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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.

𝒜1
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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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mHH distributions are steeper. An excess in the data below 300 GeV leads to less stringent limits than the234

expected limits. In the bb̄⌧+⌧� channel the observed limits are more stringent than the expected limits over235

the whole range of �, due to a deficit of data with respect to the background predictions at high values236

of the BDT score. The bb̄�� limit shows a weaker dependence on � than the bb̄bb̄ and bb̄⌧+⌧� limits237

because the bb̄�� acceptance varies less as function of �.238

The � values that are allowed at 95% CL are reported in Table 2. The systematic uncertainties degrade239

the � interval limits by less than 10% with respect to those obtained with only statistical uncertainties.240

The channel least a�ected by systematic uncertainties is bb̄��, while bb̄bb̄ is the channel most a�ected by241

systematic uncertainties. The dependence of the Higgs boson branching fractions on �, a�ecting both242

the HH signal and the single Higgs boson background, has been neglected, but its overall impact on the243

allowed � intervals is evaluated to be no more than 4%.244
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Figure 4: (a) Signal acceptance times e�ciency as a function of � for the bb̄bb̄, bb̄⌧+⌧� and bb̄�� analyses. The bb̄bb̄

curve is the average of the 2015 and 2016 curves weighted by the integrated luminosities of the two datasets. (b) Upper
limits at 95% CL on the cross-section of the ggF non-resonant SM HH production as a function of �. The observed
(expected) limits are shown as solid (dashed) lines. In the bb̄�� channel, the observed and expected limits coincide.
The ±1� and ±2� bands are only shown for the combined expected limit. The theoretical prediction is obtained by
scaling the NNLO+NNLL SM cross-section by the � dependent factor R (�) = ��

ggF(pp ! HH)/��=1
ggF (pp ! HH)

computed at NNLO+NNLL in the infinite top-quark mass approximation.

Table 2: Allowed � intervals at 95% CL for the bb̄bb̄, bb̄⌧+⌧� and bb̄�� channels 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.

Allowed � interval at 95% CL
Search channel 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
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• The branching fractions of the Higgs boson have been assumed to be equal to the SM 
predictions;

• all couplings except the Higgs boson self-coupling have been set to their SM values;
• exclusion limits are set after a κλ-scan on the cross section and a comparison with the 

theoretical σggF(pp→HH) cross section as a function of κλ.
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Double-Higgs production: latest results  
arXiv:1906.02025 

Further details in Alessandra Betti’s talk

https://arxiv.org/abs/1906.02025
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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

– 6 –

Range of validity detailed 
in theory papers
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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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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
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
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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,
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than in the nominal selection is used to estimate the shape of the multi-jet background. This data
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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.
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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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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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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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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
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background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
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Theoretical model

ZBSM
H (κλ) =

1
1 − (κ2

λ − 1)δZH
where

κi , κfμi , μf

• The production cross sections $  and the branching fractions $   normalised to their SM values, i.e. $  
and $  , are parameterised as functions of $ :

σi BRf μi
μf κλ

• $  and $   represent multiplicative modifiers to other Higgs boson couplings  for initial and 
final states, parameterised as in the LO κ-framework;

•  accounts for the complete NLO EW correction of the production cross section 

for the process in the SM hypothesis (i.e. κλ=1).

κi κf

Ki
EW =

σSM,i
NLO

σSM,i
LO

κi , κfμi , μf

where

μf (κλ, κf ) =
BRBSM

f

BRSM
f

=
κ2

f + (κλ − 1)Cf
1

∑j BRSM
j [κ2

j + (κλ − 1)Cj
1]

μi(κλ, κi) =
σBSM

σSM
= ZBSM

H (κλ)[κ2
i +

(κλ − 1)Ci
1

Ki
EW ]

μif(κλ) = μi(κλ) × μf(κλ) ≡
σi(κλ)
σSM,i

×
BRf(κλ)
BRSM, f
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Table 4: Values of C
f

1 and expression of 2
f

for for each considered Higgs boson decay mode [8, 9].
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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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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
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Figure 4: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on data (a) and on the Asimov
dataset [32] generated under the SM hypothesis (b). The solid black line shows the profile likelihood distributions
obtained including all systematic uncertainties (“Total”). Results from a statistic only fit “Stat. only” (black dashed
line), including the experimental systematics “Stat. + Exp. Sys.” (blue solid line) , adding theory systematics related
to the signal “Stat.+ Exp. Sys.+ Sig. Th. Sys.” (red solid line) are also shown. The dotted horizontal lines show the
�2 ln⇤(�) = 1 and �2 ln⇤(�) = 4 levels that are used to define the ±1� and ±2� uncertainties on �.

Figure 5. The dominant contributions to the � sensitivity derive from the di-boson decay channels ��,
Z Z

⇤, WW
⇤ and from the ggF and ttH production modes.

The production mode that is most sensitive to the Higgs boson self-coupling is gluon fusion. In order to
cross-check the e�ect on the results from assuming a kinematic independent parametrization of the gluon
fusion production cross-section as a function of �, an additional fit has been performed by excluding the
STXS bins with Higgs boson transverse momentum above 120 GeV. This has been technically realized by
introducing signal strength parameters for these STXS bins and profiling them independently in the fit.
The result is a minimal change of the central value (⇠ 5%) and uncertainty on �.
In addition, the impact on the � determination of using an inclusive cross-section measurement, rather than
the di�erential cross-section information contained in the STXS bins, has been studied. An alternative fit
has been performed where the VBF, VH and ZH production modes are considered as single inclusive bins.
Compared to the use of di�erential information, the inclusive fit does not currently lead to a significant loss
in sensitivity to �. However, di�erential information should help most in the ttH production mode, where
it is currently not considered. All results are summarised in Table 6.

5.2 Results of fits to � and either V or F

Two additional fit configurations are considered in this note, in which a simultaneous fit is performed to �
and F , or to � and V . The remaining coupling modifier that is not included in the fit, V in the first case
and F in the second case, is kept fixed to the SM prediction. These fits target BSM scenarios where new

12

•A likelihood fit is performed to constrain the value of κλ. 
•All other couplings are set to their SM values.

 

In some case the results in the note are presented with the uncertainty decomposed in separate contributions:
theoretical uncertainties a�ecting the background processes, theoretical uncertainties a�ecting the Higgs
boson signal, experimental uncertainties and statistical uncertainties. The values of the uncertainty
components are derived by fixing the related nuisance parameters to their best value ✓̂ in the numerator and
the denominator of ⇤. This procedure is repeated sequentially for each source of uncertainty following the
same order in which they are listed above. The value of each component is then evaluated as the quadratic
di�erence between the resulting uncertainty at each step and the uncertainty obtained in the previous one,
where for the initial step the total uncertainty is considered. The statistical uncertainty is then evaluated at
the last step, fixing all the nuisance parameters except to the ones that are only constrained by data, such as
the data-driven background normalization.

5 Results

5.1 Result of fits to �

In this section, the main result of this analysis is presented, where a likelihood fit is performed to constrain
the value of the Higgs boson self-coupling �, while leaving untouched all other Higgs boson couplings
(V = F = 1). A large variety of models beyond the SM exists where new physics is expected to only
appear in a modification of the Higgs boson self-coupling, as for example the Higgs-boson portal models in
the alignment limit [33]. 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
measurements.

The � self-coupling modifier is probed in the range �20 < � < 20, because outside this range the
calculation in Ref. [8] loses its validity.

The value of �2 ln⇤(�) as a function of � is shown in Figure 4 for the data and the Asimov dataset [32],
generated from the likelihood distribution ⇤ with nuisance parameters fixed at the best fit value obtained on
data and the parameter of interest fixed to SM hypothesis (i.e. � = 1). The central value and uncertainty
of the � modifier of the trilinear Higgs boson self-coupling is determined to be:

� = 4.0+4.3
�4.1 = 4.0+3.7

�3.6 (stat.) +1.6
�1.5 (exp.) +1.3

�0.9 (sig. th.) +0.8
�0.9 (bkg. th.) ,

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the
procedure described in Section 4. The 95% C.L. interval of � is �3.2 < � < 11.9 (observed) and
�6.2 < � < 14.4 (expected). This interval is comparable to the one obtained from the direct HH searches
using an integrated luminosity of 36.1 fb�1[6], which is �5.0 < � < 12.1 (observed) and �5.8 < � < 12.0
(expected).
The di�erence in the shape of the likelihood curves in Figure 4 between the Asimov sample and the data is
due to the non-linearity of the cross-section dependence from � and the di�erence of the best-fit values of
� in the two cases. As shown by Figure 2, the sensitivity to � is not constant. The likelihood shape is
a�ected by the di�erent behaviour of the quadratic and linear � dependent terms: for example, if � is < 1
both terms induce a reduction of the Higgs boson production cross-sections, while for � > 1 there are
larger cancellations that weaken the cross-section dependence on � [9]. Moreover, the global likelihood
shape depends on combining the contributions from the di�erent production and decay modes, which all
have di�erent sensitivities and in most cases also significantly di�erent likelihood shapes, as shown in

11

−3.2 < κλ < 11.9 (obs) at 95 % CL −6.2 < κλ < 14.4 (exp) at 95 % CL

Single-Higgs production: results of fit to κλ
ATL-PHYS-PUB-2019-009
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Figure 6: Negative log-likelihood contours at 68% and 95% C.L. in the (�, F ) plane under the assumption of V = 1
(a), and in the (�, V ) plane under the assumption of F = 1 (b). The best fit value is indicated by a cross while the
SM hypothesis is indicated by a star. The plot assumes that the approximations in Refs. [8,9] are valid inside the
shown contours.

6 Conclusion

The Higgs boson self-coupling modifier � = �HHH/�SMHHH
has been extracted with a global fit procedure [8,

9] applied to the combination of analyses targeting the single Higgs production modes on data collected
at
p

s = 13 TeV up to an integrated luminosity of up to 80 fb�1 [4]. In the simplified assumption that all
deviations from the SM expectation have to be interpreted as a modification of the trilinear coupling of the
Higgs boson, the best fit value of � is � = 4.0+4.3

�4.1, excluding at the 95% C.L. values outside the interval
�3.2 < � < 11.9. Additional results, including the simultaneous determination of the Higgs boson
self-coupling and single Higgs boson couplings to either fermions or bosons, have also been derived.

This analysis shows that an alternative and complementary approach to constrain the Higgs boson self-
coupling through direct double Higgs production searches is feasible. This approach can provide sensitivity
that is not far from to the more direct determination of the Higgs boson self-coupling through double
Higgs production. However, the constraints become significantly weaker in new physics scenarios where
simultaneous modifications to the single Higgs boson couplings are allowed, to the point of almost vanishing
when a single overall Higgs coupling rescaling modifier is considered. The di�erential information currently
provided by the STXS regions in the VBF, WH and ZH production modes does not help to remove such
degeneracies nor to improve the sensitivity to � significantly. Nevertheless, a dedicated optimization of
the kinematic binning, including the most sensitive ggF and ttH production modes, still needs to be fully
theoretically and experimentally explored and might improve the sensitivity in the future.
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Figure 6: Negative log-likelihood contours at 68% and 95% C.L. in the (�, F ) plane under the assumption of V = 1
(a), and in the (�, V ) plane under the assumption of F = 1 (b). The best fit value is indicated by a cross while the
SM hypothesis is indicated by a star. The plot assumes that the approximations in Refs. [8,9] are valid inside the
shown contours.

6 Conclusion

The Higgs boson self-coupling modifier � = �HHH/�SMHHH
has been extracted with a global fit procedure [8,

9] applied to the combination of analyses targeting the single Higgs production modes on data collected
at
p

s = 13 TeV up to an integrated luminosity of up to 80 fb�1 [4]. In the simplified assumption that all
deviations from the SM expectation have to be interpreted as a modification of the trilinear coupling of the
Higgs boson, the best fit value of � is � = 4.0+4.3

�4.1, excluding at the 95% C.L. values outside the interval
�3.2 < � < 11.9. Additional results, including the simultaneous determination of the Higgs boson
self-coupling and single Higgs boson couplings to either fermions or bosons, have also been derived.

This analysis shows that an alternative and complementary approach to constrain the Higgs boson self-
coupling through direct double Higgs production searches is feasible. This approach can provide sensitivity
that is not far from to the more direct determination of the Higgs boson self-coupling through double
Higgs production. However, the constraints become significantly weaker in new physics scenarios where
simultaneous modifications to the single Higgs boson couplings are allowed, to the point of almost vanishing
when a single overall Higgs coupling rescaling modifier is considered. The di�erential information currently
provided by the STXS regions in the VBF, WH and ZH production modes does not help to remove such
degeneracies nor to improve the sensitivity to � significantly. Nevertheless, a dedicated optimization of
the kinematic binning, including the most sensitive ggF and ttH production modes, still needs to be fully
theoretically and experimentally explored and might improve the sensitivity in the future.
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• A simultaneous fit is performed to κλ and κF, or to κλ and κV; the remaining coupling 
modifier that is not included in the fit is kept fixed to the SM prediction. 

•  Including additional degrees of freedom to the fit reduces the constraining power of the 
measurement. 

• An even less constrained fit, performed by fitting simultaneously κλ,κF  and κV results in 
nearly no sensitivity to κλ.

Single-Higgs production: fit to κλ and either κF or κV
ATL-PHYS-PUB-2019-009
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ATLAS DRAFT

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 ! �� 79.8 [ATLAS-CONF-2018-028, HIGG-2016-21]
H! Z Z

⇤! 4` (including tt̄H , H! Z Z
⇤! 4`) 79.8 [ATLAS-CONF-2018-018, HIGG-2016-22]

H!WW
⇤! e⌫µ⌫ 36.1 [HIGG-2016-07]

H ! ⌧⌧ 36.1 [HIGG-2017-07]
V H , H ! bb̄ 79.8 [HIGG-2018-04, ATLAS-CONF-2018-053]
tt̄H , H ! bb̄ and tt̄H multilepton 36.1 [HIGG-2017-02, HIGG-2017-03]
HH ! bb̄bb̄ 27.5 [Aaboud:2018knk]
HH ! bb̄⌧+⌧� 36.1 [Aaboud:2018sfw]
HH ! bb̄�� 36.1 [Aaboud:2018ftw]

production modes are considered as small additional contributions to the expected yield in these184

regions;185

- quark-initiated production processes qq ! Hqq are split into a region with a high-pT jet, two186

VBF-topology regions defined by the presence of two jets with m j j � 400 GeV and a pseudorapidity187

di�erence |�⌘ j j | � 2.8, a region with two jets consistent with V (! qq)H production, and a region188

for the remaining events;189

- leptonic decays of the vector boson in V H and gg ! Z H production modes are split into qq ! H`⌫,190

qq ! H`` and qq ! H⌫⌫ final states, and further split as a function of the vector-boson transverse191

momentum pVT .192

- the tt̄H and tH production modes are considered inclusively in one single region.193

2nd September 2019 – 15:21 8

Data and input measurements:
 H+HH combination

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

• The  categories included in the single-Higgs analysis exploited to constrain κλ have 
been removed from this  combination because there are  categories  where up to 50% of  the 
selected  events are selected by the  analysis too.

tt̄H → γγ

tt̄H → γγ HH → bb̄γγ

New  ATLAS-CONF-2019-049

https://cds.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf
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• A likelihood fit is performed to constrain the value of κλ; all other couplings are set to their SM values.

 

�10

H+HH combination: results of fit to κλ

−2.3 < κλ < 10.3 (obs) at 95 % CL −5.1 < κλ < 11.2 (exp) at 95 % CL
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Figure 3: Value of �2 ln⇤(� ) as a function of � for the data (a) and the Asimov dataset (b) [Cowan:2010js],
generated from the likelihood distribution ⇤ with nuisance parameters fixed at the best fit value obtained on data and
the parameter of interest fixed to SM hypothesis (i.e. � = 1). The dotted horizontal lines show the �2 ln⇤(� ) = 1
level that is used to define the ±1� uncertainty on � as well as the �2 ln⇤(� ) = 3.84 level used to define the 95%
CL.

6 Results300

6.1 Result of fits to �301

In this section, the main result of this analysis is presented, where a likelihood fit is performed to constrain302

the value of the Higgs boson self-coupling � , while leaving untouched all other Higgs boson couplings303

(t = V = F = 1). In a large variety of beyond the SM models, new physics is expected to only appear304

in a modification of the Higgs boson self-coupling, as for example the Higgs-boson portal models in the305

alignment limit [Carena:2015moc].306

The � self-coupling modifier is probed in the range �20 < � < 20, because outside this range the307

calculation in Ref. [Degrassi:2016wml] loses its validity.308

The value of �2 ln⇤(� ) as a function of � is shown in Figure 3 for the data and the Asimov309

dataset [Cowan:2010js], generated from the likelihood distribution ⇤ with nuisance parameters fixed at310

the best fit value obtained on data and the parameter of interest fixed to SM hypothesis (i.e. � = 1).311

The central value and uncertainty of the � modifier of the trilinear Higgs boson self-coupling is determined
to be:

� = 4.6+3.2
�3.8 = 4.3+2.9

�3.5 (stat.) +1.2
�1.2 (exp.) +0.7

�0.5 (sig. th.) +0.6
�1.0 (bkg. th.)(obs.)

� = 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.)(exp.)

15th August 2019 – 09:59 13

New

• The total uncertainty is dominated by the statistical component. 
• The double-Higgs boson production measurements are more sensitive than the single-

Higgs boson measurement for κλ>>1 and show similar sensitivity for negative κλ. 
• The combination significantly improves the constraining power on κλ.
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• In order to exploit the sensitivity of the double-Higgs production mechanism and 
the strong dependence of  the double-Higgs cross  section  on κt  ,  a 
likelihood fit is performed to constrain at the same time κλ and κt; all other couplings 
are set to their SM values. 
• While in single-Higgs analyses a significant loss in sensitivity is present when fitting 
both κλ and κt , the constraining power of the measurement remains almost the same 
in the H+HH combined result.

 

σSM
ggF(pp → HH)

H+HH combination: results of fit to κλ and κt 
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• The constraining power of the single Higgs-boson production measurement,  allows to 
perform a fit in a most generic model, fitting simultaneously $ - $  - $  - $ - $ - $ .
• The combination of  single- and double-Higgs analyses allows to put sizable constraints 

even in this more generic model.
 

κλ κW κZ κlepton κb κt

H+HH combination: generic model
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Figure 5: Value of �2 ln⇤ as a function of � with W , Z , t , b, ` profiled (generic model) for the data (a) and
the Asimov dataset [46], generated assuming � = 1 from the likelihood distribution ⇤ with nuisance parameters
fixed to the best fit value obtained on data and the parameters of interest fixed to the SM hypothesis. The curves are
compared with the �-only model (where all l-modifiers are set to unity). 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, respectively.

Table 2: Best fit values for  modifiers with ±1� uncertainties for the �-only and generic models. The 95% CL
interval for � is also reported. For the fit result the upper row corresponds to the observed results, and the lower row
to the expected results obtained using Asimov datasets [46] generated under the SM hypothesis [46].

Model W+1�
�1� Z+1�

�1� t+1�
�1� b+1�

�1� `+1�
�1� �+1�

�1� � [95% CL]

�-only 1 1 1 1 1
4.6+3.2

�3.8 [�2.3, 10.3] obs.

1.0+7.3
�3.8 [�5.1, 11.2] exp.

Generic
1.03+0.08

�0.08 1.10+0.09
�0.09 1.00+0.12

�0.11 1.03+0.20
�0.18 1.06+0.16

�0.16 5.5+3.5
�5.2 [�3.7, 11.5] obs.

1.00+0.08
�0.08 1.00+0.08

�0.08 1.00+0.12
�0.12 1.00+0.21

�0.19 1.00+0.16
�0.15 1.0+7.6

�4.5 [�6.2, 11.6] exp.

6 Conclusion236

The Higgs boson self-coupling modifier � = �HHH/�SMHHH
has been constrained with a combination237

of single-Higgs analyses using data collected at
p

s = 13 TeV with an integrated luminosity of up to238

79.8 fb�1 [4] and double-Higgs analyses with an integrated luminosity of up to 36.1 fb�1 [9].239

Under the assumption that new physics a�ects only the Higgs boson self-coupling, the best fit value of240

the coupling modifier is � = 4.6+3.2
�3.8, excluding values outside the interval �2.3 < � < 10.3 at 95% CL241
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• 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. 81: Results of the two-dimensional likelihood scan in �-vs-µH , where µH allows all Higgs boson
production modes to scale relative to the SM prediction. The 68% and 95% confidence level contours
are shown by the solid and dashed lines respectively. The SM expectation is shown by the black cross.
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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
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� Theoretical model: kinematic dependent coefficients C1i 

STXS region
VBF WH ZH

C
i

1 ⇥ 100

VBF + V(had)H

VBF-cuts + p
j1
T < 200 GeV,  2 j 0.63 0.91 1.07

VBF-cuts + p
j1
T < 200 GeV, � 3 j 0.61 0.85 1.04

VH-cuts + p
j1
T < 200 GeV 0.64 0.89 1.10

no VBF/VH-cuts, p
j1
T < 200 GeV 0.65 1.13 1.28

p
j1
T > 200 GeV 0.39 0.23 0.28

qq ! H`⌫

p
V

T < 150 GeV 1.15
150 < p

V

T < 250 GeV, 0 j 0.18
150 < p

V

T < 250 GeV, � 1 j 0.33
p
V

T > 250 GeV 0

qq ! H``
p
V

T < 150 GeV 1.33
150 < p

V

T < 250 GeV, 0 j 0.20

qq ! H⌫⌫
150 < p

V

T < 250 GeV, � 1 j 0.39
p
V

T > 250 GeV 0

Table 5: C
i

1 coe�cients for each region of the STXS scheme for the VBF, WH and ZH production modes. The same
definition for STXS regions and production modes as in Table 2 is used. In the VBF categories, “VBF-cuts” [14]
indicates selections applied to target the VBF di-jet topology, with requirements on the di-jet invariant mass (mj j) and
the di�erence in pseudorapidity between the two jets; the additional  2 j and � 3 j region separation is performed
indirectly by requesting p

H j j

T 7 25 GeV. “VH-cuts” select the W, Z ! j j decays, requiring an mj j value close to the
vector boson mass [14]. The C

i

1 coe�cients of the p
V

T > 250 GeV regions are negligible, O(10�6), and are set to 0.

WH region of the STXS stage-1 framework, the C
i

1 coe�cient has been computed using samples of events
generated at LO EW using M��G����5_�MC@NLO 2.5.5 [30], and reweighted on an event-by-event
basis with the tool provided in Ref. [31]. This tool evaluates the self coupling dependent contribution
of the NLO EW correction, selecting only the relevant one-loop diagrams that include trilinear Higgs
boson vertices, but not self energy insertions. For each region i of the STXS framework, C

i

1 is defined
as the relative di�erence between the number of reweighted NLO events and LO events [9]. The C

i

1
values are reported in Table 5. The total electroweak corrections represented by the coe�cients K

i

EW
and

entering in Eq. 2 also depend on the event kinematics. However, in the regions of phase space where these
corrections are most significant (typically for high Higgs boson transverse momentum), the sensitivity to
the Higgs boson trilinear coupling is minimal [9]. For example for the WH and ZH production modes,
K

i

EW
variations of approximately 15% with respect to the inclusive value are expected only in high p

H

T
regions, where the � sensitivity is suppressed (Ci

1 ' 0 in high p
H

T regions). For this reason, the coe�cients
K

i

EW
can be assumed to be constant to a good approximation and set to their inclusive values that were

already reported in Table 3.
Due to the variations of the kinematic distributions, the selection e�ciency of the input analyses can
also depend on �. This e�ect has been tested using Monte Carlo samples, generated at LO with
M��G����5_�MC@NLO 2.5.5 and reweighted with a �HHH -dependent NLO EW correction for di�erent
values of �. In general, a negligible dependence is found, except for the ttH production, which is
characterized by a stronger � kinematic dependence: the selection e�ciency in the H ! �� analysis
increases by 10% for � < �10, but in this interval the reduction of the cross-section due to the �
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• The parameterisation of the variation of the production cross-section as a function of κλ can be 
adapted to describe the cross-section in each single STXS region. 

• This requires re-deriving the value of the kinematic dependent coefficients C1i in each region defined 
in the measurement. 

• For each VBF, ZH, WH region of the STXS stage-1 framework, the C1i coefficients have been 
computed.

Constructed from Figures 
in arXiv: 1610.07922

https://cds.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf
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POIs Granularity F+1�
�1� V+1�

�1� �+1�
�1� � [95% C.L.]

� STXS 1 1
4.0+4.3

�4.1 [�3.2,11.9]
1.0+8.8

�4.4 [�6.2,14.4]

� inclusive 1 1
4.6+4.3

�4.2 [�2.9,12.5]
1.0+9.5

�4.3 [�6.1,15.0]

�, V STXS 1
1.04+0.05

�0.04 4.8+7.4
�6.7 [�6.7,18.4]

1.00+0.05
�0.04 1.0+9.9

�6.1 [�9.4,18.9]

�, F STXS
0.99+0.08

�0.08 1
4.1+4.3

�4.1 [�3.2,11.9]
1.00+0.08

�0.08 1.0+8.8
�4.4 [�6.3,14.4]

Table 6: Best fit values for  modifiers with ±1� uncertainties. The first column shows the parameter(s) of interest in
each fit configuration, where the other coupling modifiers are kept fixed to the SM prediction. The fit to determine �
has been performed in two configurations, one using the full STXS granularity for VBF, ZH and WH (STXS), and
the other only considering the inclusive parametrization for all the production modes (inclusive). The 95% C.L.
interval for � is also reported. For each fit result the upper row corresponds to the observed results, and the lower row
to the expected results obtained using Asimov datasets generated under the SM hypothesis [32]. The �, V and �,
F fit results are obtained under the assumption that the approximations in Refs. [8,9] are valid in 95% C.L. regions.
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• The impact on the κλ determination of using an inclusive cross-section measurement, 
rather than the differential cross-section information contained in the STXS bins, has 
been studied. 

• V BF, V H and Z H production modes are considered as single inclusive bins. 

• Compared to the use of differential information, the inclusive fit does not currently 
lead to a significant loss in sensitivity to κλ.
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Single-Higgs production: results of fit to κλ
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• The global likelihood shape depends on combining the contributions from the different 
production and decay modes, that have different sensitivities and in most cases also 
significantly different likelihood shapes. 

• The dominant contributions to the κλ sensitivity derive from the HH channels, from 
the di-boson decay channels γγ, ZZ, WW and from the ggF and ttH production modes. 

H+HH combination: results of fit to κλ
 (production+decay modes)
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HL-LHC projection
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Fig. 81: Results of the two-dimensional likelihood scan in �-vs-µH , where µH allows all Higgs boson
production modes to scale relative to the SM prediction. The 68% and 95% confidence level contours
are shown by the solid and dashed lines respectively. The SM expectation is shown by the black cross.
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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
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• HH analyses currently are very limited by statistics also in its systematic uncertainties (eg. bkg 
systematics), therefore at HL they can gain (obviously) a lot in sensitivity.

• The gain for single Higgs is not so enhanced by the increasing of luminosity since at a certain 
point it becomes limited by systematic uncertainties, that in the HL projection are not so much 
reduced. 

• Differential information has a great impact on the measurement.
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Fig. 81: Results of the two-dimensional likelihood scan in �-vs-µH , where µH allows all Higgs boson
production modes to scale relative to the SM prediction. The 68% and 95% confidence level contours
are shown by the solid and dashed lines respectively. The SM expectation is shown by the black cross.
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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
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