200 400 600 800 1000Signal strength

2L

1L

MET

FH

Inclusive

 (syst) 
-40
+74 (stat) -90

+114101 

 (syst) 
-33
+52 (stat) -76

+9812 

 (syst) 
-55
+104 (stat) -110

+123283 

 (syst) 
-48
+83 (stat) -123

+140190 

 (syst) 
-29
+55 (stat) -55

+59145 

CMS
Preliminary

 (13 TeV)-1138 fb
Observed

 syst)⊕ (stat σ1±
 (syst)σ1±

Figure 7: The results of two maximum likelihood fits are summarized above. The top entry,
labeled “Inclusive”, is the result of a single signal strength fit of all channels. The other four
entries are from a fit of the same regions but with independent signal strengths in each chan-
nel. The thinner, blue bands are one standard deviation from the full likelihood scan in that
parameter, while the thicker, red bands are one standard deviation bands of the systematic
uncertainties only.

The upper limits on the VHH cross section at 95% CL are extracted both with the SM couplings
and with scans on the coupling modifiers. The upper limits on the VHH cross section are
observed (expected) to be 294 (124) times of the SM prediction. The upper limits as functions of
kl, kVV, and kV are compared to theoretical predictions, from which the constraints are made,
as shown in Fig. 8. The 95% CL limits are summarized in Table 6.
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Figure 8: Upper 95% CL limits on signal cross section scanned over the k parameter of interest
while fixing the other two to their SM-predicted couplings. The independent axis is the scanned
k parameter, and the dependent axis is the 95% CL upper limit on signal cross section. The scans
over kl, kVV, and kV are shown left, center, and right, respectively.

Two-dimensional likelihood scans of kl versus kVV and kZZ versus kWW are shown in Fig. 9
and Fig. 10, respectively. Other SM couplings are fixed to SM coupling strengths as listed in the
figures.

The SM VHH cross section limits are shown in Fig. 11. Also, shown are the limits where
kl = 5.5 where other coupling modifiers are set to unity. In the region of 4 < kl < 7, the ggF
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and with scans on the coupling modifiers. The upper limits on the VHH cross section are
observed (expected) to be 294 (124) times of the SM prediction. The upper limits as functions of
kl, kVV, and kV are compared to theoretical predictions, from which the constraints are made,
as shown in Fig. 8. The 95% CL limits are summarized in Table 6.
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and with scans on the coupling modifiers. The upper limits on the VHH cross section are
observed (expected) to be 294 (124) times of the SM prediction. The upper limits as functions of
kl, kVV, and kV are compared to theoretical predictions, from which the constraints are made,
as shown in Fig. 8. The 95% CL limits are summarized in Table 6.
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k parameter, and the dependent axis is the 95% CL upper limit on signal cross section. The scans
over kl, kVV, and kV are shown left, center, and right, respectively.

Two-dimensional likelihood scans of kl versus kVV and kZZ versus kWW are shown in Fig. 9
and Fig. 10, respectively. Other SM couplings are fixed to SM coupling strengths as listed in the
figures.

The SM VHH cross section limits are shown in Fig. 11. Also, shown are the limits where
kl = 5.5 where other coupling modifiers are set to unity. In the region of 4 < kl < 7, the ggF
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• Second largest Br = 25% 

• Multijet, , t, and DY backgrounds


• 2 channels based on W decay: single- or double-
lepton


• Final categorisation based on DNN multi-
classifier with boosted and resolved categories 

• All categories simultaneously fitted 


•    -   


•  


•
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Figure 11: Observed and expected 95% CL upper limits on the HH production cross section as
a function of the Higgs boson self-coupling strength modifier kl. All Higgs boson couplings
other than l are assumed to have the values predicted in the SM. Overlaid in red is the curve
representing the predicted HH production cross section.
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The per-channel results are shown in Figure 11a, where the order of observed and expected
sensitivities among the channels is the same as for the SM and kl results.

Finally, the observed (expected) upper limits on the production cross section of the 20 EFT
benchmark scenarios defined in Table 1 are shown in Figure 12, and range from 1.7 - 6.2 (1.0 -
3.9) pb.

1 10 100

Theory
σ HH) / →(pp σ95% CL limit on 

Observed: 278
Expected: 189
Fully-Leptonic

Observed: 313
Expected: 143
Fully-Hadronic

Observed: 71
Expected: 64
Semi-Leptonic

Observed: 97
Expected: 52
Combined

Observed           Median expected
                          68% expected    
                          95% expected    

CMS Preliminary

γγ WW→HH 
 = 1tκ = λκ

 = 12Vκ = Vκ

 (13 TeV)-1138 fb

Figure 9: Run 2 95% CL limits on HH gluon fusion production with respect to sNLO
SM = 31.05 fb
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(a) Per channel, for the SL, FH, and FL channels.
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(b) Combined result considering all three channels.

Figure 10: 95% CL upper limit scan of kl hypotheses from -30 to 30, shown for each WWgg
channel, and for the combined result.
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• Very small Br = 0.1% + good  selection 

• , / +jets, DY, and single-H backgrounds


• 3 channels based on W decay: fully hadronic 
(FH), one lepton (SL), two leptons (FL)


• Final categorisation based on DNN multi-
classifier in FH and SL, fully cut based in FL 
channel 

• All categories simultaneously fitted 


• 


•  
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HH = 97 (52)
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Figure 26. Likelihood scan as a function of κλ. The scan is shown with (solid line) and without
(dashed line) systematic uncertainties profiled in the fit.

The cross sections for the various production mechanisms of the H boson are
parametrized as functions of a coupling modifier κλ = λ3/λSM

3 in order to account for
NLO terms arising from the H boson trilinear self-coupling. The signal model defined
in section 8 is modified by fixing the cross sections and branching fractions to their SM
expectation values and by introducing scaling functions µi,j(κλ) in each bin i of pHT , for
each production mechanism j. The dominant production mechanism is ggH, for which a
differential parametrization of the cross section as a function of κλ is not available yet, as
discussed in refs. [137–139]. The inclusive value is used for the parametrization of the H
boson cross section for this production mechanism, taking into account an inclusive O(λ3)
correction factor.

In order to compute the scaling functions µi,j(κλ) for the other production modes, LO
parton-level events are generated using MadGraph5_amc@nlo 2.5.5 and are reweighted
on an event-by-event basis using a dedicated EW reweighting tool, which computes the
corresponding NLO λ3-corrections (O(λ3)). The ratio of the O(λ3) to the LO distributions
in bins of pHT is used to derive the scaling functions µi,j(κλ) as detailed in ref. [138].

Constraints on κλ are extracted from the maximum likelihood scan in the range −10 <

κλ < 20, outside which the model is no longer valid as NLO effects start to dominate, while
the other H couplings are fixed to their SM value. The likelihood scan as a function of κλ

is shown in figure 26.
The minimum of the negative log-likelihood ratio corresponds to a measured value of:

κλ = 4.1+6.4
−5.9 = 4.1+6.1

−5.8 (stat)+2.0
−1.2 (syst) (11.1)

for an expected value of:

κλ = 1.0+12.6
−5.4 = 1.0+12.0

−4.9 (stat)+3.8
−2.2 (syst). (11.2)
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 H→pp 
Indirect interpretation

 HH→pp 
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Best fit
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SM

CMS  (13 TeV)-1138 fb
 = 1κAll other 
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• H  ZZ   inclusive and differential  measurement 

• Parametric maximum likelihood of  invariant mass in fiducial 
phase space, using a matrix element approach to 
categorisation 

• At present, only single H analysis at the LHC to perform  scan 

•  observed


•

→ → ℓℓℓℓ σ

m4ℓ

κλ

κλ = 4.1+6.1
−5.8 (stat.) +2.0

−1.2 (syst.)

κλ ∈ [−5.4,14.9] ([−7.6,17.7])

• Combination of single H channels:  
H  , H  ZZ  , H  WW  , 
H  Z  ,   H  , H  bb , H  , H  inv. , 
ttH | H  leptons 

• Likelihood scan performed with  as only free parameter


•

→ γγ → → ℓℓℓℓ → → ℓνℓν
→ γ → ττ → → μμ →

→

κλ

κλ ∈ [−1.24,6.49] ([−1.23,7.2])

https://www.nature.com/articles/s41586-022-04892-x
https://link.springer.com/article/10.1007/JHEP08(2023)040
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• New trigger :  jets with  GeV and   GeV  


• Data parking : allows a higher rate and acceptance at the cost of delayed reconstruction, this new HLT trigger records 
events at 180 Hz at an instantaneous luminosity of 


• Considerable improvement in HH bbbb and HH bb  channels: up to 57% improvement in efficiency  Run-3 for 
CMS means higher integrated luminosity at higher selection efficiency!

N > 4 pT > 30 |η | < 2.4 ∧∑
N

pT > 280 ∧ ⟨ParticleNet b-tag score⟩jets > 0.55

2.0 × 1034 cm−2s−1

→ → ττ →

Direct HH searches
Outlook : Run-3 trigger improvements
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• Projection to the HL-LHC performed for the 
three most sensitive channels and their 
combination 

• Early Run-2 results compared to full Run-2 and 
full HL-LHC dataset (3000 fb-1)


• Results expressed in the hypothesis of HH not 
existing  combined limit <1 shows that 
sensitivity is sufficient to establish HH 
existence

→

Direct HH searches
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Figure 5: Limits on the production of Higgs boson pairs and their time evolution.
(left) The expected and observed limits on the ratio of experimentally estimated production
cross section and the expectation from the SM (sTheory) in searches using different final states
and their combination. The search modes are ordered, from upper to lower, by their expected
sensitivities from the least to the most sensitive. The overall combination of all searches is
shown by the lowest entry. (right) Expected and observed limits on HH production in different
data sets: 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 (3000 fb�1).

using the different final states and their combination. With the current data set, and combining
data from all currently studied modes and channels, the Higgs boson pair production cross
section is found to be less than 3.4 times the SM expectation at 95% CL. Figure 5 (right) shows
the evolution of the limits from the three most sensitive modes and the overall combination
for: the first comprehensive set of measurements using early LHC Run 2 data (35.9 fb�1) [73],
the present measurements using the full LHC Run 2 data (138 fb�1), and the projections for
the HL-LHC (3000 fb�1) [69]. The HL-LHC projections are also expressed as limits, assuming
that there is no Higgs boson pair production. The fact that the combined limit is expected to
be below unity shows that the sensitivity is sufficient to establish the existence of the SM HH
production.

Figure 6 presents the expected and observed experimental limits on the HH production cross
section as functions of the Higgs boson self-interaction coupling modifier kl and the quartic
VVHH coupling modifier k2V. Cross section values above the solid black lines are experimen-
tally excluded at 95% CL. The red lines show the predicted cross sections as functions of kl

or k2V, which exhibit a characteristic dip in the vicinity of the SM values (k = 1) due to the
destructive interference of the contributing production amplitudes, as highlighted in Section 4.
The experimental limits on the Higgs boson pair production cross section (black lines) also
show a strong dependence on the assumed values of k. This is because the interference be-
tween different subprocesses, besides changing the expected cross sections, also changes the
differential kinematic properties of the two Higgs bosons, which in turn affects strongly the
efficiency for detecting signal events. With the current data set we can ascertain at 95% CL that

Outlook : the HL-LHC prospects
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• Probing  is one of the main goals we have for the coming years 

• Run-2 analyses showcased an impressive improvement over the previous 
expectation  

•  current tightest constraint at CMS 

• HH and H+HH combinations are being performed and will become public soon


• Run-3 is underway and constitutes a huge opportunity to further improve 
the results we have from Run-2, possibly reaching unexpected goals 

• Important trigger improvements have already been introduced for HH 
searches in Run-3 

• Run-3 also constitutes an important test-bench for new ideas that will 
ultimately be deployed at the HL-LHC

λHHH

κλ ∈ [−1.24, + 6.49]

Conclusions
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