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The Higgs role
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LHC delivered amazing results in Higgs physics. In 7 years of running:
•Discovery
•Spin and parity have been assessed, mass and couplings with ever higher precision.
•Observed (most) Higgs production and decay modes (VBF, ttH, VH, HVV, H𝛄𝛄, H𝜏𝜏…)
But searches for deviations from the SM have so far turned out empty-handed

The ElectroWeak Symmetry Breaking is the central feature of the Standard Model
•“Precision" Higgs measurements are meant to provide access and test this feature

Christophe Grojean Higgs couplings LLR, March 5, 20183

The successes have been breathtaking
 in 6 years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)

Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, CepC, SppC, SHiP
multiple independent, synergetic and complementary approaches to achieve precision (couplings), 
sensitivity (rare and forbidden decays) and perspective (role of Higgs dynamics in broad issues 

like EWSB and vacuum stability, baryogenesis, inflation, naturalness, etc)

M.L. Mangano, Washington ’15
 rare Higgs decays: h�µµ, h�γZ 
 Higgs flavor violating couplings: h�µτ and t�hc 
 Higgs CP violating couplings 
 exclusive Higgs decays (e.g. h�J/Ψ+γ ) and measurement of couplings to light quarks  
 exotic Higgs decay channels: 

h� ET, h�4b, h�2b2µ, h�4τ,2τ2µ, h�4j, h �2γ2j, h�4γ, h�γ/2γ+ ET,  
h�isolated leptons+ ET, h�2l+ ET, h�one/two lepton-jet(s)+X, h�bb+ ET, h�ττ+ ET ... 

 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width 
 Higgs/axion coupling?
 ...

The Higgs discovery has been an important milestone for HEP
but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: when New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→µτ)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics

High Energy Physics with a Higgs boson

With O(10%) precision on the couplings, we can probe the 
region ΛBSM > 500(g*/gSM) GeV 
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The Standard Model as of today
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Higgs mass determination
•CMS HZZ alone mH = 125.26 ± 0.21 GeV (0.2% uncertainty) 

The precise knowledge of the Higgs couplings and mass is crucial  
to test the SM
Most general parametrisation for couplings: product of  
production x decay signal strength with all parameters floating
•5x5 matrix 𝜇i={ggH, VBF, WH, ZH, ttH} x 𝜇f={𝛄𝛄, ZZ, WW, bb, ττ}
•22/25 measurements available 
•Most precise measurements: ggH, ZZ, WW, 𝛄𝛄 (10% precision)

NB: double Higgs is not present in this picture!

•Starting to explore differential 
measurements
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Higgs couplings
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Overall picture from 
couplings highly consistent 
with the Standard Model 
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LHC run1&2 allowed to study the Higgs boson properties
Main focus: mass and couplings 
•Signal strengths, k-framework, anomalous couplings used 
to quantify possible BSM effects

General strategy: identify selection/categories sensitive to 
different production/decay modes
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Why measure HH?

�6

Measurement of HH gives access to the magnitude of the Higgs self-interaction:

Higgs trilinear coupling constant 𝝺 only depends on the Higgs field VEV and Higgs 
mass. Purely determined by EWSB (in the SM).
The shape of the Higgs potential is determined by the self coupling value (EWPT)
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H
1) Linked to naturalness/hierarchy problem 
2) Controls the stability of the EW vacuum
3) Dictates the dynamics of EW phase 
transition and potentially conditions the 
generation of a matter-antimatter 
asymmetry via EW baryogenesis
4) Constraints on couplings assume k𝛌=1
5) Access to off-shell Higgs properties
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The Higgs trilinear coupling
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

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

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

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

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

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

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

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

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

case due to the limited sensitivity on the high mhh region.
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10

The value of λhhh affects both the production cross-section and the hh kinematics
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Anomalous λHHH
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −
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, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

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

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

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

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

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

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

σSMhh(13TeV) = 33.45fb+4.3%-6.0%(scale unc.) ±3.1%(PDF+αS unc)[1]

About 1/1000 smaller then single H production

[1] S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, J. Schlenk, U. Schubert, T. Zirke Phys. Rev. Lett. 117, 012001 (2016)

https://arxiv.org/search?searchtype=author&query=S.+Borowka
https://arxiv.org/search?searchtype=author&query=N.+Greiner
https://arxiv.org/search?searchtype=author&query=G.+Heinrich
https://arxiv.org/search?searchtype=author&query=S.P.+Jones
https://arxiv.org/search?searchtype=author&query=M.+Kerner
https://arxiv.org/search?searchtype=author&query=J.+Schlenk
https://arxiv.org/search?searchtype=author&query=U.+Schubert
https://arxiv.org/search?searchtype=author&query=T.+Zirke
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 gg→hh parametrization
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The relevant lagrangian terms of gg→HH production in D=6 EFT
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where we have explicitly written down the contributing components of the QL doublets.
Naively all the Wilson coefficients in Eq. (3.1) should be bounded from perturbativity ar-
guments by 4⇡, and hence if we consider ⇤ & 900 GeV this automatically implies |ci| . 1 in
Eq. (3.4). For details on the derivation of the terms in the Lagrangian of Eq. (3.4), see ap-
pendix B.8 In Eq. (3.4) we have also given the quartic Higgs self-coupling for completeness.
The trilinear and quartic couplings can be written as

� = 1 +� ,

�̃ = 1 + 6�+
2

3
cH , (3.5)

where � = c6 + 3cH/2. From the above, it can be seen that the SM relation of � = �̃ is
broken by the EFT effects: an accurate measurement of both couplings is thus a powerful
probe of new physics in the Higgs sector, although, as already mentioned, measurement of
the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT
that results from taking the top mass to infinity within the SM framework. This will help
us in writing down the cross section formula for gg ! hh in the D=6 EFT.

There are several modifications necessary to incorporate the effect of the D=6 EFT
operators in Higgs boson pair production via gluon fusion (see Fig. 1):

• The Higgs boson self-coupling will be modified according to the first line in Eq. (3.4),
represented by modifications of the h

3 vertex in diagram 1A.
7This field redefinition [64] involves non-linear terms which remove momentum-dependent Higgs-boson

interactions that would be less straight-forward to implement in a Monte Carlo event generator.
8The Feynman rules for the Lagrangian terms appearing in Eq. (3.4) have been checked using the

Mathematica [65] package FeynRules [66, 67].
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guments by 4⇡, and hence if we consider ⇤ & 900 GeV this automatically implies |ci| . 1 in
Eq. (3.4). For details on the derivation of the terms in the Lagrangian of Eq. (3.4), see ap-
pendix B.8 In Eq. (3.4) we have also given the quartic Higgs self-coupling for completeness.
The trilinear and quartic couplings can be written as

� = 1 +� ,

�̃ = 1 + 6�+
2

3
cH , (3.5)

where � = c6 + 3cH/2. From the above, it can be seen that the SM relation of � = �̃ is
broken by the EFT effects: an accurate measurement of both couplings is thus a powerful
probe of new physics in the Higgs sector, although, as already mentioned, measurement of
the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT
that results from taking the top mass to infinity within the SM framework. This will help
us in writing down the cross section formula for gg ! hh in the D=6 EFT.

There are several modifications necessary to incorporate the effect of the D=6 EFT
operators in Higgs boson pair production via gluon fusion (see Fig. 1):

• The Higgs boson self-coupling will be modified according to the first line in Eq. (3.4),
represented by modifications of the h

3 vertex in diagram 1A.
7This field redefinition [64] involves non-linear terms which remove momentum-dependent Higgs-boson

interactions that would be less straight-forward to implement in a Monte Carlo event generator.
8The Feynman rules for the Lagrangian terms appearing in Eq. (3.4) have been checked using the

Mathematica [65] package FeynRules [66, 67].
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contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

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

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

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

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

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

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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 Motivations: BSM searches

�9

Even if in Run2 we do not have full sensitivity to “measure” SM 
λhhh → The BSM physics can be modelled in EFT adding dim-6 
operators[2] to the SM Lagrangian, and the physics can be 
described with 5 parameters: λhhh, yt, c2, c2g, cg 

• Non SM top Yukawa and λhhh  couplings 
• New diagrams and couplings in the game

3

2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

4 2 Phenomenology

Channel BR [%] Exp. # events Exp. # events
L = 5 fb�1 L = 300 fb�1

bbtt 7.3 13.6145 272.29
bbgg 0.26 0.4849 9.698
bbWW ! bbjj`n 7.3 13.6145 272.29
bbWW ! bb`n`n 1.2 2.238 44.76
bbZZ ! bb```` 0.014 0.02611 0.5222
bbZZ ! bbjj`` 0.29 0.54085 10.817
bbZZ ! bbjjjj 1.49 2.77885 55.577

Table 1: Decay channels for the h pair production, relative branching ratio, and the inclusive
expected number of events at 13 TeV for two benchmark integrate luminosity scenari, 5 fb�1

and 300 fb�1. The symbol ` refers to an electron or a muon.

1. New particles responsible for additional loops could in principle be enhanced by a factor78

up to 1000, like in the color-octet scalars model [8].79

2. A modification of the value of the Higgs self coupling [9–11]. There are many models that80

could be in agreement with other Higgs measurement but differ in the value of lhhh.81

An inclusive measurement of shh could not distinguish between this two options. The shape of82

the differential cross section could be in principle sensitive to this effect, but such measurement83

would depend on the number of expected events. Anyway, a deviation of shh from the SM84

prediction would be an indication of the presence of New Physics (NP).85

At Run 2 we do not have sensitivity to perform a direct lSM
hhh measurement but the available86

data allow to constrain BSM models which enhance the non-resonant Higgs boson pair produc-87

tion. The BSM physics can modelled with the Effective Field Theory (EFT) approach adding88

dimension-6 operators to the SM Lagrangian yielding two consequences:89

• anomalous yt and lhhh coupling strengths;90

• additional BMS diagrams enter in the game.91

The different BSM processes contributing to the Higgs boson pair production in pp collisions92

at leading order (LO) are schematized in Figure 2. Three more couplings have been introduced:
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Figure 2: Feynman diagrams of processes that contribute to Higgs boson pair production by
gluon-gluon fusion at leading order. Diagrams corresponds to pure BSM effects.

93

c2, c2g, and cg. To be noted that for linear EFT we identity c2g = cg and c2 = �(3mt/2v)yt. Then94

the combination of cg and yt is fixed by the requirement that single Higgs production must95

agree with the experimentally observed value ( s(gg!h)
s(gg!h)SM

⇠ |cg + yt|2). The couplings c2g, and96

lhhh cannot be probed in single Higgs production, but require measurement of the di-Higgs97

rate and distributions.98

Finally, at LO the gg ! hh process is completely determined by two variables (as the invariant99

mass of the system, mhh and the scattering angle, Hq), all the SM and BSM effects can be de-100

σSMhh(13TeV) = 33.45fb+4.3%-6.0%(scale unc.) ±3.1%(PDF+αS unc)[1]

The non-resonant double Higgs production allows to directly probe the Higgs trilinear coupling (λhhh).

[1] S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, J. Schlenk, U. Schubert, T. Zirke Phys. Rev. Lett. 117, 012001 (2016)
[2] S. Dawson et al. Phys. Rev. D91 (2015), no. 11, 115008 
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           Luca Cadamuro (LLR)                                27/07/2016       CMS central approval

Sampling the 5D EFT phase space
Cross section: 
parametrized as a 
function of the 5 EFT 
parameters (talk by F. Goertz) 
Shape: representative 
signal shapes are 
sampled using a cluster 
technique  
(10.1007/JHEP04(2016)126) 
□ similar shapes are 

represented by a unique 
“shape benchmark” 

□ clustered at gen. level as 
function of mhh and cosθ* 

□ 12 shape benchmarks 
available

8

186 4. Benchmark BSM scenarios

p
s 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.21 2.18 2.09 2.08 1.90
A2 9.82 9.88 10.15 10.20 11.57
A3 0.33 0.32 0.28 0.28 0.21
A4 0.12 0.12 0.10 0.10 0.07
A5 1.14 1.17 1.33 1.37 3.28
A6 -8.77 -8.70 -8.51 -8.49 -8.23
A7 -1.54 -1.50 -1.37 -1.36 -1.11
A8 3.09 3.02 2.83 2.80 2.43
A9 1.65 1.60 1.46 1.44 3.65

A10 -5.15 -5.09 -4.92 -4.90 -1.65
A11 -0.79 -0.76 -0.68 -0.66 -0.50
A12 2.13 2.06 1.86 1.84 1.30
A13 0.39 0.37 0.32 0.32 0.23
A14 -0.95 -0.92 -0.84 -0.83 -0.66
A15 -0.62 -0.60 -0.57 -0.56 -0.53

Table 7.16: Values of Ai parameters for Eq. (7.14) [?].

�
mt

v

✓
v + th +

c2

v
hh

◆✓
tLtR + h.c.

◆
+

↵s

12⇡v

✓
c1gh �

c2g

2v
hh

◆
GA

µ⌫G
A,µ,⌫ . (7.12)

The SM limit is 2 = � = 1 and c2 = c1g = c2g = 0. This fit can be straightforwardly mapped onto2914

the EFT parameters of Eq. (7.9) via the identities2915

cg =
c1g

12⇡2 , cgg = �
c2g

12⇡2 , y(2)
t = 2c2 , �yt = (t � 1) , ��3 = �v(� � 1)�SM . (7.13)

Further information on the EFT coefficients can be found from hh production by noting that2916

different EFT operators have different kinematic dependences. The LO box and triangle diagram exactly2917

cancel each other at threshold in the SM. This implies that d�/dMhh is most sensitive to variations in2918

t and � at threshold, while the dependence on � is suppressed at high partonic energies. The NLO2919

corrections to the EFT predictions for double Higgs production have been investigated in the large mt2920

limit Ref. [316], with the conclusion that the K factor of the EFT shows little kinematic dependence and2921

little dependence on the effective couplings, however with the same caveats as mentioned in Secs. 2 and2922

3.2923

We can take advantage of this property of the K-factors, approximating the ratio between the cross2924

sections obtained for different EFT parameters and the SM cross section with the corresponding LO2925

ratio:2926

Rhh ⌘
�hh

�SM
hh

LO
= A1

4
t + A2c

2
2 + (A3

2
t + A4c

2
g)

2
� + A5c

2
2g + (A6c2 + A7t�)2

t

+(A8t� + A9cg�)c2 + A10c2c2g + (A11cg� + A12c2g)
2
t

+(A13�cg + A14c2g)t� + A15cgc2g� . (7.14)

The Ai coefficients are extracted from a simultaneous fit, based on the maximization of a likeli-2927

hood, to the cross sections obtained from a LO simulation and provided in Tab. 7.16. A detailed study of2928

theoretical uncertainties was performed in Ref. [?]. The uncertainties related to PDF and ↵S variations2929

induces less than a 2% variation in the Ai values.2930

x

 An EFT implementation for hh

�10

The double Higgs production cross section can 
be written as a function of the 5 EFT 
parameters: λhhh, yt, c2, c2g, cg

2D (MHH,cos𝛝*) signal shapes from different 
points in the 5D EFT phase space are 
clustered together.
12 clusters are identified according to there 
kinematical properties
Inside each cluster, a representative shape is 
identified, as the one with the minimum 
distance (in the test statistics) from all other 
shapes in the cluster

Each point of the phase space can be mapped by means of its cross-
section and representative shape

JHEP 04 (2016) 126 
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 Motivations: Resonant searches
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           Luca Cadamuro (LLR)                                10/05/2016       Search for resonant Higgs boson pair production at CMS

Theoretical motivation

3

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

MSSM/2HDM: additional Higgs doublet gives CP-even scalar H 
□ probe the low mH - low tanβ region of the MSSM plane where BR (H→hh) is sizable 

Singlet model: additional Higgs singlet S gives an extra scalar H 
□ sizable BR beyond 2xmtop, non negligible width at high mH 

Warped Extra Dimensions: spin-2 (KK-graviton) and spin-0 (radion) resonances 
□ different phenomenology if SM particles are allowed (bulk RS) or not (RS1 model) to 

propagate in the extra-dimensional bulk

3000250 400 1000800600 30002000 MH [GeV]

MSSM/2HDM: Additional Higgs doublet→CP-even scalar H.
•We can probe the low mA/low tanβ region where BR(H→h(125)h(125)) is sizeable.

Singlet model: Additional Higgs singlet with an extra scalar H.
•Sizeable BR beyond 2xmtop, non negligible width at high mH.

Warped Extra Dimensions:  
spin-2 (KK-graviton) and spin-0 (radion) resonances. 
•Different phenomenology if SM particles are allowed (bulk RS) or not  
(RSI model) in the extra dimensional bulk
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 HH Studies: Resonant

�12

Such a particle would only be visible through its HH decay, and would appear as a resonance (peak) 
in the double Higgs invariant mass spectra

Several theoretical model available for such a particle (SUSY, extra dimensions…)

Non-resonant production is a SM process, but 
there is interest in probing resonant  HH 
production

Higgs couples to massive particles. We can 
think of a particle with MX>2MH that in the SM 
sector mostly couples with the Higgs

Huang et al Phys. Rev. D 97, 075001 (2018)
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The CMS detector

�13

•Most of this 
presentation will 
focus focuses on 
CMS results

•Similar sensitivities/
strategies in ATLAS
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jet

jet

heavy-flavour
jet

PV

SV

displaced
tracks

IP

charged
lepton

Combined 
Secondary Vertex 
algorithm (CSV)

B-jets identification at CMS

�14

Basic idea: exploit HF distinct 
topology (displaced vertex, Impact 

parameter, track directions and 
multiplicity…) to separate light from 

b (and c) jets 
Jyothsna (IISc) Jets@LHC 12

Heavy flavour tagging :: Workflow

Jyothsna (IISc) Jets@LHC 12

Heavy flavour tagging :: Workflow

Jyothsna (IISc) Jets@LHC 12

Heavy flavour tagging :: Workflow

Jyothsna (IISc) Jets@LHC 12

Heavy flavour tagging :: Workflow

track cleaning

SV-tagging

Lepton tagger

Track-based jets

SV jets

lepton-tagged jets

Combined MVA 
(cMVA)

Start: AK4 jets. Jets are reconstructed using the anti-KT algorithm (radius of 0.4)
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B-jets Performances

�15
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Best performing algorithm depends on the main 
background of each analysis.

For double Higgs in CMS, we use DeepCSV, 
cMVA, CSV
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B-jets identification at CMS: boosted topologies

�16
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•Boosted topologies: 2 or more final state objects 
are close (merged) together 

•Sensitive to high mass resonances, or particular 
non-resonant topologies. 

•Most HH analyses in CMS have at least one 
boosted category to enhance sensitivity

•Dedicated double b-tagger algorithms/subjet 
taggers are used to identify the 2 component jets 
and identify their properties
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ATLAS NOTE

February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW
(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014

hh Decay

13
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Phenomenologically rich set of final states.  hh-Br

- John Alison - Higgs Coupling 2014

Larger Br-h
 decay

Rarer Br-h decay

BRSM(HH→xxyy)
25%

 CMS searches
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4 main channels presented today:
• bbbb, bbWW, bb𝛕𝛕, bb𝛄𝛄

At least one h→bb to have large enough BR
Rare processes, low 𝝈, complex environment
Covering both resonant and non-resonant searches

• Run1: 
• bbbb Resonant: PLB 749 (2015) 560, arXiv:1602:08762

• bb𝛕𝛕 Resonant: PLB 755 (2016) 217, PAS-EXO-15-008 Non-
resonant PAS-HIG-15-013

• bb𝛄𝛄 Resonant and Non-resonant: arxiv:1603.06896

• Run2: 
• bb𝛕𝛕 Resonant and non-resonant PLB 778 (2018) 101/PAS-B2G-17-006

• bbWW Resonant and non-resonant JHEP01(2018)054

• bb𝛄𝛄 Resonant and non-resonant PAS-HIG-17-008

• bbbb Resonant PAS-HIG-17-009/arXiv:1710.04960 non-resonant PAS-HIG-16-026 

Trade-off between BR and contamination, 
complementarity among channels
•bbbb:     highest BR, high QCD/tt ̄
contamination

•bbWW: high BR, large irreducible tt ̄
background

•bb𝛕𝛕:     relatively low background and 
BR

•bb𝛄𝛄:     high purity, very low BR
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Difficult event reconstruction 
• Limited resolution on bjet  
invariant mass 
→ regression / mH rescale 

• Missing energy in 𝛕𝛕/WW searches  
→ likelihood methods 

Looking for signal using 4-body invariant mass
• Improve resolution with kinematic fit 

b-jets from high mass resonances overlap
• jet substructure techniques 

Small signals with large backgrounds 
• MVA methods to separate from overwhelming backgrounds 

Experimental challenges
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bbVV(2l2𝝂)
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JHEP01(2018)054

Results
•SM σxBR<72fb 
•Obs.(exp.): σ/σSM< 79 (89)

Parametrised DNNs used to 
discriminate against background
•Resonant: mX, non-resonant kt, k𝛌

•Limit extraction from DNN shape in 
3 mjj bins

35.9 fb-1 (2016). Low BR in the 2l2𝝂 final state (2.72%)
•2 OS leptons (ee, eμ, μe, μμ)
•Focus on the bbWW channel, Invariant mass cut to remove 
Z(ll) contributions

•Large background contamination from tt, Z+jets (from MC)
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Non-resonant bbbb
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35.9 fb-1 (2016)
•Highest BR among HH searches
•4 jets, 3/4 b-tagged jets
•Pairing: 2 pairs closest in mass 

CMS-PAS-HIG-16-026
CMS-PAS-HIG-17-017

 

19/02/18 - Lake Louise 2018 - Sébastien Wertz (CP3/UCLouvain) 6

2.3 fb-1 (2015) PAS-HIG-16-026

Nonresonant bbbb
 4 jets (R=0.4), 3/4 b-tagged

 Jet pairing: closest to m
H
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Multijet & tt background est. from data:

Hemisphere mixing:

 Data events cut in 2 hemispheres

 Hemisphere library  recreate events→

 Pairing: nearest neighbour (kinematics)

 Validated in BDT sideband

 Small bias  systematic on bkg.→
Result: SM ⇥

 
x BR < 3.9 pb

Obs.(exp.): ⌅/⌅
SM 

<
 
342 (308)

                     To be updated soon!

Original dataset: bkgs and
potentially a small signal fraction

Mixed dataset: new composed
event that represent bkg-only

hemisphere
mixing

 Cut on BDT

 Signal extraction: 

2D shape of leading vs. sub-leading m(jj)

Large Multijet (and tt) backgrounds. We want 
reliable background estimation with large statistics 
→ Hemisphere mixing
•Data events cut in 2 hemispheres
•Hemisphere library → recreate events 
•Pairing: nearest neighbour (kinematics) 
•Validated in BDT sideband 
•Small bias → systematic on bkg. 
•Cut on BDT

SM σxBR < 669 fb 
Obs.(exp.): σ/σSM < 59 (30) 

Signal extraction: 
2D shape of leading vs. sub-leading mjj 
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Resonant resolved bbbb

�22

PAS-HIG-17-009
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35.9 fb-1 (2016)
4 b-tagged jets, deepCSV algorithm
b-jet energy regression to improve resolution, Kinematic fit for mHH

Low Mass Region (mH<400) and High Mass Region 
(400<mH<1200) studied separately to exploit kinematic properties 
of the signal
Background shape estimation from data in LMR, HMR

Background estimation cross-checked
• In <4 b-tag side bands
• With alternate SR definitions
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Resonant boosted bbbb
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35.9 fb-1 (2016)
•Search for a heavy (MX>800GeV) resonance
•2 “fat” jets (R=0.8), with double b-tagging
•B-tag based categories (LL, TT)
•Use constituent jets properties (“soft-drop” mass, N-subjettiness)
•Signal extraction → reduced mass: Mred=mjj –(mj1–mH)–(mj2 - mH)

arXiv:1710.04960

Multijet background estimation
Mred < 1200 GeV: refined ABCD method 
•mj1 and b-tag sidebands 
•Interpolate dependence on mj1
Mred > 1200 GeV: 
•Parametric fit 
•Same shape SB & SR, yields from ABCD 
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bb𝛕𝛕
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35.9 fb-1 (2016)

3 final states (e𝛕H, 𝛍𝛕H,𝛕H𝛕H), covering 88% of the BR

3rd lepton veto 

Kinematic fit (SVFit) to reconstruct m(𝛕𝛕)

Main backgrounds: tt, Z+jets (from MC) DY, multijet (from data)
•BDTs (low/high mass) to reject tt in semileptonic categories

Phys. Lett. B 778 (2018) 101
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Discriminant variable:
•Non-resonant: Stransverse mass MT2

• Resonant: Kinematic Fit of m(jj𝛕𝛕)

Resolved analysis:
•2 categories (1 or 2 b-jets)
•Elliptical cut in m(𝛕𝛕),m(jj)
Boosted (bb) analysis
•1 (R=0.8 jet), subjet b-tagging
•cut in m(𝛕𝛕),m(j)
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bb𝛕𝛕 - Results
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Phys. Lett. B 778 (2018) 101

Non-resonant limits:
•SM σxBR<75.4fb 
•Obs.(exp.): σ/σSM< 30 (25)
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Resonant boosted bb𝛕𝛕
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PAS-B2G-17-006

35.9 fb-1 (2016), search for heavy mass resonances
Boosted b-jet (anti-kT,R=0.8) and boosted 𝛕𝛕 (l𝛕H,𝛕H𝛕H)
Kinematic fit to reconstruct 50<m𝛕𝛕<150GeV
>0 b-tagged sub-jet, 105<mj<135 GeV

Fit on the mX distribution
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Main backgrounds: tt, t+X, V+jets
•tt, t+X: Shape from MC simulation, 
normalisation from CR

•V+jets: from mj sidebands, shape 
corrected with simulation

Search performed up to 4TeV, excludes narrow width radion up to 2.5TeV



Giacomo Ortona                                                                                                                                                                                      Durham 03/05/2018

) [GeV]γγM(
100 110 120 130 140 150 160 170 180

Ev
en

ts
/(1

 G
eV

)

2

4

6

8

10

12

14
Data

Full background model

Nonresonant background

SM HH Signal (x20)

 

γγbb→HH→pp

High mass region

High purity category

Preliminary CMS  (13 TeV)-135.9 fb

bb𝛄𝛄
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PAS-HIG-17-008
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Preliminary Simulation CMS (13 TeV)

35.9 fb-1 (2016)
Low BR (0.26%), excellent resolution, clear signature
2 photons, 2 b-tagged jets (R=0.4)
Reduced mass: MX̃=mjjγγ– mjj - mγγ + 250 GeV
BDT x MX̃ categorization: medium/high BDT purity and low/
high reduced mass MX̃<350GeV/MX̃>350GeV)
Main backgrounds: multijet, fake photons, SM Higgs 
production

2D parametric fit  
in (mjj,mγγ) for  
signal extraction
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bb𝛄𝛄 - Results
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production dominated by the high 
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Most performant CMS channel:
•SM σxBR<1.67 fb 
•Obs.(exp.): σ/σSM< 19.2 (16.5)

PAS-HIG-17-008
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Summary
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CMS vs ATLAS
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Both CMS and ATLAS perform resonant and non-resonant searches in the 4 main 
channels 
•bb𝛕𝛕, bb𝛄𝛄, bbbb, bbWW
On top of these, ATLAS is considering 𝛄𝛄WW and WWWW, and CMS is studying bbZZ
Some strategies are significantly different across the experiments. Discussion is 
starting on the best practices.
ATLAS has better trigger on b-jet. Significantly better results in bbbb:
•21xSM expected exclusion (13 observed) with 27fb-1 

CMS outperforming ATLAS in bb𝛄𝛄 (~27xSM expected)
Similar sensitivity in bb𝛕𝛕 (ATLAS paper not out yet)
The combined ATLAS result should be similar to CMS one (~10xSM)
If this holds, for the legacy we can expect: 
•10 x SM / √3lumi /√2experiments ~ 5 x SM exclusion after LHC-Run2
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Constraints from single Higgs production
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Constraints on anomalous Higgs couplings can be translated 
into constraints on k𝛌

•Assuming all anomalies are due to k𝛌 deformations
Otherwise, double Higgs data can be used to constrain flat 
direction in the global fit
Most of the sensitivity is obtained by ttH, VH production 
modes.
 Experiments are looking into the feasibility of this approach 
for Run2 already
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Figure 2. Structure of the λSM
3 -dependent part in M1

λSM
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for processes involving massive vector

bosons in the final or in the intermediate states (VBF, HV and H → V V ∗ → 4f).
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Figure 3. Sample of λSM
3 -dependent diagrams in tt̄H production.

luminosities and in principle can have different C1 terms at the level of matrix elements.

For production cross section, Cσ
1 reads

Cσ
1 =

∑
i,j

∫
dx1dx2fi(x1)fj(x2) 2ℜ

(
M0∗

ij M1
λSM
3 ,ij

)
dΦ

∑
i,j

∫
dx1dx2fi(x1)fj(x2) |M0

ij |2dΦ
, (3.3)

where the sum is over all the possible i, j partonic initial states of the process, which are

convoluted with the corresponding parton distribution functions.

A few comments on the C1 for the various observables considered here are in order

before showing the results. Assuming that all the fermions but the top quark are massless,

the CΓ
1 for H → ZZ∗ → 4f does not depend on the fermions in the final state. The

same applies to H → WW ∗ → 4f . In the case of hadronic production, different partonic

processes can have different C1’s at the level of matrix elements. One example is tt̄H

production, which receives contributions from qq̄ → tt̄H and gg → tt̄H. Another is VBF,

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess

contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the

relevant amplitudes using the Mathematica package FeynArts [43]. For all the cases

involving only one-loop amplitudes, we computed the cross sections and decay rates with

the help of FormCalc interfaced to LoopTools [44] and we checked the partonic cross

sections at specific points in the phase space with FeynCalc [45, 46]. In processes involving

massive vector bosons in the final or in the intermediate states (VBF, HV and H →
V V ∗ → 4f), the λ3-dependent parts in M1

λSM
3

have a common structure, see figure 2. In

the case of the tt̄H production the sensitivity to λ3 comes from the one-loop corrections

to the tt̄H vertex and from one-loop box and pentagon diagrams. A sample of diagrams

containing these λ3-dependent contributions is shown in figure 3.

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

production provides an intuitive explanation of why the λ3 contributions cannot be cap-

tured by a local rescaling of the type that a standard κ-framework would assume for the

– 9 –
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

H

H

W

γ

γ

H

H

W

γ

γ

H

H W

γ

γ

H

H

W

γ

γ

H

H

W

γ

γ
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top-Higgs coupling. Similarly, not all the contributions given by the corrections to the

HV V vertex can be described by a scalar modification of its SM value via a κV factor, due

to the different Lorentz structure at one loop and at the tree level.

The computation of σ(gg → H), the related Γ(H → gg), and of Γ(H → γγ) is much

more challenging and deserves a more detailed discussion. These observables receive the

first non-zero contributions from one-loop diagrams, which do not feature λ3, so that the

computation of C1 requires the evaluation of two-loop diagrams.

The two-loop EW corrections to σ(gg → H) in the SM were obtained in refs. [47–49].

In our computation of the C1 coefficient we followed the approach of ref. [48] where the cor-

rections have been computed via a Taylor expansion in the parameters q2/(4m2
t ), q

2/(4m2
H)

where q2 is the virtuality of the external Higgs momentum, to be set to m2
H at the end

of the computation. However, at variance with ref. [48], we computed the diagrams con-

tributing to C1, see figure 4, via an asymptotic expansion in the large top mass up to and

including O(m6
H/m

6
t ) terms. The two expansions are equivalent up to the first threshold

encountered in the diagrams that defines the range of validity of the Taylor expansion. In

our case, the first threshold in the diagrams of figure 4 occurs at q2 = 4m2
H and both ex-

pansions are valid for mH ≃ 125GeV. The asymptotic expansion was performed following

the strategy described in ref. [50] and the result for C1 is presented in appendix B. We

checked our asymptotic expansion against the corresponding expression obtained by the

Taylor expansion finding, as expected, very good numerical agreement.

The computation of the EW corrections to the partial decay width of a Higgs boson

into two photons in the SM was performed in a Rξ gauge in refs. [51, 52]. As mentioned

above, the identification of the contributions to the C1 coefficient is straightforward in

– 10 –
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Figure 13. As figure 10 for the P4 scenario with relative uncertainties set to 0.01.

6 Conclusions

The structure and properties of the scalar sector encompassing the observed Higgs boson

are largely unexplored and their determination is one of the major goals of the LHC and

future colliders. In the standard model the Higgs self couplings, trilinear and quartic, are

fixed by the Higgs mass, yet they could be different in scenarios featuring extended scalar

sectors or new strong dynamics. The most-beaten path to determine the trilinear coupling

is via the direct measurement of Higgs pair production total cross sections and differential

distributions. However, the small expected rates, the mild dependence of the cross section

on the trilinear coupling and the difficulty of selecting signal from backgrounds make this

path very arduous.

In this work we have put forward an alternative method, which relies on the effects that

loops featuring an anomalous trilinear coupling would imprint on single Higgs production

channels at the LHC. We have calculated the contributions arising at NLO on all the

phenomenologically relevant single Higgs production (ggF, VBF, WH, ZH, tt̄H) and

decay (γγ, WW ∗/ZZ∗ → 4f , bb̄, ττ) modes at the LHC. Remarkably, we have found

that the λ3 dependence is different for each channel (production times decay) and is also

affected by the final state kinematic configurations. We have then estimated the sensitivity

to the trilinear coupling via a one-parameter fit to the complete set of single Higgs inclusive

measurements at the LHC 8TeV. The bounds obtained are found to be competitive with the

current ones obtained from Higgs pair production. We have also estimated the constraints

– 20 –

HL-LHC

Anomalous trilinear coupling affects single H production @NLO 

Precision at the % level expected on most H couplings at the (HL-)LHC
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Single and Double Higgs production
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HL-LHC Projections show this method has similar sensitivity to direct HH searches
Different systematics, different parametric and theoretical uncertainties
Good complementarity between single and double Higgs measurements
A global fit of all the SM couplings is probably the best approach if we want to narrow 
down the SM trilinear coupling
Differential measurements can provide further handles
It must include double Higgs data to work properly
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [29] (dashed curve).

have been derived by assuming a 14 TeV LHC energy with an integrated luminosity of

3/ab. The dashed curve shows the �
2 obtained by setting all the single-Higgs couplings

deviations to zero. One can see that the Higgs self-coupling can be restricted to the interval

� 2 [�1.1, 4.7] at the 1� level. To compare with the existing literature, we also show the

exclusive fit obtained in the optimistic ‘Scenario 2’ of CMS (dashed curve), which is in very

good agreement with the results of ref. [6].

On the other hand by profiling over the single Higgs couplings we find that the Higgs

trilinear coupling remains basically unconstrained (see solid curve in fig. 2).16 As expected,

even with the inclusion of the TGC’s constraints and of the bounds on the h ! Z� decay

rate, an almost flat direction is still present in the fit.

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

� which are not known.
16Since in our linear approximation the �

2 as a function of the single-Higgs couplings is quadratic the

resulting distribution is Gaussian. In this case a profiling procedure gives the same result as a marginaliza-

tion.
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Figure 4. Left: The solid curve shows the global �2 as a function of the corrections to the Higgs
trilinear self-coupling obtained from a fit exploiting inclusive single Higgs and inclusive double Higgs
observables. The dashed line shows the fit obtained by neglecting the dependence on �� in single-
Higgs observables. The dotted line is obtained by exclusive fit in which all the EFT parameters,
except for ��, are set to zero. Right: The same but using di↵erential observables for double Higgs.

68% confidence level and � 2 [�0.8, 8.5] at 95%. As we can see by comparing the solid

and dashed lines in fig. 4, the fit of � is almost completely determined by Higgs pair

production. This result is expected and is coherent with the fact that a flat direction

involving � is present in the single-Higgs fit. On the other hand if we perform an exclusive

fit in which we set to zero all the deviations in single-Higgs couplings, the determination

of the Higgs trilinear self-coupling is significantly modified. In particular the exclusive fit

disfavors large deviations in �, so that values �� ⇠ 5, which were allowed by the global

fit, are now excluded at the 1� level. The 95% fit region is also slightly reduced becoming

� 2 [�0.5, 7.1].

It is also interesting to discuss what happens if we include in the fit a di↵erential

analysis of double Higgs production. As shown in ref. [22], each new physics e↵ect deforms

the Higgs-pair invariant mass distribution in a di↵erent way. Deviations in the Higgs

self-coupling mostly a↵ect the threshold distribution, while they have a limited impact in

the high invariant-mass tail. On the contrary �yt and ĉgg modify more strongly the peak

and tail of the distribution. A di↵erential analysis can exploit this di↵erent behavior to

extract better constraints on the various EFT coe�cients. The fits including the di↵erential

information on Higgs pair production are shown in the right panel of fig. 4. Sizable positive

corrections to � are now disfavored even in a global fit. The 1� interval is now reduced

to � 2 [0.1, 2.3], while the 2� interval is � 2 [�0.7, 7.5].

Another aspect worth discussing is the impact of double-Higgs production measure-

ment on the determination of the single-Higgs couplings. We find that the global fit deter-

mines the latter couplings with a precision comparable with the one obtained by neglecting

the deviations in � (see section 3.1, eq. (3.4)). This result may look surprising at a first

sight. Double-Higgs measurements at the LHC can only probe the order of magnitude

of the Higgs trilinear self-coupling, so that large deviations from the SM value, � ⇠ 6,

will be allowed at the 68% confidence level. Such big deviations could in turn compensate
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Figure 4. Left: The solid curve shows the global �2 as a function of the corrections to the Higgs
trilinear self-coupling obtained from a fit exploiting inclusive single Higgs and inclusive double Higgs
observables. The dashed line shows the fit obtained by neglecting the dependence on �� in single-
Higgs observables. The dotted line is obtained by exclusive fit in which all the EFT parameters,
except for ��, are set to zero. Right: The same but using di↵erential observables for double Higgs.

68% confidence level and � 2 [�0.8, 8.5] at 95%. As we can see by comparing the solid

and dashed lines in fig. 4, the fit of � is almost completely determined by Higgs pair

production. This result is expected and is coherent with the fact that a flat direction

involving � is present in the single-Higgs fit. On the other hand if we perform an exclusive

fit in which we set to zero all the deviations in single-Higgs couplings, the determination

of the Higgs trilinear self-coupling is significantly modified. In particular the exclusive fit

disfavors large deviations in �, so that values �� ⇠ 5, which were allowed by the global

fit, are now excluded at the 1� level. The 95% fit region is also slightly reduced becoming

� 2 [�0.5, 7.1].

It is also interesting to discuss what happens if we include in the fit a di↵erential

analysis of double Higgs production. As shown in ref. [22], each new physics e↵ect deforms

the Higgs-pair invariant mass distribution in a di↵erent way. Deviations in the Higgs

self-coupling mostly a↵ect the threshold distribution, while they have a limited impact in

the high invariant-mass tail. On the contrary �yt and ĉgg modify more strongly the peak

and tail of the distribution. A di↵erential analysis can exploit this di↵erent behavior to

extract better constraints on the various EFT coe�cients. The fits including the di↵erential

information on Higgs pair production are shown in the right panel of fig. 4. Sizable positive

corrections to � are now disfavored even in a global fit. The 1� interval is now reduced

to � 2 [0.1, 2.3], while the 2� interval is � 2 [�0.7, 7.5].

Another aspect worth discussing is the impact of double-Higgs production measure-

ment on the determination of the single-Higgs couplings. We find that the global fit deter-

mines the latter couplings with a precision comparable with the one obtained by neglecting

the deviations in � (see section 3.1, eq. (3.4)). This result may look surprising at a first

sight. Double-Higgs measurements at the LHC can only probe the order of magnitude

of the Higgs trilinear self-coupling, so that large deviations from the SM value, � ⇠ 6,

will be allowed at the 68% confidence level. Such big deviations could in turn compensate
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Double Higgs at HL-LHC
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New all-silicon tracker, |η|<4, track-trigger 

Barrel calorimeters: new electronics 
New endcap calorimeter (high granularity)

Muon detectors to |η|<2.8 

Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz 

Double Higgs searches are an important 
physics case for HL (and HE) LHC

CMS will undergo relevant upgrades for 
the HL-LHC phase.
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Double Higgs at HL-LHC, Projections
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PAS-FTR-15-002
PAS-FTR-16-002

Extrapolations of 2015 analyses: PAS-FTR-16-002
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Dedicated studies: PAS-FTR-15-002 

bbγγ, bbττ, bbVV(lνlν, lνjj) ~50% precision

New studies with updated CMS simulations coming soon 

Significance: 1.9σ
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Beyond HL-LHC: HH@FCC-hh
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LHC can get evidence of anomalous trilinear 
coupling

HL-LHC can observe double Higgs production

To actually measure 𝛌HHH we need the FCC 

Several channels are being studied for FCC: 
bb𝛕𝛕, bb𝛄𝛄, bbbb, bbWW, bbZZ

Higher energy enhance HH production (x40), 
large PU, large background 

Can study recoil against high pT jets for non-
resonant production

80-100km accelerator, targeting 100 TeV pp collisions
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HH→bb𝛄𝛄 (I)
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HH→bb𝛄𝛄 (II)
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G.Ortona., M. Selvaggi G.Ortona, M. Selvaggi

Delphes based study for hypothetical FCC-hh detector.
2D parametric fit on mɣɣ : gauss,  mhh: landau+exp
2D likelihood on signal strength/anomalous coupling

δκλ(stat) ≈  3.5 %
δκλ(stat + syst) ≈ 4.5 %

δr(stat) ≈ 2.5 %
δr(stat + syst) ≈ 3 % 
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HH→bb𝛕𝛕 (I)

�39

• σ(pp→hhj, 100 TeV) ≈ 100 * σ(pp→hhj, 14 TeV) ,  
with pT(j) > 100 GeV

• Exploit large branching ratio 
2*BR(H→bb)*BR(H→𝛕𝛕) ≈ 7%

• Requiring a boosted HH system recoiling against 
jet(s), contains the invariant mass to small values 
→ maintain sensitivity to the self-coupling

• Final states: both 𝛕lep𝛕had and 𝛕lep𝛕lep considered, 
but 𝛕lep𝛕had by far the best…

• Resolved analysis and 𝛕had𝛕had final state were 
not considered, but they are by far the most 
sensitive ones at LHC-PhaseII and in  
HL-LHC simulations

Backgrounds:

• tt+jets
• Z bb + jets (EWK + QCD)
• ZZ/ZH (EWK)
• W+jets (neglected) 

Caveat: no detector simulation!

Banerjee, Englert, Mangano, Selvaggi, Spannowsky1802.01607
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HH→bb𝛕𝛕 (II)
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BDT BDT BDT

δκλ(stat) ≈  8 %→
Banerjee, Englert, Mangano, Selvaggi, Spannowsky1802.01607

• 1 Higgs tagged jet, with double-b tag , pT > 150 GeV 
• 𝛕had tagged 
• lepton pT > 20 GeV
• BDT based analysis
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Conclusions

�41

Several competing analyses in different final states under study in CMS and ATLAS, providing 
excellent coverage in different decay modes.
Non resonant double Higgs production is the main way to measure Higgs self-coupling. 
•At the moment, we can probe O(10-100xSM). 
•More luminosity is needed to reach SM sensitivity, but we are starting to probe BSM and to 
constraint exotic BSM

•Outperforming Run1 (scaled) results and projections.
•Similar sensitivities in ATLAS and CMS

Resonant searches can already provide important constrain on BSM physics (MSSM, WED, 
heavy scalars).
•KK-graviton excluded below 800 GeV, ΛR=1TeV Radion excluded below 2.5 TeV
•Boosted categories enhance sensitivity to high mass resonances

Further improvement awaited from the combination of the results among all channels
Planning ahead for future facilities

Exciting prospects for double Higgs searches
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EWSB phase transition

�43

•SM + a real scalar 
singlet

•Plot show phase 
space with a 1st 
order phase 
transition

Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first

order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green

point indicates a very-strong first order phase transition with potentially detectable gravitational

wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today

along with the projected sensitivity of eLISA [2].

at T & 200 GeV, and the electroweak symmetry is broken later T . 100 GeV when the singlet vev

becomes positive. Due to the large field excursion and the barrier provided by tree-level potential

terms (ahs�2
h�s and �hs�2

h�
2
s) there is a significant amount of supercooling, and the phase transition

is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,

and the deviation in the hZZ coupling is too small to probe with future Higgs factories. Since the

model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be

viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a

4-dimensional parameter space by assuming a common quartic coupling �. The new charged scalars

contribute to the Higgs diphoton decay width �h!�� and lead to a deviation in the hZZ coupling,

parametrized by �ghZZ . Figure 4 shows the result of a scan over the 4-dimensional parameter

space. In the region of parameter space with a first order phase transition (orange, blue, and

green points), the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced

by more than 20% in the region with a potentially detectable gravitational wave signal (green).

Given current LHC limits (3.2) some of this parameter space is already at tension with the data.

More importantly, the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is

su�cient to test the entire region of parameter space where the phase transition is first order.

18

Huang, Lou, Wang, 1608.06619 
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How CMS detects particles
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Double Higgs at HL-LHC, Projections

�45

PAS-FTR-15-002
PAS-FTR-16-002

CMS upgrade: 

New all-silicon tracker, |η|<4, track-trigger 

Barrel calorimeters: new electronics 
New endcap calorimeter (high granularity)

Muon detectors to |η|<2.8 

Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz 

Dedicated studies: PAS-FTR-15-002 

bbγγ, bbττ, bbVV(lνlν, lνjj) 

~50% precision

Extrapolations of 2015 analyses: PAS-FTR-16-002

bbγγ, bbττ, bbbb, bbVV(lνlν)

Dedicated studies with updated CMS simulations 
coming soon 
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gg ! HH ! ggbb (S2+) 1.44 1.37 1.43 1.47 0.72 0.71
gg ! HH ! ttbb 5.2 3.9 0.39 0.53 2.6 1.9
gg ! HH ! VVbb 4.8 4.6 0.45 0.47 2.4 2.3
gg ! HH ! bbbb 7.0 2.9 0.39 0.67 2.5 1.5
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Flat direction in the global fit
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Higgs couplings variation along the flat direction

Figure 1. Variation of the Higgs basis parameters along the flat direction as a function of the Higgs
trilinear coupling �. The gray bands correspond to the 1� error bands at the high-luminosity LHC
(see eq. (3.4)).

previous subsection, the measurement of 5 production and 5 Higgs decay channels allows

us to extract 9 independent constraints on the coe�cients of the EFT Lagrangian. By

introducing � in our fit, we reach a total of 10 independent parameters, thus we expect

one linear combination to remain unconstrained in the fit. This is indeed what happens.

The global fit has an exact flat direction along which the �
2 vanishes.

In fig. 1 we plot the values of the single-Higgs coupling parameters as a function of �
along the flat direction. It is interesting to notice that a strong correlation is found between

the Higgs trilinear coupling �, the Higgs contact interaction with gluons ĉgg and the top

Yukawa �yt. When we limit the � variation to the region � 2 [�1, 10], as indicated

by the constraints coming from double Higgs production, ĉgg and �yt vary by an amount

comparable with the 1� error at the high-luminosity LHC (obtained in a fit without �).

On the other hand, along the flat direction, the remaining parameters vary by a much

lower amount (ĉ�� , �cz, �yb and �y⌧ ) or, in some cases, remain almost unchanged (czz, cz⇤,
ĉz�).13

It must be stressed that the exact flat direction could in principle be lifted if we

include in the signal strengths computation also terms quadratic in the EFT parameters.

The additional terms, however, become relevant only for very large values of �, so that

13An interesting feature is the fact that along the flat direction not only �µ
f
i = 0, but also the individual

production and decay signal strengths are approximately equal to the SM ones, namely |�µi| < 0.005,

|�µ
f
| < 0.005 for |�| < 20.

– 18 –
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2D shapes (bbgg@FCC)
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• exploit correlations of means in the signal, ex: mɣɣ vs mhh  
• build parametric model in 2D  → mɣɣ : gauss,  mhh: landau+exp
• perform 2D Likelihood fit on the signal strength and coupling modifier: 

             μ = σobs/σSM                κλ = λobs/λSM

HH ttH QCD
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