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Figure 7: Upper limits at 95% CL on the cross-section of the ggF non-resonant Higgs boson pair production as a
function of �, (a) with all systematic and statistical uncertainties and (b) with only statistical uncertainties, except
for the combined limits (long-dashed line) that also include the systematic uncertainties. In (a), observed (expected)
limits are shown in solid (dashed) lines. In the HH ! bb̄�� channel, the observed and expected limits coincide.
In both figures, the ±1� and ±2� bands are only shown for the combined expected limit. The theory prediction is
obtained scaling the NNLO + NNLL SM cross section by the � dependent factor�� (pp ! HH)/��=1(pp ! HH)
computed at LO.

combined 95% CL limits are 1.89 pb at 260 GeV and 0.02 pb at 1 TeV (1.50 pb and 0.02 pb) for k/M̄Pl = 1,
and they become 0.13 pb and 0.04 pb (0.19 pb and 0.03 pb) for k/M̄Pl = 2. The upper limits are shown
as a function of the resonance mass in Figure 8 for the spin-0 hypothesis, and in Figures 9(a) and 9(b) for
the spin-2 hypotheses and k/M̄Pl equal to 1 and 2, respectively.

In a simplified minimal supersymmetric model, known as the hMSSM [36–38], the scalar resonance is
the heavier CP-even Higgs boson, while the lighter CP-even Higgs boson has its mass fixed to 125 GeV.
In such a scenario, 260 GeV < mS < 462 GeV is excluded at 95% CL for tan � = 2, where tan � is
the ratio of the vacuum expectation values of the two scalar doublets. In the case of k/M̄Pl = 1, the
bulk Randall–Sundrum model is excluded by the combination of HH ! bb̄bb̄ and HH ! bb̄⌧+⌧� at
95% CL for graviton masses above 307 GeV. Beyond 1 TeV, where no combination is performed, only
HH ! bb̄bb̄ provides significant sensitivity, bringing the exclusion range to 1362 GeV [21]. Within the
probed mass range, the exclusion expands to mGKK values below 1744 GeV if k/M̄Pl = 2, again set by the
HH ! bb̄bb̄ search channel.
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Auto-accoppiamento del bosone di Higgs

CHAPTER 2. STATE OF THE ART OF HIGGS-BOSON COUPLINGS AND
SELF-COUPLING 4

2.2 Higgs-boson self-coupling

In the SM, the potential is fully determined by only two parameters, the vacuum ex-
pectation value, v = (

p
2Gµ)�1/2 = 246 GeV and the coe�cient of the (�†�)2 interaction

�, where � is the Higgs-doublet field. Thus, the mass and the self-couplings of the Higgs
boson depend only on � and v: m2

H
= 2�v2, �SM

3 = �, �
SM

4 = �/4 where �3 is the trilinear
Higgs self-coupling and �4 is the quartic Higgs self-coupling:

V (H) =
m

2
H

2
H

2 + �3vH
3 + �4H

4 (2.1)

At Leading Order (LO) the Higgs decay widths and the cross sections of the main single-
Higgs production processes depend on the couplings of the Higgs boson to the other
particles of the SM, yet they are insensitive to the trilinear �3 and quartic �4 Higgs self-
couplings in the scalar potential.
On the contrary, in the case of extended scalar sectors or in presence of new dynamics
at higher scales, the trilinear and quartic couplings, �3 and �4, typically depend on addi-
tional parameters and their values can depart from the SM predictions [13, 14].
Information on �3 can be directly obtained at LO only from final states featuring at least
two Higgs bosons (Figure 2.3 shows the ggF mechanism), processes with much smaller
cross sections with respect to single-Higgs production.

Figure 2.3: Example of leading-order Feynman diagrams for Higgs-boson pair production.

Latest results setting limits on � = �HHH = �
SM

HHH
come from the combination of

searches for Higgs-boson pairs using up to 36.1 fb�1 of proton-proton collision data at a
centre-of-mass energy

p
s = 13 TeV recorded with the ATLAS detector at the LHC [15].

The combination is performed using the three most sensitive search channels: HH ! bb̄bb̄,
HH ! bb̄⌧

+
⌧
� and HH ! bb̄��.

The combined observed (expected) limit on the non-resonant Higgs-boson pair cross sec-
tion is 0.22 pb (0.35 pb) at 95% confidence level, which corresponds to 6.7 (10.4) times
the predicted Standard Model cross-section. The ratio of the Higgs-boson self-coupling
to its Standard Model expectation, � = �HHH = �

SM

HHH
is observed (expected) to be

constrained at 95% confidence level to �5.0 < � < 12.1 (�5.8 < � < 12.0), as shown
in Figure 2.4.

• I più recenti limiti sull’accoppiamento trilineare del bosone di Higgs, λHHH , sono stati posti grazie alla 
ricerca diretta di canali di produzione di coppie di bosoni di Higgs. 

• I risultati vengono riportati in termini di κλ = λHHH /λSM
HHH, ovvero il rapporto tra l’auto-accoppiamento del 

bosone di Higgs e la sua aspettazione SM. Utilizzando dati del Run-2 corrispondenti ad una luminosità 
integrata di 36 fb−1 , ATLAS ha posto un limite su κλ al 95% CL pari a −5.0 < κλ < 12.1. 

• Un approccio alternativo e complementare per studiare l’auto-accoppiamento del bosone di Higgs è stato 
proposto in [2,3]: i processi di singolo Higgs non dipendono da λHHH al leading order (LO), ma  λHHH 
contribuisce a NLO EW attraverso correzioni all’auto-energia del bosone di Higgs e diagrammi aggiuntivi. 

 
 

(a)

(b) (c) (d)

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)

2
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Figure 5: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on Asimov datasets [32]
generated under the SM hypothesis for each Higgs boson production mode (a) and each decay channel (b). In (a) the
scan is performed parametrising all branching fractions and the selected production mode cross-section as a function
of �, while fixing the cross-section of the other production modes at the SM value, in (b) all production mode
cross-sections and decay branching fractions are expressed as a function of �, but only the categories of the selected
channel are included in the fit. The ttH multi-lepton categories are excluded from the H ! Z Z

⇤, H ! WW
⇤, and

H ! ⌧⌧ fits.

physics could a�ect only the Yukawa type terms (V = 1) of the SM or only the couplings to vector bosons
(F = 1), in addition to the Higgs boson self-coupling (� ) [34].

The theory parametrization used in this study in terms of cross section dependence on � and V or F
assumes partial factorization of the changes to the cross section induced by the single-Higgs coupling
modifiers V , F , and those induced by the self-coupling modifier �. While this assumption is not
justified in the presence of large deviations from the SM expectations, it also reflects the fact that NLO
EW correction are not theoretically well defined after introducing LO-motivated single-Higgs coupling
modifiers. While a more complete theoretical framework (such as an E�ective Field Theory approach) is
needed to overcome these di�culties, the results presented in this section give a rough indication of the
simultaneous sensitivity to both Higgs boson self-coupling and single Higgs boson couplings with the data
statistics currently available for the input analyses. The results are summarised in Table 6.

Figure 6 shows negative log-likelihood contours on the (�, F ) and (�, V ) grids obtained from fits
performed in the V = 1 or F = 1 hypothesis, respectively. As expected, including additional degrees of
freedom to the fit reduces the constraining power of the measurement. In particular, the sensitivity to � is
not much degraded when determining F at the same time, while it is degraded by 50% (on the expected
lower 95% C.L. exclusion limit) when determining simultaneously V and �. An even less constrained fit,
performed by either fitting simultaneously �, V and F , or fitting simultaneously � and a common single
Higgs boson coupling modifier ( = V = F ), results in nearly no sensitivity to � within the theoretically
allowed range of |� | < 20.
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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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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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decay mode H ! �� H ! WW
⇤

H ! Z Z
⇤

H ! bb̄ H ! ⌧⌧
C

f

1 ⇥ 100 0.49 0.73 0.82 0 0
2
f

1.592
V
+ 0.072

F
� 0.67V F 2

V
2
V

2
F

2
F

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

7

Le referenze [2,3] propongono un framework per un fit globale che ponga 
dei limiti sull’accoppiamento trilineare del bosone di Higgs che scala con κλ  
ed influenza sia le sezioni d’urto di produzione del bosone di Higgs sia i 
canali di decadimento: 

(a)

(b) (c) (d)

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)

2

 IFAE 2019-Incontri di Fisica delle Alte Energie, 8-10 Aprile, Napoli 

Risultati del fit a κλ: misure di produzione di Higgs  
 κλ, analizzato nell'intervallo −20 < κλ < 20, è stato stimato pari a  [4]:  

  

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

Bibliografia

Risultati del fit a κλ: misure di produzione di coppie di Higgs  ATLAS DRAFT
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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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di�erent path for the EWK symmetry breaking than that predicted by the SM that would a�ect the HHH195

vertex at tree level.196

From equation 1, and omitting the integral on the final phase space and on the PDFs for simplicity, the197

total �(pp ! HH) cross section can be expressed as:198

�(pp ! HH) ⇠ k
4
t

"
|B|2 + k�

kt

(B⇤
T + T B

⇤) +
✓

k�

kt

◆2
|T |2

#
(2)

This expression shows that the kinematic distributions depend only form the ratio k�/kt , and, consequently,199

that the signal acceptance depends only from the ratio k�/kt . The k
4
t

dependence a�ects only the total200

cross section. When expressing results in terms of upper limits on �(pp ! HH), all global normalisation201

factors don’t play a role, therefore the limit curve can be expressed directly as a function of kt/k� whereas202

the kt dependence still shows up in the expected �(pp ! HH) cross section, that is a function of both kt203

and kt/k�.204

The equation 2 has been used also to find a simple way to simulate the signal samples as a function of205

k�/kt . In fact we can simulate 3 samples with di�erent set of parameters k�/kt and use them to simulate206

the signal distributions as a function of and k�/kt value. This has been done by generating a sample207

S(1,0), obtained by setting kt = 1 and k�/kt = 0, a scond sample by setting kt = k�/kt = 1 and a third208

sample setting kt = 1 and k�/kt = k0. Where k0 has been properly chosen for practical reasons. Using209

the set of values above we can write:210

�(kt = 1, k�/kt = 0) ⇠ |B|2

�(kt = 1, k�/kt = 1) ⇠ |B|2 + B
⇤
T + T B

⇤ + |T |2

�(kt = 1, k� = k
0) ⇠ |B|2 + k0 (B⇤

T + T B
⇤) + k

2
0 |T |2

2.1.1 bb̄⌧+⌧� � model211

The linear combination method212

Following the above derivation, 3 basis amplitudes with certain � values can be linearly combined into213

an amplitude with any � value. This linear combination method is used to replace simulating a huge214

amount of events per � that is tested in the analysis.215

Based on equation 1, amplitudes for three fixed (kt, k�) combinations are defined as:216

A(kt = 1, k� = 0) = A(1, 0) = B

A(kt = 1, k� = 1) = A(1, 1) = B + T

A(kt = 1, k� = 2) = A(1, 2) = B + 2T

In the next step, |B|2, |T |2 and the interference term, BT
⇤ + T B

⇤, can be expressed in terms of |A(1, 0)|2,217

|A(1, 1)|2 and |A(1, 2)|2:218
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• Un diverso approccio è stato seguito rispetto a [1]: è stata 
costruita una funzione di verosimiglianza, dove κλ è il parametro 
di interesse; sono stati parametrizzati sia i fondi da singolo 
Higgs sia i BR; κt e’ stato posto uguale a 1. 

• È necessario seguire questo approccio in modo tale da 
combinare misure di singolo e doppio Higgs. 

• Ci si aspetta un buon guadagno dalla combinazione delle due 
misure.

Fit scheme F V � (obs) � (exp) � 95% CL interval � 2� interval

�-only 5µ 1 1 � = 4.6+4.4
�4.3 = 4.6+3.7

�3.8(stat)
+2.4
�2.0(sys) � = 1.0+9.5

�4.3 = 1.0+7.3
�3.1(stat)

+6.1
�3.0(sys) [- 2.9 - 12.5] (obs) [-6.2 - 14.98] (exp) [-3.0 - 12.6 ] (obs) [-6.2 - 15.1] (exp)

�-only 1 1 � = 4.0+4.3
�4.2 = 4.0+3.7

�3.6(stat)
+2.2
�2.2(sys) � = 1.0+8.8

�4.4 = 1.0+6.6
�3.2(stat)

+5.8
�3.0(sys) [- 3.3 - 11.9 ] (obs) [-6.3 - 14.4] (exp) [-3.4 - 12.0 ] (obs) [-6.3 - 13.4] (exp)

�-F F = 0.99+0.08
�0.08 1 � = 4.1+4.3

�4.2 � = 1.0+8.8
�4.4 [-3.2 - 12] (obs) [-6.4 - 14.4](exp) [-3.3 - 12.1] (obs) [ -6.4 - 14.5] (exp)

�-V 1 V = 1.04+0.06
�0.04 � = 4.8+7.5

�6.9 � = 1.0+9.8
�6.2 [- 6.7 - 18.5 ](obs) [-9.5 - 18.7] (exp) [- - ]

�-V - F F = 1.04+0.06
�0.09 V = 1.05+�0.04 � = 5.4+29.0

�10.0 � = 1.0+10.9
�9.6 [-26.5 - 49.3] (obs) [-28.3 - 55.1] (obs)

�-V = F  = 1.0+0.11
�0.04 1 � = 5.4 � = 1.0+10.8

�9.3 [-23.3 - 54.7] (obs) [-38.8 - 49.3] (exp) [ - 24.7 - 55.1] (obs)
�-3/4 1 1 � = 4.0+6.7

�6.0 = 4.0+4.9
�4.8(stat)

+4.6
�3.6(sys) ———– [- 5.4 - 14.6] [-5.5 - 14.7]
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+0.08
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1

Variazione delle sezioni d’urto e dei Branching Fractions (BR) 
 in funzione di κλ [2,3]  

Scan della funzione di verosimiglianza in funzione di κλ sugli  Asimov per ogni modo di 
produzione e canale di decadimento [4] 

Contorni 2D al 68% e  95% C.L. nel piano (κλ, κF)  nell'ipotesi κV =1 e nel piano (κλ, κV)  
nell’ipotesi κF =1 [4] 
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Figure 5: Reconstructed mHH distribution in the non-resonant (NR) HH ! bb̄bb̄ analysis, with overlaid signal for
several �-values. In the upper panel, the signal normalisation is scaled to 50% of the overall data yield by the factors
shown in the legend, while it is normalised to the expected cross-section for the indicated �-value in the lower
panel. The background distributions are shown: the data-driven multi-jet background (Multijet), the tt̄ ! W

+
W

�
bb̄

background with both W bosons decaying hadronically (Hadronic tt̄) and the same process with at least one of the
W bosons decaying leptonically (Semi-leptonic tt̄).

Search channel Allowed � interval at 95% CL
obs. exp. exp. stat.

HH ! bb̄bb̄ ≠10.9 – 20.1 ≠11.6 – 18.7 ≠9.9 – 16.4
HH ! bb̄⌧+⌧� ≠7.3 – 15.7 ≠8.8 – 16.7 ≠7.8 – 15.4
HH ! bb̄�� ≠8.1 – 13.2 ≠8.2 – 13.2 ≠7.7 – 12.7
Combination ≠5.0 – 12.1 ≠5.8 – 12.0 ≠5.2 – 11.4

Table 1: Allowed � intervals at 95% CL for each search channel and their combination. The column “obs.”
represents the observed � intervals, “exp.” the expected � intervals with all statistical and systematic uncertainties,
and “exp. stat.” the expected � intervals obtained with statistical uncertainties only.

3 Combination of results on resonant Higgs boson pair production

Following a similar methodology, a statistical combination of the searches for resonant HH production is
performed in the mass range 260–1000 GeV. The resonance decaying to a pair of Higgs bosons is assumed
to be either a heavy scalar particle S with a narrow width or a spin-2 Kaluza–Klein graviton, GKK, with
k/M̄Pl set to either 1 or 2, where k is the curvature of the warped extra dimension in the bulk Randall–
Sundrum model and M̄Pl = 2.4 ⇥ 1018 GeV is the e�ective four-dimensional Planck scale. Relative to
the graviton mass, the width ranges from 3% (6%) at low mass to 13% (25%) at the highest mass for
k/M̄Pl = 1 (2). The search for gravitons is performed only in the HH ! bb̄bb̄ and the HH ! bb̄⌧+⌧�

channels. All spin-2 signal samples were generated at LO in QCD using M��G����5_�MC@NLO with
the NNPDF 2.3 LO PDF set, interfaced to P�����8 for the parton shower model, while di�erent choices
were made for the spin-0 signal samples, as described in Refs. [21–23].

No statistically significant excess is observed across the probed mass range of the resonance. For a scalar
resonance, the observed (expected) combined 95% CL upper limits on the S ! HH production are
0.83 pb at 260 GeV and 0.02 pb at 1 TeV (0.73 pb and 0.03 pb). For a spin-2 GKK, the observed (expected)
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I limiti su κλ, che derivano dalla combinazione delle misure di 
singolo Higgs, possono essere paragonati direttamente ai limiti 
posti  dalle misure di produzione di coppie di Higgs. 

Limiti superiori al 95% CL sulla sezione d’urto 
non risonante (ggF) di produzione di coppie 
di Higgs in funzione di  di κλ [1] Scan della funzione di verosimiglianza in funzione di κλ per                            e HH → 4bHH → bb̄ τ+τ−

Work in progress

1σ

2σ
Work in progress

1σ

2σ

• In [1], i limiti di esclusione sono stati 
posti dopo uno scan in  κλ sulla 
sezione d’urto σ(pp→HH) e dopo un 
confronto con la sezione d’urto 
teorica in funzione di  κλ. 

Work in progress


