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The SM after Higgs boson discovery and 
measurements
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+Q̄ii /DQi + ūii /Dui + d̄ii /Ddi + L̄ii /DLi + ¯̀
ii /D`i

+
⇣
Y

ij
u Q̄iujH̃ + Y

ij
d Q̄idjH + Y

ij
l L̄i`jH + c.c.

⌘

��(H†
H)2 + �v

2
H

†
H � (Dµ

H)†DµH

not observed
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(coupling to ordinary matter still to be proven!!)

Studying the Higgs boson at the highest possible precision is now a priority of LHC physics

• define the Higgs boson energy potential, it is still unobserved 
• the potential term is a peculiarity of the Higgs  boson, no other field in the SM 

has a potential term
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Room for new physics in Higgs self-coupling
3

42 Chapter 2. Effective Field Theory
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Figure 2.6: Modification of the trilinear Higgs self-coupling obtained from a scan over the singlet
model parameters. The plot is taken from Ref. [154] and adapted for this report.

The maximal possible deviations allowed in the model are given by

°1.5 < ∑∏ < 8.7. (2.28)

We now discuss the case of the MSSM as an example of a UV-complete model where BSM ef-
fects are more complex than in the scenario just considered. Assuming that at the LHC no further
particle related to the electroweak symmetry breaking is discovered, in particular no further Higgs
bosons, in Ref. [167] the maximal SM deviations of the triple Higgs coupling of the light CP-even
Higgs boson was estimated. Constraints from the W -boson mass have a minimal influence, while
viable deviations are mainly constrained by the shape of the discovery potential and the size of the
Higgs boson mass.

For a correct determination of the maximal deviations of the triple Higgs coupling, in the MSSM
it is crucial that the same approximation is used for the prediction of both the Higgs mass and the
triple-Higgs coupling. Also, the input parameters must be the same in order to find the decoupling
behaviour of the MSSM [168], i.e., ∏! ∏SM for MA ! 1. Taking into account all the corrections
given in Ref. [169], which especially includes the O (M 2

Z /v2 y2
t ) terms, the largest deviations were

found for tanØ = 5 and low MA values, MA ª 200 GeV,6 leading to about a 15% deviation of the
SM Higgs triple coupling. Note that the approximation from Ref. [169] partly leads to smaller Higgs
mass values and, hence, a wider exclusion of parts of the parameter points due to a too low Higgs
boson mass value w.r.t. other approximations including further higher-order corrections. In order
to account for this effect, a relaxed Higgs boson mass constraint was applied, see Ref. [167] for
details. Instead, for tanØ ∏ 10, the estimated maximal deviation is about 2%. The latter limit does
not change if one assumes that stop quarks are heavier than 2.5 TeV (one should note however
that the approximations used to derive the MSSM Higgs mass value and the corresponding triple
Higgs coupling have a much larger uncertainty for large stop masses, since large logarithms are not
re-summed in this approximation). On the other hand, the up-to-date results of the searches for
heavy Higgs bosons and, in particular, the measurements of the properties of the discovered Higgs
boson disfavour such a low value of MA . For MA & 350 GeV, the maximal deviations found are. 4%.
Thus, it will be very difficult to discover the imprint of the MSSM on the trilinear Higgs self-coupling

6It is important to note that in the region of tanØ= 5 a relatively light CP-odd Higgs boson of a mass of 200 GeV could
be present and still be undiscovered according to the discovery potential assumed in Ref. [167].

Possible impact of new physics  on 
the Higgs potential parameters: 

• it can be evaluated using a singlet 
model: addition of a SU(2) singlet to 
the SU(2) doublet of the SM; 

• relevant parameters: mixing of the 
singlet with the doublet (θ) and 
modification of the Higgs self 
coupling λHHH.

Parameter space underconstrained, scan performed on parameters not shown in the plot 
The  singlet affect the Higgs boson potential and can affect vacuum stability and 
comsmogenesis 

Vacuum stability: red:   unstable         yellow: metastable        green: stable      
The present constraints leave space for modification of λHHH by large factors

arXiv:1910.00012 
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How to access the Higgs boson self-coupling
4

Direct production: 

�2

Theoretical model: double-Higgs production

ZBSM
H (κλ) = 1

1 − (κ2
λ − 1)δZH

κi , κfμi , μf

κi , κfμi , μf

where

 

The amplitude of the process can be expressed as:

• The  amplitude is proportional to the square of the Higgs boson coupling to the top-quark, 
and the  amplitude to the product of the coupling to the top-quark and the Higgs boson self-
coupling.

• In the SM, the interference between these two amplitudes is destructive and yields an overall 
cross section of  at .

• Assuming the matrix element contribution can be factorised,  the total  cross 
section is:

• Both acceptance and shape variations are taken into account.
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Figure 2: Feynman diagrams of the pp ! HH production at lowest order in QCD, the diagram (b) is normally
denoted with the term “box” while the diagram (c) is commonly denominated “triangle”.
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Figure 3: Three examples of HH production diagrams at NLO in QCD.

2 Physics model177

2.1 The trilinear Higgs self-coupling178

The di-Higgs production mechanism is described at the lowest order in QCD by the three Feynman179

diagrams shown in Figure 2. In the diagrams (a) and (b) only vertices coupling the Higgs boson with the180

heavy quarks are present, while in diagram (c) the Higgs self-coupling vertex appears in addition to the181

tt̄H vertex. The SM, through the electroweak symmetry breaking mechanism, strictly predicts the values182

of the tt̄H and HHH couplings (gttH and gHHH respectively) once the mass of the top quark mt , the183

Higgs boson mass mh and the Fermi coupling constant GF are considered as measured input quantities.184

The validity of the SM in the prediction of the HH production cross section can thus be estimated by185

looking at the deviation of the tt̄H and HHH couplings from their standard model expectations. Indicating186

with k� the ratio gHHH/gSMHHH
and kt the ratio gttH/gSMttH the BSM HH production cross section can be187

parametrised as a function of kt and k�. In particular if we indicate with B the sum of the diagrams (a)188

and (b) and with T the diagram (c), the amplitude of the process can be expressed as:189

A(kt, k�) = k
2
t
B + kt k�T (1)

Higher order QCD corrections will not add to the diagrams shown in Figure 2 further tt̄H or HHH190

vertices, as illustrated in Figure 3 in three particular cases.191

This implies that the equation 1 is applicable to any order in QCD once the amplitudes B and T are192

modified to include their higher order QCD corrections. Eventual deviations of kt and k� from their193

nominal values of 1, could be induced by new physics entering the tt̄H and HHH vertices or by a slightly194
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C1 coe�cients have been used also for the modification of SM Higgs production cross-sections and264

branching fractions in the double-Higgs analysis, i.e. in the parameterisation of single-Higgs background265

and decay branching fractions.266

The impact of including the coe�cient for the modification of the Higgs boson branching fractions and267

cross sections on the double-Higgs analysis results is discussed in Appendix E.268

As reported in Section 1, the gluon-gluon fusion double-Higgs production mechanism is described at the269

lowest order in QCD by the amplitudeA1 andA2, the first proportional to y2
t

and the second to the product270

of yt and �HHH . In case of BSM physics a�ecting yt and �HHH , the quantities t and � indicates the271

ratio of yt and �HHH to their SM expectations respectively. The BSM HH amplitude can then be written272

as:273

A(t, � ) = 2
t
A1 + t �A2 . (5)

Once the amplitudes A1 and A2 are modified to include higher order QCD corrections, these corrections274

will not add further tt̄H or HHH vertices to the diagrams shown in Figure 1, thus implying that Equation 5275

is valid for any order in QCD. Eventual deviations of t and � from their nominal values of 1, could be276

induced by new physics entering the tt̄H and HHH vertices or by a slightly di�erent path for the EWK277

symmetry breaking than that predicted by the SM that would a�ect the HHH vertex at tree level.278

From Equation 5, and omitting the integral on the final phase space and on the PDFs for simplicity, the ggF279

double-Higgs cross section �ggF(pp! HH) can be expressed as:280

�ggF(pp! HH) ⇠ 4
t

266664|A1 |2 + 2
�
t
<A⇤1A2 +

 
�
t

!2
|A2 |2

377775 . (6)

This expression shows that the kinematic distributions depend only on the ratio �/t , and, consequently,281

the signal acceptance also depends only on �/t , while the 4
t

factor a�ects only the total cross section.282

The e�ects of b are negligible.283

4 Simulation of the signal samples284

The simulation of the single-Higgs signal samples is performed using MC samples generated in the SM285

hypothesis. This is possible because at the lowest order in the electroweak expansion only one diagram286

participates to the single-Higgs boson production, therefore cross section modifiers  (t , b , lep , W287

and Z ) factorise completely the total cross section; this holds also for all decays.288

In the presence of a varied Higgs trilinear coupling, changes in � a�ect not only the inclusive rates of289

Higgs boson production and decay processes, but also their kinematics. The SM signal sample is used and290

the di�erential distributions can be exploited to constrain � by using the cross-section measurements in291

regions defined by the STXS stage-1 framework.292

In the gluon-gluon fusion HH production, the production process depends on two amplitudes as described293

above, and the final state contains two Higgs bosons, therefore strong kinematic e�ects are induced by294

deviation of t and � from one, in particular modifying the mHH distribution.295

Using Equation 6 is possible to parameterise the signal distributions as a function of �/t . In the bb̄bb̄296

and bb̄⌧+⌧� case, three samples with di�erent set of parameters �/t have been simulated and used to297

reproduce the signal distributions for any value of �/t value using a linear combination method. This has298
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Irreducible SM background depends on kt, self coupling enters multiplied by κt as well.

Indirect determination from single-Higgs production cross section and decay

�4

Theoretical model

Single Higgs processes are sensitive to λ3 via loop corrections.
NLO EW κλ-dependent corrections can be divided into two categories: 
•  a  universal  part,  quadratically  dependent  on  λ3,  which  originates  from  the 

diagram in the wave function renormalisation constant of the external Higgs field.

•  a process-dependent part (C1) linearly proportional to 
λ3 which is different for each process and kinematics.

NLO EW κλ-dependent corrections affect:
• inclusive cross-sections ( $ );
• kinematics properties of the event (differential distributions);
• Higgs boson decay BRs.

tt̄H, ggF, ZH, WH, VBF

J
H
E
P
1
2
(
2
0
1
6
)
0
8
0

Thus, the relative corrections induced by an anomalous trilinear Higgs self-coupling can be

expressed as

δΣλ3 ≡ ΣNLO − ΣSM
NLO

ΣLO
= ZH − (1 + δZH) + (ZHκλ − 1)C1 , (2.6)

which, neglecting O(κ3λ α
2) terms in the r.h.s, can be compactly written as

δΣλ3 = (κλ − 1)C1 + (κ2λ − 1)C2 , (2.7)

with

C2 =
δZH

(1− κ2λδZH)
. (2.8)

Before describing the method and results of the calculation of the C1 coefficients, we

scrutinise the theoretical robustness of eq. (2.6) and its range of validity. Our aim is to

employ eq. (2.6) to evaluate the LHC sensitivity on λ3 without making “a priori” any

assumptions on the value of the parameter κλ. We will, however, demand as a consistency

constraint that, for large values of κλ, λ3-dependent terms from O(αj) corrections with

j > 1 do not overwhelm the effects from the Ci coefficients. In order to take into account

all the O((κ2λα)
n) contributions and perform a resummation of the κ2λ δZH terms in ZH we

need to impose that κ2λ δZH ! 1, i.e., |κλ| ! 25. The corresponding parametric uncertainty

in ΣNLO is therefore given by O((κ3λα
2)) terms that can be sizeable for large values of

κλ. The size of such missing terms can be estimated by calculating the difference between

δΣλ3 computed using eq. (2.6) and eq. (2.7), or equivalently δ(ΣNLO/ΣLO) ≃ κ3λC1δZH .

Requiring this uncertainty to be ! 10% and assuming as an order of magnitude of the

two-loop contribution C1δZH ∼ 10−5, we find |κλ| ! 20, which we take as the range of

validity of our perturbative calculation.

At variance with the SM, where the Higgs self coupling and the Higgs mass are related,

in our setup they are two independent parameters. This in general spoils the renormalis-

ability of the model and makes its parameters sensitive to the UV scales. However, one

knows a priori that the λ3-dependent O(α) corrections to Σ in eq. (2.6) are finite. The

reason is twofold:

i) the LO result does not depend on λ3 and therefore no renormalisation of λ3 at NLO

is either needed nor possible.

ii) All the counterterms needed at NLO do not contain divergent contributions propor-

tional to the trilinear coupling.

This last point can be understood as follows: the only counterterm that contains

divergent contributions proportional to λ3 is the Higgs mass counterterm. However, the

mH dependence in ΣLO is all of kinematical origin. Therefore, when the NLO corrections

are calculated, no renormalisation of mH is needed.

The arguments above are sufficient for all the processes except for H → γγ, which

deserves a dedicated discussion. In a Rξ gauge the LO dependence of Γ(H → γγ) upon

mH is not purely kinematical, but it also comes from diagrams containing unphysical
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Figure 1. One-loop λ3-dependent diagram in the Higgs self-energy.

2 λ3-dependent contributions in single Higgs processes

As basic assumption, we consider a BSM scenario where the only (or dominant) modifica-

tion of the SM Lagrangian at low energy appears in the scalar potential. In other words,

we assume that the only relevant effect induced at the weak scale by unknown NP at

a high scale is a modification of the self couplings of the 125GeV boson. In particular,

we concentrate on the trilinear self-coupling of the Higgs boson, making the assumption

that modifications of λ4 and of possible other self-couplings in the potential lead to much

smaller effects and that the strength of tree-level interactions of the Higgs field with the

vector bosons and with the fermions is not (or very weakly) modified with respect to the

SM case. We therefore simply parametrise the effect of NP at the weak scale via a sin-

gle parameter κλ, i.e., the rescaling of the SM trilinear coupling, λSM
3 . Thereby, the H3

interaction in the potential, where H is the physical Higgs field, is given by

VH3 = λ3 v H
3 ≡ κλλ

SM
3 v H3, λSM

3 =
Gµ√
2
m2

H , (2.1)

with the vacuum expectation value, v, related to the Fermi constant at the tree-level by

v = (
√
2Gµ)−1/2.

As we will discuss and quantify in more detail in the following, the “deformation” of

the Higgs trilinear coupling induces modifications of the Higgs couplings to fermions and to

vector bosons at one loop. However, since such loop-induced λ3-dependent contributions

are energy- and observable-dependent, the resulting modifications cannot be parameterised

via a rescaling of the tree-level couplings of the single Higgs production and decay processes

considered. Thus, it is important to keep in mind that the effects discussed in this work

cannot be correctly captured by the standard κ-framework [6, 7].

Let us now start by classifying the λ3-dependent contributions that come from the

O(α) corrections to single Higgs production and decay processes. These contributions can

be divided into two categories: a universal part, i.e., common to all processes, quadratically

dependent on λ3 and a process-dependent part linearly proportional to λ3.

The universal O(λ3
2) corrections originate from the diagram in the wave function

renormalisation constant of the external Higgs field, see figure 1. This contribution repre-

sents a renormalisation factor common to all the vertices where the Higgs couples to vector

bosons or fermions. Thus, for on-shell Higgs boson production and decay, it induces the
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Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), V H (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.
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compatibility with the prediction of the Standard Model (SM). During the two runs of data-taking of the22
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next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW37

via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure ??.38

Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single39

Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.40
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

1 Introduction

After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the properties of
this new particle have been probed by the two experiments, testing their compatibility with the prediction
of the Standard Model (SM). During the two runs of data-taking of the Large Hadron Collider (LHC) at
CERN, the Higgs production cross-sections and decay branching ratios in various channels have been
measured with an increasing precision, as well as the Higgs boson couplings with the SM particles [3–5].
Nevertheless the properties of the Higgs scalar potential, and in particular the Higgs boson self-coupling are
still largely unconstrained. The most recent constraints on the Higgs boson trilinear self-coupling, �HHH ,
have been set in the context of a direct search of double Higgs boson production. Results are reported in
terms of � = �HHH/�SMHHH

, which is the ratio of the Higgs boson self-coupling to its SM expectation. It
is constrained to at 95% confidence level (C.L.) to �5.0 < � < 12.1 [6] and �11.8 < � < 18.8 [7] by
ATLAS and CMS, respectively, using up to 36 fb�1of Run-2 data.

An alternative and complementary approach to study the Higgs boson self-coupling has been proposed in
the Refs. [8–13]. Single Higgs processes do not depend on �HHH at leading order (LO), but the Higgs
trilinear self-coupling contributions need to be taken into account for the calculation of the complete
next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW
via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure 1.
Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single
Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.
Refs. [8, 9] propose a framework for a global fit to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modified by parameters:

µi f (�) = µi(�) ⇥ µ f (�) ⌘
�i(�)
�SM,i

⇥
BR f (�)
BRSM, f

, (1)
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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Thus, the relative corrections induced by an anomalous trilinear Higgs self-coupling can be

expressed as

δΣλ3 ≡ ΣNLO − ΣSM
NLO

ΣLO
= ZH − (1 + δZH) + (ZHκλ − 1)C1 , (2.6)

which, neglecting O(κ3λ α
2) terms in the r.h.s, can be compactly written as

δΣλ3 = (κλ − 1)C1 + (κ2λ − 1)C2 , (2.7)

with

C2 =
δZH

(1− κ2λδZH)
. (2.8)

Before describing the method and results of the calculation of the C1 coefficients, we

scrutinise the theoretical robustness of eq. (2.6) and its range of validity. Our aim is to

employ eq. (2.6) to evaluate the LHC sensitivity on λ3 without making “a priori” any

assumptions on the value of the parameter κλ. We will, however, demand as a consistency

constraint that, for large values of κλ, λ3-dependent terms from O(αj) corrections with

j > 1 do not overwhelm the effects from the Ci coefficients. In order to take into account

all the O((κ2λα)
n) contributions and perform a resummation of the κ2λ δZH terms in ZH we

need to impose that κ2λ δZH ! 1, i.e., |κλ| ! 25. The corresponding parametric uncertainty

in ΣNLO is therefore given by O((κ3λα
2)) terms that can be sizeable for large values of

κλ. The size of such missing terms can be estimated by calculating the difference between

δΣλ3 computed using eq. (2.6) and eq. (2.7), or equivalently δ(ΣNLO/ΣLO) ≃ κ3λC1δZH .

Requiring this uncertainty to be ! 10% and assuming as an order of magnitude of the

two-loop contribution C1δZH ∼ 10−5, we find |κλ| ! 20, which we take as the range of

validity of our perturbative calculation.

At variance with the SM, where the Higgs self coupling and the Higgs mass are related,

in our setup they are two independent parameters. This in general spoils the renormalis-

ability of the model and makes its parameters sensitive to the UV scales. However, one

knows a priori that the λ3-dependent O(α) corrections to Σ in eq. (2.6) are finite. The

reason is twofold:

i) the LO result does not depend on λ3 and therefore no renormalisation of λ3 at NLO

is either needed nor possible.

ii) All the counterterms needed at NLO do not contain divergent contributions propor-

tional to the trilinear coupling.

This last point can be understood as follows: the only counterterm that contains

divergent contributions proportional to λ3 is the Higgs mass counterterm. However, the

mH dependence in ΣLO is all of kinematical origin. Therefore, when the NLO corrections

are calculated, no renormalisation of mH is needed.

The arguments above are sufficient for all the processes except for H → γγ, which

deserves a dedicated discussion. In a Rξ gauge the LO dependence of Γ(H → γγ) upon

mH is not purely kinematical, but it also comes from diagrams containing unphysical
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Figure 1. One-loop λ3-dependent diagram in the Higgs self-energy.

2 λ3-dependent contributions in single Higgs processes

As basic assumption, we consider a BSM scenario where the only (or dominant) modifica-

tion of the SM Lagrangian at low energy appears in the scalar potential. In other words,

we assume that the only relevant effect induced at the weak scale by unknown NP at

a high scale is a modification of the self couplings of the 125GeV boson. In particular,

we concentrate on the trilinear self-coupling of the Higgs boson, making the assumption

that modifications of λ4 and of possible other self-couplings in the potential lead to much

smaller effects and that the strength of tree-level interactions of the Higgs field with the

vector bosons and with the fermions is not (or very weakly) modified with respect to the

SM case. We therefore simply parametrise the effect of NP at the weak scale via a sin-

gle parameter κλ, i.e., the rescaling of the SM trilinear coupling, λSM
3 . Thereby, the H3

interaction in the potential, where H is the physical Higgs field, is given by

VH3 = λ3 v H
3 ≡ κλλ

SM
3 v H3, λSM

3 =
Gµ√
2
m2

H , (2.1)

with the vacuum expectation value, v, related to the Fermi constant at the tree-level by

v = (
√
2Gµ)−1/2.

As we will discuss and quantify in more detail in the following, the “deformation” of

the Higgs trilinear coupling induces modifications of the Higgs couplings to fermions and to

vector bosons at one loop. However, since such loop-induced λ3-dependent contributions

are energy- and observable-dependent, the resulting modifications cannot be parameterised

via a rescaling of the tree-level couplings of the single Higgs production and decay processes

considered. Thus, it is important to keep in mind that the effects discussed in this work

cannot be correctly captured by the standard κ-framework [6, 7].

Let us now start by classifying the λ3-dependent contributions that come from the

O(α) corrections to single Higgs production and decay processes. These contributions can

be divided into two categories: a universal part, i.e., common to all processes, quadratically

dependent on λ3 and a process-dependent part linearly proportional to λ3.

The universal O(λ3
2) corrections originate from the diagram in the wave function

renormalisation constant of the external Higgs field, see figure 1. This contribution repre-

sents a renormalisation factor common to all the vertices where the Higgs couples to vector

bosons or fermions. Thus, for on-shell Higgs boson production and decay, it induces the
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Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), V H (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.
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compatibility with the prediction of the Standard Model (SM). During the two runs of data-taking of the22
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set in the context of a direct search of double Higgs boson production. Results are reported in terms28

of � = �HHH/�SMHHH
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Higgs trilinear self-coupling contributions need to be taken into account for the calculation of the complete36

next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW37

via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure ??.38

Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single39

Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.40
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.
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detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

1 Introduction

After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the properties of
this new particle have been probed by the two experiments, testing their compatibility with the prediction
of the Standard Model (SM). During the two runs of data-taking of the Large Hadron Collider (LHC) at
CERN, the Higgs production cross-sections and decay branching ratios in various channels have been
measured with an increasing precision, as well as the Higgs boson couplings with the SM particles [3–5].
Nevertheless the properties of the Higgs scalar potential, and in particular the Higgs boson self-coupling are
still largely unconstrained. The most recent constraints on the Higgs boson trilinear self-coupling, �HHH ,
have been set in the context of a direct search of double Higgs boson production. Results are reported in
terms of � = �HHH/�SMHHH

, which is the ratio of the Higgs boson self-coupling to its SM expectation. It
is constrained to at 95% confidence level (C.L.) to �5.0 < � < 12.1 [6] and �11.8 < � < 18.8 [7] by
ATLAS and CMS, respectively, using up to 36 fb�1of Run-2 data.

An alternative and complementary approach to study the Higgs boson self-coupling has been proposed in
the Refs. [8–13]. Single Higgs processes do not depend on �HHH at leading order (LO), but the Higgs
trilinear self-coupling contributions need to be taken into account for the calculation of the complete
next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW
via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure 1.
Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single
Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.
Refs. [8, 9] propose a framework for a global fit to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modified by parameters:

µi f (�) = µi(�) ⇥ µ f (�) ⌘
�i(�)
�SM,i

⇥
BR f (�)
BRSM, f

, (1)
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis

3

g

g

κt

κt

H

H

t/b

(a)

g

g

κt

κt

H

H

t/b

(b)

g

g

κt κλ

H

H

t/b

H

(c)

g

g

H

H

t/b

X

(d)

Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
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detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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Figure 2: Examples of one loop �HHH -dependent diagrams for the Higgs boson self-energy (a) and the single-Higgs
production in the ggF (b), VBF (c), VH (d), and tt̄H (e) modes. The self-coupling vertex is indicated by the filled
circle.

particular, �HHH contributes at NLO EW via Higgs boson self energy loop corrections and via additional
diagrams, examples of which are shown in Figure 2. Therefore, an indirect constraint on �HHH can be
extracted by comparing precise measurements of single-Higgs production and decay yields and the SM
predictions corrected for the �HHH -dependent NLO EW e�ects. A framework for a global fit to constrain
the Higgs boson trilinear coupling and the other coupling modifiers m = gm/gSMm , where gm is a coupling
of the Higgs boson to fermions or vector bosons altered by BSM physics, has been proposed in Refs. [11,
12]; the model dependent assumptions of this parameterisation are described in the same references. In
this work inclusive production cross sections, decay branching ratios and di�erential cross sections are
exploited to increase the sensitivity of the single-Higgs analyses to � and m. The di�erential information
is encoded through the simplified template cross-section (STXS) framework [34, 48]. The signal yield in a
specific decay channel and STXS bin is then proportional to:

n
signal
i, f (�, m) / µi(�, m) ⇥ µ f (�, m) ⇥ �SM,i ⇥ BRSM, f ⇥ (✏ ⇥ A)i f , (3)

where µi and µ f describe respectively the multiplicative corrections of the expected SM Higgs boson
production cross sections in an STXS bin (�SM,i) and each decay-channel branching fraction (BRSM, f ) as a
function of the values of the trilinear Higgs boson self-coupling modifier � and the LO-inspired modifiers
m. The (✏ ⇥ A)i f coe�cients take into account the analysis acceptance times e�ciency in each production
and decay mode.

The functional dependence of µi(�, m) and µ f (�, m) on � and m varies according to the production
mode, the decay channel and, in particular for the VH production mode, on the STXS bin. Therefore STXS
information of the VBF, WH and ZH production modes are exploited here to constrain � and m. For the
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1 Introduction

The discovery of the Higgs boson (H) [1, 2] at the Large Hadron Collider (LHC) [3] in 2012 has
experimentally confirmed the Brout–Englert–Higgs (BEH) mechanism of electroweak symmetry breaking
and mass generation [4–6]. The BEH mechanism not only predicts the existence of a massive scalar particle,
but also requires this scalar particle to couple to itself. Therefore, observing the production of Higgs
boson pairs (HH) and measuring the Higgs boson self-coupling �HHH is a crucial validation of the BEH
mechanism. Any deviation from the Standard Model (SM) predictions would open a window to new physics.
Moreover, the form of the Higgs field potential, which generates the Higgs boson self-coupling after
electroweak symmetry breaking, can have important cosmological implications, involving, for example,
predictions for vacuum stability or models in which the Higgs boson acts as the inflation field [7–10].

In the SM, the gluon–gluon fusion pp ! HH process (ggF) accounts for more than 90% of the Higgs
boson pair production cross-section, and only this production mode is considered here. It proceeds via
two amplitudes: the first (A1) represented by the diagrams (a) and (b), and the second (A2) represented
by the diagram (c) in Figure 1. The interference between these two amplitudes is destructive and yields
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: the diagrams (a) and
(b) are proportional to the square of the heavy-quark Yukawa couplings, while the diagram (c) is proportional to
the product of the heavy-quark Yukawa coupling and the Higgs boson self-coupling. Here � is the ratio of the
beyond-the-Standard-Model Higgs boson self-coupling to that of the SM. The diagram (d) represents the production
of the Higgs boson pair through an intermediate resonance (X) that couples to gluons through an e�ective coupling
and to the SM Higgs boson.

an overall cross-section of �SM
ggF(pp ! HH) = 33.5+2.4

�2.8 fb at
p

s = 13 TeV [11], calculated first at
next-to-leading order (NLO) in QCD with the heavy top-quark approximation [12], then numerically with
full top-quark mass dependence [13] (confirmed later in Ref. [14] and analytically computed with some
approximation in Ref. [15]) corrected at next-to-next-to-leading order (NNLO) [16] in QCD matched
with next-to-next-to-leading logarithmic (NNLL) resummation in the heavy top-quark limit [17, 18]. The
Higgs boson mass used in these calculations and for all results in this paper is mH = 125.09 GeV [19].
Beyond-the-Standard-Model (BSM) scenarios can bring substantial enhancement of this cross-section by
modifying the relative sign of A1 and A2, and by increasing A2. The A2 amplitude is proportional to
the Higgs self-coupling �HHH . The Higgs boson self-coupling modifier due to BSM scenarios is defined
as � = �HHH/�SM

HHH
. In this analysis, all other Higgs boson couplings are assumed to have SM values.
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The discovery of the Higgs boson (H) [1, 2] at the Large Hadron Collider (LHC) [3] in 2012 has
experimentally confirmed the Brout–Englert–Higgs (BEH) mechanism of electroweak symmetry breaking
and mass generation [4–6]. The BEH mechanism not only predicts the existence of a massive scalar particle,
but also requires this scalar particle to couple to itself. Therefore, observing the production of Higgs
boson pairs (HH) and measuring the Higgs boson self-coupling �HHH is a crucial validation of the BEH
mechanism. Any deviation from the Standard Model (SM) predictions would open a window to new physics.
Moreover, the form of the Higgs field potential, which generates the Higgs boson self-coupling after
electroweak symmetry breaking, can have important cosmological implications, involving, for example,
predictions for vacuum stability or models in which the Higgs boson acts as the inflation field [7–10].

In the SM, the gluon–gluon fusion pp ! HH process (ggF) accounts for more than 90% of the Higgs
boson pair production cross-section, and only this production mode is considered here. It proceeds via
two amplitudes: the first (A1) represented by the diagrams (a) and (b), and the second (A2) represented
by the diagram (c) in Figure 1. The interference between these two amplitudes is destructive and yields

g

g

H

H

t/b

(a)

g

g

H

H

t/b

(b)

g

g

κλ

H

H

t/b

H

(c)

g

g

H

H

X

(d)

Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: the diagrams (a) and
(b) are proportional to the square of the heavy-quark Yukawa couplings, while the diagram (c) is proportional to
the product of the heavy-quark Yukawa coupling and the Higgs boson self-coupling. Here � is the ratio of the
beyond-the-Standard-Model Higgs boson self-coupling to that of the SM. The diagram (d) represents the production
of the Higgs boson pair through an intermediate resonance (X) that couples to gluons through an e�ective coupling
and to the SM Higgs boson.

an overall cross-section of �SM
ggF(pp ! HH) = 33.5+2.4

�2.8 fb at
p

s = 13 TeV [11], calculated first at
next-to-leading order (NLO) in QCD with the heavy top-quark approximation [12], then numerically with
full top-quark mass dependence [13] (confirmed later in Ref. [14] and analytically computed with some
approximation in Ref. [15]) corrected at next-to-next-to-leading order (NNLO) [16] in QCD matched
with next-to-next-to-leading logarithmic (NNLL) resummation in the heavy top-quark limit [17, 18]. The
Higgs boson mass used in these calculations and for all results in this paper is mH = 125.09 GeV [19].
Beyond-the-Standard-Model (BSM) scenarios can bring substantial enhancement of this cross-section by
modifying the relative sign of A1 and A2, and by increasing A2. The A2 amplitude is proportional to
the Higgs self-coupling �HHH . The Higgs boson self-coupling modifier due to BSM scenarios is defined
as � = �HHH/�SM

HHH
. In this analysis, all other Higgs boson couplings are assumed to have SM values.

2
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Figure 7.1: Left: pp ! H H production cross section as a function of∑∏. Right: ratio of the pp ! H H
to its SM expectation, obtained for ∑∏ = 1. Different calculations, as used by the LHC experiments
are shown.

computation A [fb] A/A(LO) B [fb] B/B(LO) C [fb] C/C(LO)
LO mt fin 35.0 -23.0 4.73
NLO mt fin 62.6 1.79 -44.4 1.93 9.64 2.04
NLO mt fin £ NNLO SM FTApprox 70.0 2.00 -49.6 2.16 10.8 2.28
NNLO + NNLL mt !1£

NNLO+NLL SM (partial mt fin) 71.3 2.04 -47.7 2.08 9.93 2.10

Table 7.2: Second order polynomial parameters (A +B ·∑∏+C ·∑2
∏) for different computations as

used by the LHC experiments and new recommendations. The column X/X(LO) shows the ratio of
the parameter with respect to their LO prediction.

• pp → hh cross section known up to NNLO+NNL with finite mt corrections as a function of κλ; 

• huge enhancements respect to the SM cross section (31 fb) for values departing from the SM 
expectation by ~10, it allows to make a discovery with the current LHC dataset if new physics 
shows up. 

116 Chapter 5. Overview of HH searches at the LHC

Figure 5.1: Branching fractions of the decay of an H H pair to a selected group of final states. The de-
cay modes are shown on each axis by increasing probability. The numerical values are only shown if
larger than 0.1%. The branching fractions of the Higgs boson are evaluated for mH = 125.0 GeV [19].

5.1 H H ! bb̄bb̄: status and perspectives
P. Bryant, M. Osherson

Nearly one third of H H events decay via the bb̄bb̄ channel, resulting in the experimental signa-
ture of four energetic jets which originate from b-quark hadronisation. The main challenge for this
signature is the large background from multi-jet final states produced by quantum chromodynam-
ics (QCD) processes, which collectively yield rates exceeding that of the signal by several orders of
magnitude. Other non-resonant processes can contribute to the signal signature, such as the pro-
duction of top quark pairs, and W or Z bosons in association with b-jets.

As discussed in Sec. 2.1.3, most of the impact of modifications of the Higgs boson self-coupling
to the mH H distribution is near the 2mH threshold, where the irreducible multi-b-jet background
has a significant contribution. Since the start of Run 2, much of the experimental effort has been
focusing on extending these searches in the low mH H range, by employing dedicated trigger strate-
gies, consequently loosening the event selection criteria and modelling the substantially increased
background acceptance as illustrated in Fig. 5.2. In the most recent ATLAS search, the loosened
kinematic selection requirements have increased the background acceptance by a factor of 20, rel-
ative to the restricted phase space probed in the first Run 2 result (Fig. 5.2, left). Combined with the
integrated luminosity increase, the statistical uncertainty at the peak of the mH H distribution has
dropped by an order of magnitude to the percent level in the latest Run 2 result (Fig. 5.2, right). By
the end of HL-LHC data-taking, we will require a sub-percent level background model – a daunting
task that will require novel data-driven modelling techniques.

In addition to non-resonant H H production via gluon-gluon fusion, ATLAS and CMS sear-
ches [150, 461], also searched for resonant H H production in the range 260 < mH H < 3000 GeV.
The momenta and angles between the decay products of such a resonance vary significantly over

hh pair can decay in different final states, 
many channels can be exploited

arXiv:1910.00012 

arXiv:1910.00012 
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Channels studied by ATLAS and CMS
6

5.1. H H ! bb̄bb̄: status and perspectives 117

Search channel References Luminosity Discriminant

bb̄bb̄
ATLAS [150] 27.5–36.1 mH H
CMS [461] 35.9 BDT

bb̄∞∞
ATLAS [151] 36.1 m∞∞/mH H
CMS [442] 35.9 mbb̄ ,m∞∞ (2D)

bb̄ø+ø°
ATLAS [152] 36.1 BDT
CMS [438] 35.9 BDT/mT2

bb̄V V § ATLAS [462] 36.1 e.c.
CMS [463] 35.9 DNN

W W §∞∞
ATLAS [228] 36.1 m∞∞

CMS – – –

W W §W W § ATLAS [464] 36.1 e.c.
CMS – – –

Table 5.1: Summary of H H search channels with their corresponding references, the integrated
luminosity of the dataset used in the analysis and the distribution used to extract the signal (dis-
criminant) - note that e.c. stands for event counting. This table is based on the H H non-resonant
and resonant searches performed with the 2015 and 2016 datasets collected by ATLAS and CMS at
13 TeV.

this range. In order to increase the sensitivity of this search, different event selection criteria are
used for the two main kinematic regions: (i) “resolved” with four individually reconstructed b-jets
which tests resonance mass hypotheses from 2£mH up to 1500 GeV; (ii) “boosted” which exploits
large-radius jets and substructure techniques (see Sec. 4.1 and Sec.4.2.1) to probe resonance mass
hypotheses up to 3 TeV. The resolved regime dominates the sensitivity to SM non-resonant H H
production. In addition, the strategy adopted by CMS makes use of a third category, the "semi-
resolved". This case, first proposed in Ref. [259], aims to recover potential events which did not en-
ter the other two categories by considering events where one Higgs candidate merges into a single
large-radius jet but the other is reconstructed as two individual b-jets. This analysis moderately im-
proves the sensitivity for mH H between 750 and 2000 GeV [445]. For the non-resonant H H ! bb̄bb̄
searches, events are selected online by combining two different trigger selections, both using the b-
tagging algorithms to identify b-jets. Events are requested offline to contain four b-tagged jets with
pT > 30/40 GeV (CMS/ATLAS). The b-tagging efficiency for jets with pT in the 60–150 GeV range is
approximately 70% (68%) and gradually decreases for lower and higher jet pT. This corresponds to
a light jet mis-tag efficiency of 0.3% (1%) for ATLAS [466] (CMS [386]), see Sec. 4.2 for more details.
After these selection criteria are applied, the dominant background processes are multi-b-jet pro-
duction (85–90%) and top-quark pair production (10–15%). The Z + jets background is estimated to
contribute no more than 0.2–0.5% to the total background, and therefore is neglected.

The main challenge for the signal extraction in the bb̄bb̄ final state, is to build a precise model of
the multi-jet background without a reliable simulation. The simulation of these final states, due to
their large cross section, requires the simulation of a large number of events, which is challenging
for the available computing resources.

In the following the analysis strategies are presented, Sec. 5.1.1, together with their limitations,
Sec. 5.1.2. Finally possible paths forward, where there is clear room for improvement and opportu-
nities for innovation, are discussed, Sec. 5.1.3.

arXiv:1910.00012 
• hh production is studied also in different BSM 

contexts, like search for heavy resonances 
decaying to Higgs boson pairs; 

• only most sensitive channels have been used 
to set constraints on κλ; 

• the 4b channel profits of the high H→bb 
branching fraction and the reconstruction of 
the full final state; 

• bbγγ of the clean signature of diphoton final 
state and of the optimum γγ invariant mass 
resolution; 

• bbττ is the best compromise between the 
two, providing the best results.

Higgs pair production at the LHC

Considering variations of the couplings, with two diagrams contributing at LO:

B=box diagram, amplitude proportional to 2
t , t = yt/ySM

t

T=triangle diagram, amplitude proportional to t�, � = �HHH/�SM
HHH

Amplitude: A(t ,�) = 2
t B + t�T

Cross section

�(t ,�) ⇠ 4
t |B|2 + 3

t �(BT + TB) + 2
t 

2
�|T |2

cross section: 2nd order
polynomial in �

kinematics depends on
relative contributions
and interference of the
two diagrams modifying
the mHH distribution
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Figure 3: Final discriminants used in the �-scan analysis for the bb̄bb̄ and the bb̄⌧+⌧� final states. (a) shows the
reconstructed mHH distribution in the bb̄bb̄ analysis; backgrounds include data-driven multi-jet processes (Multijet),
tt̄ ! W

+
W

�
bb̄ with both W bosons decaying hadronically (Hadronic tt̄) and tt̄ ! W

+
W

�
bb̄ with at least one of the

W bosons decaying leptonically (Semileptonic tt̄). (b) and (c) show the BDT distributions in the bb̄⌧+⌧� analysis for
the ⌧lep⌧had and the ⌧had⌧had channels, respectively. The main backgrounds are tt̄ and single-top-quark production
(Top-quark), the background arising from jets faking hadronic ⌧-lepton decays (jet ! ⌧had fakes), Z ! ⌧+⌧� plus
two heavy-flavour jets [Z ! ⌧⌧ + (bb, bc, cc)], SM single Higgs boson production (SM Higgs) and other minor
backgrounds (Other). The shaded area includes the systematic uncertainty of the total background expectation due to
the statistics of simulated events and all experimental and theoretical systematic uncertainties. In Figures (b) and (c)
the uncertainty band is not shown in the upper panes because it is too small to be seen. The signal distribution is
overlaid for � = �5, 1, 10 and is normalised to its expected yield.
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HH analyses: discriminating variables
7

different discriminators used 
• 4b m4j invariant mass 
• bbττ BDT using all available information 

from jets and taus 
• γγbb, add 1-btag category to increase 

statistics 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Figure 3: Final discriminants used in the �-scan analysis for the bb̄bb̄ and the bb̄⌧+⌧� final states. (a) shows the
reconstructed mHH distribution in the bb̄bb̄ analysis; backgrounds include data-driven multi-jet processes (Multijet),
tt̄ ! W

+
W

�
bb̄ with both W bosons decaying hadronically (Hadronic tt̄) and tt̄ ! W

+
W

�
bb̄ with at least one of the

W bosons decaying leptonically (Semileptonic tt̄). (b) and (c) show the BDT distributions in the bb̄⌧+⌧� analysis for
the ⌧lep⌧had and the ⌧had⌧had channels, respectively. The main backgrounds are tt̄ and single-top-quark production
(Top-quark), the background arising from jets faking hadronic ⌧-lepton decays (jet ! ⌧had fakes), Z ! ⌧+⌧� plus
two heavy-flavour jets [Z ! ⌧⌧ + (bb, bc, cc)], SM single Higgs boson production (SM Higgs) and other minor
backgrounds (Other). The shaded area includes the systematic uncertainty of the total background expectation due to
the statistics of simulated events and all experimental and theoretical systematic uncertainties. In Figures (b) and (c)
the uncertainty band is not shown in the upper panes because it is too small to be seen. The signal distribution is
overlaid for � = �5, 1, 10 and is normalised to its expected yield.
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Figure 3: Final discriminants used in the �-scan analysis for the bb̄bb̄ and the bb̄⌧+⌧� final states. (a) shows the
reconstructed mHH distribution in the bb̄bb̄ analysis; backgrounds include data-driven multi-jet processes (Multijet),
tt̄ ! W

+
W

�
bb̄ with both W bosons decaying hadronically (Hadronic tt̄) and tt̄ ! W

+
W

�
bb̄ with at least one of the

W bosons decaying leptonically (Semileptonic tt̄). (b) and (c) show the BDT distributions in the bb̄⌧+⌧� analysis for
the ⌧lep⌧had and the ⌧had⌧had channels, respectively. The main backgrounds are tt̄ and single-top-quark production
(Top-quark), the background arising from jets faking hadronic ⌧-lepton decays (jet ! ⌧had fakes), Z ! ⌧+⌧� plus
two heavy-flavour jets [Z ! ⌧⌧ + (bb, bc, cc)], SM single Higgs boson production (SM Higgs) and other minor
backgrounds (Other). The shaded area includes the systematic uncertainty of the total background expectation due to
the statistics of simulated events and all experimental and theoretical systematic uncertainties. In Figures (b) and (c)
the uncertainty band is not shown in the upper panes because it is too small to be seen. The signal distribution is
overlaid for � = �5, 1, 10 and is normalised to its expected yield.
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This note sets constraints on the Higgs boson self-coupling exploiting single- and double-Higgs
boson production. The single-Higgs boson production cross-sections, the decay branching
fractions, the Higgs boson kinematics and the double-Higgs boson production cross-section
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Table 2: Allowed � intervals at 95% CL for the bb̄bb̄, bb̄⌧+⌧� and bb̄�� final states and their combination. The
column “Obs.” lists the observed results, “Exp.” the expected results obtained including all statistical and systematic
uncertainties in the fit, and “Exp. stat.” the expected results obtained including only the statistical uncertainties. The
e�ect of non-SM Higgs decay branching fractions due to � variations is not taken into account, which impacts the
� intervals by no more than 7%.

Allowed � interval at 95% CL
Final state Obs. Exp. Exp. stat.
bb̄bb̄ �10.9 — 20.1 ≠11.6 — 18.8 ≠9.8 — 16.3
bb̄⌧+⌧� ≠7.4 — 15.7 ≠8.9 — 16.8 ≠7.8 — 15.5
bb̄�� ≠8.1 — 13.1 ≠8.1 — 13.1 ≠7.9 — 12.9
Combination ≠5.0 — 12.0 ≠5.8 — 12.0 ≠5.3 — 11.5

6 Combination of results for resonant Higgs boson pair production

The resonance decaying into a pair of Higgs bosons is assumed to be either a heavy spin-0 scalar particle,
S, with a narrow width or a spin-2 KK graviton, GKK.

The search for the heavy scalar particle S is performed with all six final states included in this com-
bination. With the exception of bb̄⌧+⌧� and bb̄bb̄, all signal samples were simulated at NLO with
M��G����5_�MC@NLO using the CT10 PDF set. The matrix-element generator was interfaced to
H�����++ with the UE-EE-5-CTEQ6L1 tune. The bb̄⌧+⌧� final state uses an LO model generated with
M��G����5_�MC@NLO using the NNPDF 2.3 LO PDF set interfaced to P����� 8.2 with the A14
tune, while the bb̄bb̄ final state uses the same LO event generator but interfaced to H�����++ with the
UE-EE-5-CTEQ6L1 tune.

The scalar resonance search is performed in the mass range 260–3000 GeV, and within this range no
statistically significant excess is observed. In the combination, the largest observed deviation from the
background expectation is 1� for the search mass range. The combined upper limit on the cross-section
is shown as a function of the resonance mass in Figure 5(a). Systematic uncertainties have a sizeable
e�ect on the upper limits depending on the probed resonance mass. The total impact of systematics or
the impact of a single systematic uncertainty has been evaluated by computing the percentage reduction
of the upper limit obtained by removing all systematic uncertainties or a particular source. Overall the
systematic uncertaintes a�ect the limit by 12% (11%) for a resonance mass of 1 (3) TeV. Among them, the
largest systematic uncertainties are due to the modelling of the backgrounds, impacting the upper limit by
7% (9%) at 1 (3) TeV. The second leading systematic uncertainty comes from b-tagging, that a�ects the
upper limit by 2% at 1 TeV, but its impact is negligible at 3 TeV where relative background and statistical
uncertainties increase significantly. At 3 TeV the second leading systematic uncertainty is related to the jet
energy scale and resolution, changing the limit by 2%. Interpretations in specific spin-0 BSM models are
provided in Section 7.

The search for a spin-2 KK graviton is performed with the bb̄bb̄, bb̄W
+
W

� and bb̄⌧+⌧� final states only.
Gravitons were simulated using an LO model in M��G����5_�MC@NLO with the NNPDF 2.3 LO PDF
set interfaced to P����� 8.2 with the A14 tune. The resonance width changes with the graviton mass and
depends on the parameter k/MPl, where k is the curvature of the warped extra dimension in the bulk RS

11
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This note sets constraints on the Higgs boson self-coupling exploiting single- and double-Higgs
boson production. The single-Higgs boson production cross-sections, the decay branching
fractions, the Higgs boson kinematics and the double-Higgs boson production cross-section

Indirect determination from single-Higgs 
measurements
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generic scale factor for BSM couplings (κt, κf, κb, κl)
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Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
�. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
from Ref. [8, 9].

analysed decay modes. For Higgs bosons decaying into two fermions, the C
f

1 coe�cient is zero. The model
under discussion, as shown in Eq. 2 and Eq. 4, does not include any additional contributions from new
physics to the total width of the Higgs boson, or in the gg ! H and H ! �� loop mediated processes.

The dependence on � of the Higgs boson production cross sections and the decay branching fractions are
shown in Figure 2.

3.1 Inclusion of event kinematic information

In the presence of a varied Higgs trilinear coupling, changes in � a�ect not only the inclusive rates of
Higgs boson production and decay processes, but also their kinematics. In particular the largest deviations
in kinematic distributions with respect to the to the SM are expected in the ZH, WH, and ttH production
modes. On the contrary, in Higgs boson decay kinematics no significant modification are expected. Since
the Higgs boson decays to two bodies in all decay channels, and it has a null spin, the angular distribution
of the decay particles cannot be a�ected by BSM e�ects, being fully determined by the energy-momentum
conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that
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in kinematic distributions with respect to the to the SM are expected in the ZH, WH, and ttH production
modes. On the contrary, in Higgs boson decay kinematics no significant modification are expected. Since
the Higgs boson decays to two bodies in all decay channels, and it has a null spin, the angular distribution
of the decay particles cannot be a�ected by BSM e�ects, being fully determined by the energy-momentum
conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that

7
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Eur. Phys. J. C (2017) 77: 887
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Single Higgs data inputs
10

�6

The results are obtained using ATLAS data corresponding to a luminosity of up to 80 fb−1. 

Two different inputs, (containing production and decay modes) have been considered:
• one is used for inclusive estimations;
• the second one is profiled in bins of truth-level observables, pT

H (Simplified Template Cross 
Sections STXS bins); it can be used for differential estimations; the analysis VBF H->bb has 
been excluded from the input (low impact + no STXS bins). 

where µi and µ f describe respectively the multiplicative corrections of the expected SM Higgs production
cross-sections (�SM,i) and each decay channel branching fraction (BRSM, f ) as a function of the anomalous
values of the trilinear Higgs self-coupling �. The functional dependence of µi(�) and µ f (�) on �
varies according to the production mode and the decay channel. Moreover, these functions depend on the
kinematic region considered within each process, especially for the VH and ttH production modes. In this
work, the di�erential distributions of the VBF, WH and ZH production modes are exploited to constrain
� by using the cross-section measurements in regions defined within the simplified template cross-section
(STXS) framework [14, 15].

The note describes a global fit of � based on the combined measurements of single Higgs production
and decay rates [4]. They include analyses targeting the H ! �� [16–18], H ! Z Z

⇤ [19, 20] , VH,
H ! bb̄ [21, 22], H ! WW

⇤ [23], and H ! ⌧⌧ [24] decay channels, as well as two analyses targeting
Higgs boson associated production with a top–antitop pair, in bb̄ and multileptons final states [25, 26].
The results presented are obtained using data collected at

p
s = 13 TeV with an integrated luminosity

ranging from 36.1 fb�1to 79.1 fb�1.

The note is organized as follows: Section 2 reviews the dataset and input measurements, Section 3
summarises briefly the theoretical framework, Section 4 discusses the statistical model, Section 5 presents
the results of the fit, and Section 6 provides a summary.

2 Data and input measurement

The results shown in this note are based on data collected by the ATLAS experiment [27, 28] in 2015,
2016 and 2017. The integrated luminosities for the analysed Higgs boson decay channels are summarised
in Table 1. Details about the individual analyses can be found in the references reported in the same
table. Each analysis separates the selected events into orthogonal kinematic and topological regions, called

Table 1: Integrated luminosity of the dataset used for each input analysis to the combination. The last column provides
references to publications describing each analysis in detail.

Analysis Integrated luminosity (fb�1) Ref.
H ! �� (including ttH, H ! ��) 79.8 [16–18]
H! Z Z

⇤! 4` (including ttH, H! Z Z
⇤! 4`) 79.8 [19, 20]

H!WW
⇤! e⌫µ⌫ 36.1 [23]

H ! ⌧⌧ 36.1 [24]
VH, H ! bb̄ 79.8 [21, 22]
ttH, H ! bb̄ and ttH multilepton 36.1 [25, 26]

categories, that are summarized in Table 2.

The categories, defined according to the reconstructed final state, are designed to maximize the sensitivity
to each truth-level region defined within the simplified template cross-section framework [14, 15]. In
particular, they are based on the stage-1 of the STXS framework within which, depending on Higgs boson
production mode, the phase space is subdivided as follows:

3

Single-Higgs production:
data and input measurements

Constructed from Figures 
in arXiv: 1610.07922

The VBF and VH categories are subdivided in differential bins according to the  
Simplified Template Cross Section scheme. The ggF and ttH are treated as inclusive  
(the first misses κλ dependent  theoretical computations), the second misses experimental 
informations
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Figure 3: Value of �2 ln⇤ as a function of � for single-Higgs and double-Higgs analyses separately and for the
combination of the two analyses: for the data (a) and for the Asimov dataset [50] generated in the SM hypothesis (b).
The intersections of the dashed horizontal lines, corresponding to �2 ln⇤ = 1 and �2 ln⇤ = 3.84, with the profile
likelihood curve are used to define the ±1� sigma uncertainty on � and the 95% CL interval, respectively.

5.1 �-only model

In a variety of BSM models new physics is expected to only appear at the LHC as a modification of the
Higgs boson self-coupling, as for example in the Higgs boson portal models in the alignment limit [51]. In
these BSM scenarios, the constraints on �, derived through the combination of single-Higgs measurements,
can be directly compared to the constraints set by double-Higgs production analyses and the sensitivity
gain from their combination can be evaluated.

These models have been implemented by setting all coupling modifiers to the SM values (W = Z = t =
b = ` = 1) with the exception of the Higgs self-coupling modifier �. The � self-coupling modifier is
probed in the range �20 < � < 20, because outside this range the calculation in Refs. [11, 12] loses its
validity.

The value of �2 ln⇤ is shown as a function of � in Figure 3, separately for the observed data and
the Asimov dataset with � = 1. Results are shown for the single-Higgs production, the double-Higgs
production, and their combination. The double-Higgs analyses are more sensitive than the single-Higgs
measurement for � >> 1 and show similar sensitivity for negative �.

The combined single-Higgs and double-Higgs fit result for the � modifier is:

� = 4.6+3.2
�3.8 = 4.6+2.9

�3.5 (stat.) +1.2
�1.2 (exp.) +0.7

�0.5 (sig. th.) +0.6
�1.0 (bkg. th.) [observed],

� = 1.0+7.3
�3.8 = 1.0+6.2

�3.0 (stat.) +3.0
�1.7 (exp.) +1.8

�1.2 (sig. th.) +1.7
�1.1 (bkg. th.) [expected],

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the

8

Double Higgs Single Higgs Combination
exp.      -5.8 < κλ < 12.0                  -6.2 < κλ < 14.4                       -5.1 < κλ < 11.2  
obs.      -5.0 < κλ  < 12.0                  -3.2 < κλ < 11.9                       -2.3 < κλ < 10.3   

ATLAS-CONF-2019-049 ATLAS-CONF-2019-049

recent results also released by CMS on single Higgs:  CMS PAS HIG-19-005
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Multi-parameter fit H + HH combination
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Double Higgs production alone doesn't allow to constraint κλ without assumptions on κt

168 Chapter 7. LHC results
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Figure 7.5: Contour level of æ(pp ! H H)/æSM as function of ∑t ,∑∏, under the assumption of no
additional Higgs coupling vertices, as derived in Eq.7.8. The diamond indicates the SM predicted
value. The reference values of 6.9 and 10 correspond to the best available observed and expected
upper limits on the æ(pp ! H H) cross section as measured by the ATLAS experiment.

exclusion limits on the H H cross section for the different EFT benchmarks, which are shown in
Fig. 7.6.
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Figure 7.6: The 95% CL upper limits on the non-resonant H H cross section for different EFT bench-
mark topologies (bins 1 to 12). Each benchmark represents a possible modification in both the pre-
dicted rate and kinematic distributions. The last two bins show the 95% CL upper limits for ∑∏ = 1
(SM) and 0. Each of the four final states is shown separately together with their combination [69].

7.3 Resonant H H production mode

In addition to the non-resonant production, searches for resonant H H are performed in the mH H

range from 250 to 3000 GeV, for spin-0 under the narrow width approximation1 and spin-2 reso-
nances (see Sec. 3.3).

1The width of the signal mass distribution is much smaller of the experimental resolution

arXiv:1910.00012

procedure described in Section 4. The total uncertainty is dominated by the statistical component. The
observed (expected) 95% CL interval constraint on � is found to be �2.3 < � < 10.3 (�5.1 < � < 11.2).
The observed central value of � and its uncertainty di�er from the expected values because the measured
yields from single-Higgs and double-Higgs processes are slightly di�erent than the expectation and the
dependence of their cross sections on � is non-linear. As a check, the fit was performed using an Asimov
dataset [50] produced setting the signal strengths close to the observed values, giving a fit result very
similar to the one obtained from data.

5.2 More generic models

As described in Sec. 3, the HH cross section depends both on t and �, therefore its measurement
cannot constrain both parameters simultaneously. At the same time, the inclusion of a dependence on
� in the single-Higgs production cross section and branching fractions slightly a�ects the constraining
power of single-Higgs measurements to t . In order to quantify these e�ects, a fit has been performed
setting all coupling modifiers other than t and � to their SM values of one. The fit results are shown in
Fig. 4. Despite the fact that the double–Higgs analyses alone cannot constrain � and t simultaneously
[44], the combination with the single–Higgs measurements allows, even for � values deviating from
the SM prediction, the determination of t to a su�cient precision to restore most of the ability of the
double-Higgs analyses to constrain �. As a result, the constraining power on � of the combined single-
and double-Higgs analyses is only slightly worse than in the �-only model, where the assumption t = 1
was made. In turn, exploiting the correlation between � and t in the single-Higgs measurements, the
improved constraint on � also enhances the constraining power on t .
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Figure 4: Negative log-likelihood contours at 68% and 95% CL in the (�, t ) plane on data (a) and on the Asimov
dataset [50] generated under the SM hypothesis (b). The best fit value (� = 4.7, t = 1.03) is indicated by a cross
while the SM hypothesis is indicated by a star. The t = 1 line is shown. These results are produced under the
assumption that the approximations in Refs. [11, 12] are valid inside the contours shown.

A more generic model is also considered, where W , Z , t , b, ` and � are fitted simultaneously. This
allows the test of BSM models that can modify at the same time the Higgs boson self-coupling and other
Higgs boson couplings. The value of �2 ln⇤ as a function of � for this model is shown in Fig. 5 together
with that obtained in the �-only model. It is worth stressing that the combination of the single- and

9

Single Higgs observables have a better constraining power, and in combination with HH 
produce good constraints of both κt and κλ

ATLAS-CONF-2019-049
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HL-LHC expectations
13

�13

• In the simplified assumption that all deviations from the SM expectation have to 

be interpreted as modifications of the trilinear coupling of the Higgs boson, the best 

fit  value  of  κλ  from  the  combination  of  single  and  double-Higgs  analyses  is 

 , excluding at the 95% C.L. values outside the interval −2.3 < κλ < 10.3 .

• The H+HH combination result constitutes
a significant improvement on the constraints 

on κλ obtained from single-Higgs and 

double-Higgs analyses alone.

• Moreover, the H+HH combination allows 

to decouple the self-coupling and top-Yukawa

coupling as well as other couplings

 

κλ = 4.6+3.2
−3.8
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Fig. 82: �2 analysis of the Higgs self-coupling �� using single- and double-Higgs processes for the
HL-LHC at 13 TeV and 3 ab�1. The widths of the lines correspond to the differences between the sce-
narios S1 and S2. Left: Comparison of the constraints obtained using inclusive single-Higgs processes
(orange), with the ones using differential observables (blue). Dashed is an exclusive fit while solid is the
result of a global fit. Right: Comparison of the constraints from differential single Higgs (blue), with
those from differential double-Higgs data (dashed red) and its combination (pink).

tions (parametrised by one coefficient, �cz , if custodial symmetry is unbroken), and three coefficients
(czz, cz⇤, cz�) parametrising interactions of the Higgs with the electroweak bosons that have non-SM
tensor structures. Note that two combinations of the last three parameters are constrained by di-boson
data, showing an interesting interplay between the gauge and the Higgs sectors. A global fit on the
Higgs self-coupling, parametrised by �� (which is zero in the SM) using only inclusive single Higgs
observables, and taking into account the additional 9 EFT deviations described above, suffers from a flat
direction. To lift it, it is necessary to include data from differential measurements of those processes,
since the single-Higgs deformations and �� tend to affect the distributions in complementary ways.

As input for the uncertainties we consider the S1 and S2 scenarios, corresponding to the projected

134

arXiv:1902.00134v2
HL-LHC prospects, Yellow Report results

• The weight of single Higgs 
production measurements 
reduces at HL-LHC 

•  the high statistics makes single 
Higgs measurement systematic 
dominated 

• at 2σ level single Higgs 
measurements are even more 
constraining than double Higgs 
ones, due to the double 
minimum structure of double 
Higgs production
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This note sets constraints on the Higgs boson self-coupling exploiting single- and double-Higgs
boson production. The single-Higgs boson production cross-sections, the decay branching
fractions, the Higgs boson kinematics and the double-Higgs boson production cross-section

Conclusions
14

• the measurement of the triple-Higgs boson coupling is the first attempt to probe the 
Higgs boson potential;  

• this measurement is already relevant today, due to low constraints on it deriving from 
other precision measurements and the possibility that new physics can induce large 
deviations of the self-coupling from its SM  expectation;  

• the Higgs boson energy potential and the self-coupling, as a consequence, have 
relevant cosmological implication;  

• with the present statistics the ATLAS collaboration is already probing regions 
previously unexplored and that could be affected by new physics (more updates will 
come with the Run2 and Run3 statistics) 

• HL-LHC will measure the self-coupling with a 30% precision, assessing its not null 
value, precision measurements of the self-coupling need to wait the next generation 
lepton and/or hadron colliders  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Figure 8: Profile likelihood scans as a function of kl for the observed data (black solid line). The
expected result assuming a SM Higgs boson (red dashed line), derived from an Asimov data set with
kl = 1 is also shown.
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Figure 9: Profile likelihood scans as a function of kl and kF (left), and kl and kV (right). The blue color
scale shows the value of q at each point in the scan, while the black marker, and solid and dashed lines
show the best-fit point, and the 68% and 95% CL contours, respectively. The red marker corresponds to
the SM prediction.
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