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HH and the Higgs boson trilinear coupling

■ Experimentally difficult because of the tiny cross 
section ⟹ improve the sensitivity by combining 
several decay channels 
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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A milestone in the exploration 
of the scalar sector

Higgs boson 
pair production

�SM

HH
= 33.49+7.3%

�8.4% fb (scale� PDF� ↵S �mt)

Direct determination of the 
shape of the scalar potential λ
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HH beyond the SM

■ Broad class of models predicting new 
scalars that can decay to HH


■ Broad mass range to explore

�3

250 mX [GeV]1000 2000400 600 800
MSSM/2HDM Singlet model WED

3000

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.

g

g h

h

t

g

g h

h

t
h

g

g h

h

t

g

g h

h

h

g

g h

h

FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
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Resonant production 

Nonresonant production 

■ Extension of SM Lagrangian with dim-6 
operators introduces 5 anomalous 
couplings


■ Changes in HH total and differential xs

HH is the ideal place to look for new physics 
Combination of decay channels ensures optimal coverage of BSM topologies
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Benchmark signal shapes

■ Coupling space sampled to identify 12 
groups of “similar” shapes


■ One shape benchmark signal per 
group representing a typical EFT signal

□ ⟹ arbitrary coupling choice

□ does not indicate a special theory point


■ A point in EFT can be mapped with its 
shape and cross-section
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5-dimensional  parameter space

in a linear EFT cg = c2g

Figure 5. Generation-level distributions of di-Higgs boson mass mhh (top three rows) and emission

angle | cos ✓⇤| (bottom three rows) for the clusters identified by the choice Nclus = 12. The red

distributions correspond to the benchmark sample in each cluster, while the blue ones describe the

other members of each cluster. Cluster 3 contains the SM sample.
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Exploring HH production
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bb WW gg ττ ZZ γγ
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ZZ
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gg

WW

bb B(HH→xx yy) 
mH = 125 GeV

rarer

rarer

33.6%

0.26%

24.8%

7.3%

Keep 𝓑 high enough

Trade-off 
between 𝓑 
and purity 

■ Run II: an opportunity for HH because of 
the increase in the cross section


■ Rich phenomenology with many final 
states accessible at the LHC


■ Four final states explored by CMS at 13 
TeV in a variety of topologies

□ similar sensitivity to SM production

□ complementary sensitivity to different BSM 

models



September 4th, 2018Luca Cadamuro (UF) Combination of HH searches with the CMS experiment 

Run I CMS combination
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CMS
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} X, kl=35→WED: gg
no radion/H mixing

Channel 95% CL limit on 𝜎 / 𝜎SM

Observed Expected
bb𝛾𝛾 74 62
bb𝜏𝜏 59 94

Combined 43 47

■ bbbb + bb𝜏𝜏 + bb𝛾𝛾


■ Resonant and nonresonant production studied

□ complementarity of final states to cover the 

250 GeV - 1 TeV mass range

□ improvement in SM limit from combination
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Run II analyses - 1/2

■ 4 analyses 
covering resonant 
and nonresonant 
production in 
resolved, 
semiboosted and 
boosted 
topologies


■ Different trigger, 
background 
estimation, and 
signal extraction 
techniques, phase 
space overlap
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bbbb bb𝜏𝜏talk by Andres talk by L. C.

12 8 Results
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Figure 4: Distributions of the events observed in the signal regions of the thth final state. The
first, second, and third rows show the resolved 1b1j, 2b, and boosted regions, respectively. Pan-
els in the left column show the distribution of the m

KinFit
HH variable and panels in the right column

show the distribution of the mT2 variable. Data are represented by points with error bars and
expected signal contributions are represented by the solid (BSM HH signals) and dashed (SM
nonresonant HH signal) lines. Expected background contributions (shaded histograms) and
associated systematic uncertainties (dashed areas) are shown as obtained after the maximum
likelihood fit to the data under the background-only hypothesis. The background histograms
are stacked while the signal histograms are not stacked.

■ 2 analyses 
covering 
resolved 
(resonant and 
nonresonant) 
and boosted 𝜏 
topologies


■ Analysis 
strategies 
tailored to final 
state topology
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Figure 7: The mX distribution for the multijet background in the SR in data for the MMR. A fit
to the background-only hypothesis, which consists of the multijet shape, is shown. The shaded
regions correspond to variations of ±1 and ±2 standard deviation (s.d.) in this parametrized
form. Here n is the number of degrees of freedom in each fit. The lower panel shows the
difference between the data and the fits, divided by the uncertainty in the number of data
events.
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Run II analyses - 2/2
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bbWW bb𝛾𝛾talk by Tao talk by Maxime

■ Single analysis for resonant and nonresonant 
production


■ Signal extraction on mbb/m𝛾𝛾

7.2 Nonresonant production 13
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Figure 6: The DNN output distributions in data and simulated events, for the e+e� (top),
e±µ⌥ (middle), and µ+µ� (bottom) channels, in three different mjj regions: mjj < 75 GeV, mjj 2
[ 75, 140 )GeV, and mjj � 140 GeV. The parameterised resonant DNN output (left) is evaluated
at mX = 400 GeV and the parameterised nonresonant DNN output (right) is evaluated at kl =
1, kt = 1. The two signal hypotheses displayed have been scaled to a cross section of 5 pb
for display purposes. Error bars indicate statistical uncertainties, while shaded bands show
post-fit systematic uncertainties.

■ Single 
analysis for 
resonant and 
nonresonant 
production


■ Based on 
MVA 
methods for 
signal 
extraction

12

The SM single-Higgs boson background contribution is estimated using a PD fitted to simu-
lated samples. For all production mechanisms, the mgg distribution is modeled by a double-
sided CB function. The mjj modeling depends on the production mechanism: for ggH and
VBF H production mjj is modeled with a Bernstein polynomial; for the VH production a
double-sided CB function is expected to describe the line shape of the hadronic decays of vector
bosons; for ttH and bbH a double-sided CB function is also used. Like the signal modeling, the
final 2D SM single-Higgs boson model is an independent product of models of the mgg and mjj
distributions. This background contribution is explicitly considered only for the nonresonant
search, since for the resonant one it is severely reduced by a tight selection window on eMX.
The residual events are accounted for by the continuum background models for the mgg and
mjj variables.

The one-dimensional projections of the background-plus-signal fits in the signal regions of the
nonresonant analysis are shown in Figs. 7 and 8. In each figure, the green dashed line repre-
sents the nonresonant part of the expected background, modeled by a second-order Bernstein
polynomial; the solid red line represents the full background modeling PD, i.e., the sum of
nonresonant background and SM single-Higgs boson contributions scaled to their cross sec-
tions; and the solid blue line represents the SM-like HH production, normalized to its SM cross
section times a scaling factor specified in the legend.
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Figure 7: Background fits for the SM HH nonresonant analysis selection in the HM region. The
plots on the left (right) show the distributions in the HPC (MPC) region. Top plots show the
mgg spectra and bottom ones the mjj.

6 Fitting procedure and systematic uncertainties
A likelihood function is defined based on the total PD including the backgrounds, signal hy-
pothesis, and the data. Then an unbinned maximum likelihood fit is performed to the 2D
mgg – mjj data distribution. The parameters for the signal yield and for the background-only PD
are constrained in the fit. Uniform priors are used to parametrize the nonresonant background
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Exclusive phase spaces

Absence of phase space overlap is checked with data event lists selected by the analyses

�9

bb𝛾𝛾

bb𝜏𝜏

bbWW

bbbb

𝗫

𝗫

𝗫

𝗫

Tight photon selections reject all events from the other analyses

Only analysis to use 2 leptons, no overlap with others.

𝜏𝜏 → 2ℓ + 𝜈s events are considered but not used in the bb𝜏𝜏 analysis

A few bb𝜏𝜏 events pass the bbbb preselections, but are rejected by the 
MVA discriminants and requiring 4 b-tagged jets.

No overlap with bbWW because of extra lepton veto.

bbbb events suppressed by small 𝜏 mistag probabilty.

No overlap with bbWW because of extra lepton veto.

Making sure that analyses are orthogonal is an important step for a combined result
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An example: the HH → bbbb case
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Resonant fully merged Resonant semi merged

Analyses developed with the same techniques and same analysis team

Simple orthogonalisation by vetoing fully merged events in semi merged analysis

2 large area b jets 1 large area + 2 standard b jets

Resonant resolved

4 standard b jets

Nonresonant resolved

4 standard b jets

No combination of analyses

Simply switch of analysis at 1 TeV

Cannot switch of analysis for nonresonant signals

Veto events accepted by the resolved search in 
the (semi) merged analysis


bbbb orthogonalisation particularly challenging because of several analyses involved

Harmonising the methods and analysis strategy will help to make combination easier
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Systematic uncertainties
■ Luminosity: fully correlated for all channels


■ Trigger: assumed uncorrelated


■ Object reconstruction, efficiency and scale: correlated across the 
same objects

□ b tag uncertainties play a special role: split in heavy and light flavour sources

□ jet uncertainties split in 27 uncorrelated sources to avoid artificial constraints


■ Bin-by-bin templated shapes: uncorrelated


■ Analysis specific (lineshapes, control regions, …) : uncorrelated


■ Background modelling (QCD, DY): assumed uncorrelated because of 
different methods used


■ Theory (bkg): correlated for the same processes across channels


■ Theory (HH): correlated for all channels

�11

Highest impact uncertainties 
for the SM HH signal:

𝜏 energy scale

m𝛾𝛾 signal shape

bbbb high BDT 
score bins

Combined result is 
statistically dominated: 
3.5% effect on the limits 
from syst. uncertainties
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Results : SM signal

■ Most sensitive result to date on SM HH 
production


■ Sensitivity improved by a factor of ~4 over 
Run I combined result


■ A hierarchy in the sensitivity can be 
observed…

□ bb𝛾𝛾 → bb𝜏𝜏 → bbbb → bbVV


■ … but no “golden channel”: important 
contribution from all analyses to the 
combined result

□ even more evident in the exploration of BSM HH 

production
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Results : resonant production

■ Limits also set for spin 2 resonances


■ Assumes narrow resonance width 


■ Basic assumption: SM BR for H decays
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The combination takes advantage of channel 
complementarity to improve the sensitivity to 
resonances from 250 GeV to 3 TeV
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Results : anomalous trilinear coupling

■ Shape of the upper limit directly related to the 
interference between the box and triangle 
diagrams

□ changes in the mHH spectrum  ⟹ changes in the 

analyses acceptance and background discrimination

□ λHHH values smaller than SM prediction are easier to 

probe : we may be sure that the Higgs boson self 
couples before observing an HH signal!
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Results : BSM nonresonant production

�15

Shape benchmark
1 2 3 4 5 6 7 8 9 10 11 12 0 =λk  SM

H
H

) [
fb

]
→

(g
g

σ
 9

5%
 C

L 
up

pe
r l

im
it 

on
 

210

310

410

bbVV ττbb bbbb γγbb Combined

 (13 TeV)-135.9 fb
Assumes SM Higgs branching fractions

PreliminaryCMS 

Shape benchmark
1 2 3 4 5 6 7 8 9 10 11 12  SM 0 =λk

H
H

) [
fb

]
→

(p
p

σ
 9

5%
 C

L 
up

pe
r l

im
it 

on
 

210

310

410

Observed

Median expected 68% Expected
95% Expected

bbVV
bbbb ττbb γγbb Combined

 (13 TeV)-135.9 fb
Assumes SM Higgs boson branching fractions

CMS

Shape benchmark
1 2 3 4 5 6 7 8 9 10 11 12  SM 0 =λk

H
H

) [
fb

]
→

(p
p

σ
 9

5%
 C

L 
up

pe
r l

im
it 

on
 

210

310

410

Observed

Median expected 68% Expected
95% Expected

bbVV
bbbb ττbb γγbb Combined

 (13 TeV)-135.9 fb
Assumes SM Higgs boson branching fractions

CMS
bbVV

bb𝜏𝜏bbbb
bb𝛾𝛾Combined

 [GeV]HHm
0 200 400 600 800 1000 1200 1400 1600

a.
u. Shape benchmark 2

 [GeV]HHm
0 200 400 600 800 1000 1200 1400 1600

a.
u. Shape benchmark 7 Exploit complementary 

analysis sensitivity for an 
optimal coverage of EFT 
parameter space

Mostly trilinear couplingContact interactions

CMS-PAS-HIG-17-030



September 4th, 2018Luca Cadamuro (UF) Combination of HH searches with the CMS experiment 

A few personal considerations
■ Going beyond the SM signal is crucial to fully explore the 

physics behind HH production

□ shape benchmarks : useful guidance but not fully general. How 

to make HH results widely useful for the theory community?

□ would differential upper limits in mHH (from signals in exclusive 

mHH bins at gen level injected into the analyses) be useful and 
usable?


■ Not trivial to treat the SM Higgs backgrounds in the 
exploration of EFT anomalous couplings

□ ⟹ suppress single H processes as much as possible

□ ⟹ combination with single Higgs searches


■ Analyses statistically limited ⟹ ATLAS and CMS 
combination to fully exploit the LHC potential

□ many subtle differences in signal modelling, analysis strategy, 

etc. that we need to start understanding

□ important to be aligned on the set of results
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FIG. 2: Left: Cross section for Higgs pair production in units of the SM prediction as a function of 
h

f
for

c��↵ = �0.45 (�0.4) and MH = MH± = 550 GeV, MA = 450 GeV in blue (green) at
p

s = 13 TeV. Right: Invariant
mass distribution for the di↵erent contributions to the signal with c��↵ = �0.45 and 

h

f
= 5 (blue), 

h

f
= 4 (green)

and 
h

f
= 3 (red) at

p
s = 13 TeV, respectively.

(dashed) lines show the LO ratios for the resonant
(non-resonant) contribution. However, to a very good
approximation the NLO corrections factorize and drop
out of the ratio.
For the values of 

h

f
considered, �(pp ! hh) never ex-

ceeds the experimental bound on the non-resonant Higgs
pair production cross section [28]. The values of 

h

f
in

Fig. 2 follow from fixing nf = 1 and values of O(10) and
larger are obtained for nf > 1. Note that the correlation
between �(pp ! hh) and 

h

f
is stronger for vector boson

fusion production, because there is no suppression of
�(pp ! H) for t� > 1 and �(qq ! qqH) / s

2
��↵

. In
the right panel of Fig. 2, the invariant mass distribu-
tion for the di↵erent contributions to the signal with
c��↵ = �0.45 are shown for three values of 

h

f
and

p
s = 13 TeV. As a consequence of the enhancement

of Higgs-fermion couplings, both non-resonant and
resonant contributions are enhanced. Searches for
resonant di-Higgs production are sensitive to a peak
in the spectrum, which roughly excludes heavy scalar
masses MH . 500 GeV, independent of f

h(↵, �) [21].
For larger MH and sizable 

h

f
, the interference between

the di↵erent contributions turns the broad resonance
peak into a shoulder in the d�/dmhh distribution for the
total cross section, as shown by the blue line in the right
panel of Fig. 2. Whether current experimental resonance
searches can resolve such a structure strongly depends
on the shape of the invariant mass distribution [30].
We encourage a dedicated analysis considering the
corresponding d�/dmhh templates to maximize the
sensitivity to features in the di-Higgs invariant mass
distribution from the simultaneous enhancement of
ghhh, gHhh and 

f

h
.

An Explicit Example. We now consider a con-
crete example for which the flavour charges of down-type
quarks and leptons vanish n`i = ndi = 0 8 i, whereas
the up quarks carry charges nt = 0, nc = 1, nu = 3 and
we choose all charges of the SU(2)L fermion doublets to
be zero. As a consequence, the top coupling to the SM
Higgs h is unchanged from its value in the 2HDM of type
I, while charm and up-quark couplings vary with t� and
c��↵ according to (10). This leads to flavour-changing
couplings of the SM Higgs to up-type quarks suppressed
by powers of the ratio ",

U =

0

@
1 "

2
"
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"
2 1 "

"
3

" 1

1

A , Q = 0 . (20)

In the up-sector, the strongest constraints on FCNCs
arise from D�D̄ mixing. Due to the structure of (11), the
leading contribution to the Wilson coe�cients entering
D � D̄ mixing are chirally suppressed and proportional
to U

2
12 = "

4. Assuming order one dimensionless coe�-
cients, the experimental limit leads to the constraint [29]
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✓
f
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mh

mc

v
"
2

◆2

. 2 · 10�14
, (21)

where the less relevant contributions from the heavy
scalars have been neglected. For the maximal values
of f

h(↵, �) ⇡ 10, this yields " . 1/55. This example
would lead to a Higgs pair production cross section of
�(pp ! hh) ⇡ 50 ⇥ �SM(pp ! hh) with enhancements
of the Higgs couplings to up-quarks of 

h

u
= 10.2 and

to charm-quarks of 
h

c
= 4, respectively. In principle,

similar models can be build with flavor charged leptons

PRL 121, 021801 (2018)
M. Bauer

M. Carena
A. Carmona

SM + BSM scalar mixing in models with 
enhanced charm coupling.
Clearly not a resonant signal, but not 
covered by the shape benchmarks.
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Conclusions
■ Combination of HH analyses is necessary to improve the CMS sensitivity to HH production

□ similar sensitivity to SM signal from many analyses

□ complementary coverage of BSM parameter space


■ Checks of the phase space overlap and proper treatment of systematic uncertainties are a 
necessary step for a reliable combined result


■ The combined limit is to date the most sensitive result to SM HH production

□ combined limits on resonant production

□ combined limits on anomalous trilinear coupling

□ EFT parameter space explored using shape benchmark signals


■ The combined results are statistically limited and expected to improve with larger datasets

□ also a good motivation towards and ATLAS and CMS combination


■ The trilinear coupling is elusive ⟹ a combination with single Higgs measurement (λHHH constraints 
from NLO effects) would be a further step in our understanding


■ Our future capability to observe HH will rely on a phenomenologically rich program of experimental 
searches that explore and combine many final states
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Benchmark shapes

■ Each benchmark shape corresponds to a 
specific choice of the 5 EFT couplings


■ The choice does not have a special physical 
meaning: it is only meant to represent a 
shape, not a special point in the EFT 
parameter space

�19

38 Chapter 1. Higgs boson pair production

combination of the five couplings is reported in Table 1.4. These twelve representative
shapes largely di�er from the mHH range that they cover and from their single or double
peak structure. Some of these benchmarks, such as the number 2, have a high mHH tail
that extends well beyond 1 TeV, for others such as number 7 the majority of the events
is at low mHH .

Benchmark nr. k⁄ kt c2 cg c2g

1 7.5 1.0 -1.0 0.0 0.0
2 1.0 1.0 0.5 -0.8 0.6
3 1.0 1.0 -1.5 0.0 -0.8
4 -3.5 1.5 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1.0
6 2.4 1.0 0.0 0.2 -0.2
7 5.0 1.0 0.0 0.2 -0.2
8 15.0 1.0 0.0 -1.0 1.0
9 1.0 1.0 1.0 -0.6 0.6
10 10.0 1.5 -1.0 0.0 0.0
11 2.4 1.0 0.0 1.0 -1.0
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0

Table 1.4 – Values of the e�ective Lagrangian couplings that define the twelve shape
benchmarks.

The EFT approach and the resulting couplings in an e�ective Lagrangian are a useful,
model-independent parametrization of BSM models. Many examples of such ultraviolet
complete models that can result in anomalous nonresonant HH production are found in
literature. Some examples, partially discussed in the context of resonant HH production,
are multiplet extensions of the scalar sector [60, 61] and 2HDM models [62]. Other
examples are constituted by vector-like quarks [63] and vector-like leptons [64], as well
as from composite Higgs models [65, 66, 67, 68] where the Higgs boson is described as
a bound state of an higher energy theory, in analogy to the pion in QCD. In all these
models, an e�ective description at lower energies can realized in the EFT approach. Once
the complete model is matched to the EFT, anomalous couplings arise and are directly
related to the fundamental parameters of the original model. In particular, in the case
of a LO matching in the models mentioned above, c2 interactions usually arise and are
accompanied by k⁄ and kt values di�erent from one. These examples show the e�ectiveness
of the EFT approach in parametrizing a large variety of BSM physics models, even in
presence of profoundly di�erent theoretical motivations behind the specific models.

1.4 Searching for Higgs boson pair production at the
LHC

Final states with a pair of Higgs boson are phenomenologically very rich and can be
explored in several decay channels. As discussed above, there is a large variety of BSM
models that can manifest either in resonant or nonresonant HH production. Depending


