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Why measure HH?
• Measurement of HH gives access to the magnitude of the Higgs self-interaction:

• Shape of the Higgs potential is determined by the self coupling value (EWPT)

• Higgs trilinear coupling constant 𝝺 only depends on the Higgs field VEV and Higgs 
mass. Purely determined by EWSB (in the SM).
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Prospects for HH measurements
1)  LHC

• O(10)-O(3)
• Could detect large  

anomalous coupling

2)   HL-LHC
• O(1)
• Potential for evidence (3σ precision)

3)   FCC-ee : single H couplings + indirect measurement
• Potential for observation (5σ precision)

4)   FCC-hh : precision measurement
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Measuring the Higgs self-coupling at FCC-ee
• High precision measurement of Higgs BR

• Large Luminosity, high precision on single Higgs couplings
• Possible to determine Higgs self coupling via indirect measurement

• A 100% modification of the Higgs self-coupling changes the HZ cross section by 2% at 240 GeV and 0.5% 
at 365 GeV

NEW

McCullough [1312.3322]
DeVita et al.[1711.033978]



 5

Higgs trilinear coupling at FCC-ee
• If all other SM coupling fixed (in particular HHVV, HVV coupling):

• δκλ ≈ 12 % (2 IPs - baseline FCC-ee)
• δκλ ≈ 9 % (4 IPs)

• Single Higgs cross section at loop level depends on HVV and HHVV:

• At least two energy points lift the degeneracy

• With baseline design, 2 IPs, 15 years at sqrt(s)=90+160+240+350+365 GeV
• δκλ ≈ 42 % ( 34% combined with HL-LHC )

• To be compared with 30 years of ILC250+500

• With 4IPs and 15 years of running:
• δκλ ≈ 25 % ( 21% combined with HL-LHC)

•  To be compared with 15 years of CLIC380+1500

•  5σ sensitivity by 2050

Blondel and Janot [1809.10041]
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Higgs self-coupling at FCC-hh
HL-LHC

-

�1 0 1 2 3 4 5
�

0

1000

2000

3000

4000

5000

�
[f
b
]

LO

NLO

NLO B imp. HEFT

NLO FTapprox

G. Heinrich et.al [1608.04798]

• Very small cross-section due to negative interference with box 
diagram

• HL-LHC projections : δkλ / kλ ≈ 50-100%

• Expect large improvement at FCC-hh: 

• σ(100 TeV)/σ(14 TeV) ≈ 40 ( and Lx10)

•  x400 in event yields and x20 in precision

• main channels studied:

• bbɣɣ (golden channel)

• bbZZ(4l) 

• bbbbj

• bb𝛕𝛕

-gluon fusion:
𝝺HHH

NEW



HH@ FCC-hh: production at 100 TeV and decay
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• Higher order in QCD helps λ-dependent K-factor sensitivity (not only the rate)
→ included here (bbɣɣ, bbZZ)!

G. Heinrich et.al [1608.04798]
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HH →bbɣɣ
• Large QCD backgrounds (jjɣɣ and ɣ+jets)

• Main difference w.r.t LHC is the very large ttH background 

• Strategy: 

• exploit correlation of means in (mɣɣ, mhh) in signal

•  build a parametric model in 2D 

• perform a 2D Likelihood fit on the coupling modifier kλ

• δkλ / kλ = 5-7% (stat - stat+syst.) in this channel alone
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HH →4b+j boosted
• Large rates allow to look for boosted HH recoiling against a 

jet (low mHH drives the sensitivity)

• relies on identification two boosted Higgs-jets

• fit the di-jet mass spectrum dominated by the large QCD 
background

• δkλ / kλ = 20-40%  depending on assumed background rate

ΔR ≈ 2mH / pT
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HH →bb4l

• New channel opening at FCC-hh !!

• clean channel with mostly reducible backgrounds (single Higgs)

• Simple cut and count analysis on (4e, 4μ and 2e2μ channels)

δkλ / kλ δμ / μ 

[Borgonovi, Braibant, De Filippis, Fontanesi, GO, MS]

δkλ / kλ = 15-20%  

depending on systematics assumptions

Backgrounds:
• ttH , H → 4 leptons
• 4l + jets (ZZ*, Z*Z*, ZZ) continuum 
• p p → H b b →4l bb     
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bbWW→bblvqq

• 80 < mbb < 150 GeV
• pT(WW) > 150 GeV
• BDT

Backgrounds:

• ttbar → bbWW
• V+jets

δr(stat) ≈  20% δκλ(stat) ≈  40%

3 ab-1

Method:



bb𝛕𝛕
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PRELIMINARY !!!

NEW
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The bb𝛕𝛕 channel
• Exploit large branching ratio 

2*BR(H→bb)*BR(H→𝛕𝛕) ≈ 7.3%

• Final states: both 𝛕lep𝛕had and 𝛕had𝛕had 

considered:

• Backgrounds:

• Top pair 
• single Higgs (VH, ttH, ggH) 
• Z + bb →𝛕𝛕 + bb

• 𝛕lep𝛕had has larger B contamination 

• ttbar with 𝛕had + e/mu (in addition 

to 𝛕lep𝛕had)

Detector assumptions:

• No Pile-up
• Nominal FCC-hh detector resolutions:

• b-tagging : εb = 85%, εj→b = 1%  (~ HL-LHC)
• 𝛕-tagging : ε𝛕 = 80%, εj→𝛕 = 1%.  (~ HL-LHC)
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Preselection 𝛕had𝛕had 

• Simple preselection:

• At least two 𝛕-tagged jets with: 

• pT(𝛕had) > 45 GeV,  |η(𝛕had)| < 3.0

• At least two b-tagged jets with: 
• pT(b) > 30 GeV,  |η(b)| < 3.0

• Lepton-veto (pT(l) > 25 GeV,  |η(l)| < 3.0)

DISCRIMINATING VARIABLES

mbb mT2

m𝛕𝛕 mhh



 15

• Simple preselection:

• One hadronic 𝛕-tagged jet with: 

• pT(𝛕had) > 45 GeV,  |η(𝛕had)| < 3.0

• At least two b-tagged jets with: 
• pT(b) > 30 GeV,  |η(b)| < 3.0

• Exactly one lepton 
• (pT(l) > 25 GeV,  |η(l)| < 3.0)

DISCRIMINATING VARIABLES

mbb mT2

m𝛕𝛕 mhh

Preselection 𝛕had𝛕lep 

smaller S/B
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BDT training - 𝛕had𝛕had 

• BDT training input:
• 4-vectors of 𝛕1, 𝛕2, b1, b2

• 4-vectors of H𝛕𝛕, Hbb, HH
• ET miss

• MT2, mT(𝛕1), mT(𝛕2), HT

TRAINED 
vs.  ttbar

• Final Selection:

• 100 < mbb < 130 GeV
•  80 < m𝛕𝛕 < 130 GeV
•  BDT > 0.34

pT(b) > 65 GeV pT(𝛕) > 100 GeV
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BDT training - 𝛕had𝛕lep 

• BDT training input:
• 4-vectors of 𝛕1, 𝛕2, b1, b2

• 4-vectors of H𝛕𝛕, Hbb, HH
• ET miss

• MT2, mT(𝛕1), mT(𝛕2), HT

TRAINED 
vs.  Top pair

pT(𝛕) > 100 GeV

• Final Selection:

• 100 < mbb < 130 GeV
•  80 < m𝛕𝛕 (MET corr.)< 130 GeV
•  BDT > 0.26

pT(b) > 65 GeV
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Systematics assumptions

Very aggressive (I) Aggressive (II) Conservative (III)

Tau ID 1 % 2,5 % 5 %

b-jet ID 0,25 % 0,5 % 1 %

ele ID 0,25 % 0,5 % 1 %

mu ID 0,1 % 0,25 % 0,5 %

ttbar norm. 1 % 1 % 1 %

single H norm. 1 % 1 % 1 %

Luminosity 1 % 1 % 1 %



 19

δκλ(stat) ≈  3 %
δκλ(stat + syst) ≈ 5-10%

 

varying
uncertainties:

varying (0.5x-5x) 
background yields:

δκλ ≈ 5-15 %
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δκλ(stat) ≈  6 %
δκλ(stat + syst) ≈ 10-12%

 

varying
uncertainties:

varying (0.5x-5x) 
background yields:
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δκλ(stat) ≈ 4 %
δκλ(stat + syst) ≈ 5-12 %

 

varying
uncertainties:

Combination bb𝛕𝛕
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Combination of all channels
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Conclusions & outlook

• FCC-ee can measure in single Higgs production: 

• δκλ(stat) ≈  35% (21%) with 2 IPs (4IPs) 

• FCC-hh can reach δκλ(stat) ≈  5% using double Higgs production, via: 

• bbɣɣ: δκλ ≈  5-7%
• bb𝛕𝛕:  δκλ ≈  5-10% (using 𝛕lep𝛕had and 𝛕had𝛕had)
• bb4l: δκλ ≈  10-20% 
• bbbb:  δκλ ≈  20-30% 
• bbWW: δκλ ≈  40%



BACKUP
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Baseline
• Detailed analysis performed in 2016 (summarised in the Yellow Report [1606.09408])

• cut-based analysis 
• reported sensitivity on λ after 30 ab-1 at 100 TeV
• studied impact of detector performance, systematics, background normalisation

                                            

[R. Contino, C. Englert, G. Panico, A. Papaefstathiou, J. Ren, MS, M. Son, M. Spannowsky, W. Yao]

• up-to-date parton shower/underlying event modelling (Pythia8 vs Pythia6) 
• more recent FCC-hh detector description (4T vs 6T,  smaller detector size)
• QCD background generation using 5f scheme (jjjɣ, jjɣɣ)
• Up-to-date k-factors for backgrounds (ttH) and signal (λ-dependent)  

UPDATES:



• main bullet
• second bullet

• third bullet

The relevant lagrangian terms of gg→HH production in D=6 EFT
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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 < � <
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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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have canonical normalisation of the Higgs field, we choose to perform the field redefinition7
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We further redefine ci ! ci ⇤2
/v

2 to absorb the suppression factor into the ci coefficients.
We thus obtain the following interactions in terms of the Higgs boson scalar h, relevant to
Higgs boson pair production:
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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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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.
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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
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There are several modifications necessary to incorporate the effect of the D=6 EFT
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7This field redefinition [64] involves non-linear terms which remove momentum-dependent Higgs-boson
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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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p
ŝ = mhh � mt, mh. We
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→ 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

To be noted :  
in a linear EFT   cg = c2g and c2 =−(3mt/2v)yt 
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δy

t Excluded by 20% 
measurement of 
tth 

S. Dawson, BNL, Jan 18, 2016 

�(gg ! h)

�(gg ! h)SM
⇠| cg + �yt |2

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). Even if in Run2 we 
do not have full sensitivity to “measure” SM λhhh
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