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The Higgs potential
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The strength of the triple and quartic couplings is fully fixed by the 
potential shape.

Why is it relevant?

1) it is the last missing ingredient of the SM, like the 
Higgs boson was the last missing particle, we need to 
prove that things really behave like we expect;

2) It has implications on the stability of the Vacuum;

3) It could make the Higgs boson a good inflation field 
(see backup)

2



B. Di Micco Di-Higgs studies FCC Week - Berlin 29-05 01-06 2017

hh production and decay
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NNLO with full top mass *NLO mt →∞
mh = 125.09 GeV σ(fb) scale unc. (%) PDF unc. (%) αs unc.
√s = 7 TeV 7.71 +4.0/-5.7 ± 3.4 ± 2.8
√s = 8 TeV 11.17 +4.1/- 5.7 ± 3.1 ± 2.6
√s = 13 TeV 37.91 +4.3/-6.0 ± 2.1 ± 2.3
√s = 14 TeV 45.00 +4.4-6.0 ± 2.1 ± 2.2
√s = 33 TeV* 206.6 +15.1 - 12.5 +5.8/-5.0
√s = 100 TeV 1748 +5.1/-6.5 ± 1.7 ± 2.0

0

450

900

1350

1800

0 25 50 75 100

σ(
pp
→

hh
) [

fb
]

√s  [TeV]Highest possible energy pays

3



B. Di Micco Di-Higgs studies FCC Week - Berlin 29-05 01-06 2017

Current status @LHC
√s [TeV] L (fb-1) σ(fb) σ/σSM

ATLAS: 4b, bbττ, bbγγ, WWγγ WWWW 8 20.3 < 470 < 48
ATLAS: 4b 13 13.3 < 1000 < 29

CMS: 4b 13 2.32 < 11760 < 310
ATLAS: WWγγ 13 13.3 < 12900 < 340
ATLAS: bbγγ 13 3.2 < 5400 < 142
CMS: bbττ 13 39.5 < 950 < 25
CMS: WWbb 13 36 < 3270 < 86

HL-LHC √s = 14 TeV, 
L = 3000 fb-1 Exp. sign λ/λSM 95% C.L. exp σ/σSM

 ATLAS: bbγγ 1.05 σ [-0.8, 7.7] < 1.7 [recalc.]
CMS: bbγγ 1.6 σ < 1.3
ATLAS: 4b ? [0.2, 7.0]stat., [-3.5, 11] < 1.5stat. , 5.2
CMS: 4b 0.67 < 2.9stat., 7
ATLAS: bbττ 0.6 σ [-4, 12] < 4.3
CMS: bbττ 0.39 <3.9stat., 5.2

CMS: VVbb 0.45 < 4.6stat., 4.9

Present best channel 4b, 
situation will change with higher 
statistics when syst. dominated 
channels will saturate their sensitivity. 

HL-LHC doesn’t seem able to provide 
a useful constraint on λ,
it could probably provide an 
observation of the whole process. 

But advanced analysis techniques are 
on going… (more this summer)
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FCC studies
•  Main references 

•  Physics at a 100 TeV pp collider [arXiv:1606.09408] 
•  1st FCC-hh Physics Workshop - 16-20 January 2017 CERN 
•  FCC-hh physics analysis meetings 
• studies performed with different level of details, in particular trigger eff. simulation and 

pile-up studies need to be implemented in many of them, but first bulk of phys. 
potentiality ready.

Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking
studies

Editors:
R. Contino1,2, D. Curtin3, A. Katz1,4, M. L. Mangano1, G. Panico5, M. J. Ramsey-Musolf6,7,
G. Zanderighi1

Contributors:
C. Anastasiou8, W. Astill9, J. K. Behr10,11, W. Bizon9, P. S. Bhupal Dev12, D. Bortoletto10,
Q.-H. Cao13,14,15, F. Caola1, J. Chakrabortty16, C.-Y. Chen17,18,19, S.-L. Chen15,20, F. Dulat8,
G. Bambhaniya21, D. Buttazzo22 D. de Florian23, C. Englert24, J. A. Frost10, B. Fuks25,
T. Gherghetta26, G. Giudice1, J. Gluza27, N. Greiner28, H. Gray29, N. P. Hartland10, C. Issever10,
T. Jeliński27, A. Karlberg9, J. H. Kim,30,31,32, F. Kling33, A. Lazopoulos8, S. J. Lee34,35, Y. Liu13,
G. Luisoni1, J. Mazzitelli23,36, B. Mistlberger1, P. Monni9, K. Nikolopoulos37, R. N Mohapatra3,
A. Papaefstathiou1, M. Perelstein38, F. Petriello39, T. Plehn40, P. Reimitz40, J. Ren41, J. Rojo10,
K. Sakurai42, T. Schell40, F. Sala43, M. Selvaggi44, H.-S. Shao1, M. Son30, M. Spannowsky42, T.
Srivastava16, S.-F. Su33, R. Szafron45, T. Tait46, A. Tesi47, A. Thamm48, P. Torrielli49,
F. Tramontano50, J. Winter51, A. Wulzer52, Q.-S. Yan53,54,55, W. M. Yao56, Y.-C. Zhang57, X. Zhao53,
Z. Zhao53,58, Y.-M. Zhong59

1 CERN, TH Department, CH-1211 Geneva, Switzerland.
2 EPFL, Lausanne, Switzerland.
3Maryland Center for Fundamental Physics, Department of Physics, University of Maryland, College
Park, MD 20742, USA
4Université de Genève, Department of Theoretical Physics and Center for Astroparticle Physics, 24
quai E. Ansermet, CH-1211, Geneva 4, Switzerland
5 IFAE, Universitat Autònoma de Barcelona, E-08193 Bellaterra, Barcelona
6 Amherst Center for Fundamental Interactions, Physics Department,University of Massachusetts
Amherst, Amherst, MA 01003, USA
7 Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA
8 Institute for Theoretical Physics, ETH Zürich, 8093 Zürich, Switzerland
9 Rudolf Peierls Centre for Theoretical Physics, 1 Keble Road, University of Oxford, UK
10 Physics Department, 1 Keble Road, University of Oxford, United Kingdom
11 Deutsches Elektronen-Synchrotron (DESY), Notkestrasse 85, D-22607 Hamburg, Germany
12 Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
13 Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking
University, Beijing 100871, China
14 Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
15 Center for High Energy Physics, Peking University, Beijing 100871, China
16 Department of Physics, Indian Institute of Technology, Kanpur-208016, India
17 Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
18 Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia V8P 5C2,
Canada
19 Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2J 2W9, Canada
20 Key Laboratory of Quark and Lepton Physics (MoE) and Institute of Particle Physics, Central China
Normal University, Wuhan 430079, China
21 Theoretical Physics Division, Physical Research Laboratory, Ahmedabad-380009, India
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pile-up configuration used in this 
presentation (when used), simulated with 

Delphes using CMS HL-LHC cards
Jet pile-up subtraction through Jet Area 

correction
• WWbb  50, 200, 900 vertices

Simulation of the 5 ns low and high luminosity 
phase and of the 25 ns high luminosity phase
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 Base-line geometry 
 Twin solenoid  + 
 Dipole magnetic system

Tracker Fwd Tracker 

EMCAL

HCAL
Coil+Cryostat

Dipole

Muon system

Detector simulation with
   Delphes or simple 
smearing of truth level 
objects
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Detector Parametrization - Tracker

z
0
  resolution

σ z
0
 = 0.01 mm , p

T
<5 GeV

σ z
0
 = 0.005 mm , p

T
>5 GeV

Tracker momentum resolution

B-tagging
Efficiency for light jets       0.1 %
Efficiency for c-quark jets     4% 
Efficiency for b-quark jets    75%

Caveat: same parametrization 
used for Pile-up 50 and 200

z
0
  resolution (*)

● in |η|<2.5
σ(z

0
)= 0.01 mm , p

T
<5 GeV

σ (z
0
)= 0.005 mm , p

T
>5 GeV

● In 2.5<|η|<4
σ(z

0
)= 0.1 mm , p

T
<5 GeV

σ (z
0
)= 0.05 mm , p

T
>5 GeV

● In 4.0<|η|<6.0
σ(z

0
)= 1.0 mm , p

T
<5 GeV

σ (z
0
)= 0.5 mm , p

T
>5 GeV

* in official card
z

0
  resolution constant 

for |η|<2.5 for all η   

Calorimetry

Tracking

WWbb

ZZbb

ECAL granularity: 
0.0125 x 0.0125  |η| < 2.5 
0.025 x 0.025  2.5 < |η| < 4.0 
0.05 x 0.05     4.0 < |η| < 6.0 
ECAL Energy Resolution: 
σ(E)/E = 10% / √E ⊕ 1 % 
|η| < 6.0

HCAL granularity: 
0.05 x 0.05 |η| < 2.5 
0.1 x 0.1 2.5 < |η| < 4.0 
0.2 x 0.2 4.0 < |η| < 6.0 
HCAL Energy Resolution: 
σ(E)/E = 50%/√E⊕3 % |η| < 4.0 
σ(E)/E = 100%/√E⊕5% |η|< 6.0

Efficiency c-quark jets: 
4 %  |η| < 2.5 
3 %  2.5 < |η| < 4.0  

Efficiency light-quark jets: 
0.1 % |η| < 2.5 
0.075 %  2.5 < |η| < 4.0  

Efficiency b-quark jets: 
75% WWbb 85 % ZZbb |η| < 2.5 
64%  2.5 < |η| < 4.0

6Pile-up and det. simulation
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hh→bbγγ
 Selection

1. 2γ, 2 b-jet |η| < 4.5, pTsub > 35, pTlead > 60 GeV 
2. |mγγ - mh| < 2.0 , 100 < mbb < 150 GeV 
3. pTbb, pTγγ > 100 GeV, ΔRbb,  ΔRγγ < 3.5 

Signal LO samples, Pythia6 showering, no 
pile-up simulation

Process Acceptance cuts [fb] Final selection [fb] Events (L = 30 ab�1)

h(bb̄)h(��) (SM) 0.73 0.40 12061

bbj� 132 0.467 13996

jj�� 30.1 0.164 4909

tt̄h(��) 1.85 0.163 4883

bb̄�� 47.6 0.098 2947

bb̄h(��) 0.098 7.6 ⇥ 10�3 227

bj�� 3.14 5.2 ⇥ 10�3 155

Total background 212 1.30 27118

Table 29: Cross section for SM signal and main backgrounds after the acceptance and final cuts of Table 27. The
last column shows the number of signal and background events after the final cuts for an integrated luminosity of
30 ab�1.

cross section. In fact, the sensitivity to the signal cross section depends mildly on the choice of the cuts
(provided they do not vary dramatically). On the contrary, the precision on the Higgs trilinear is much
more sensitive to variations of the cuts.

The set of benchmark cuts are listed in Table 27. Mild pT cuts are imposed on the photons and
b-quarks, namely pT (b1), pT (�1) > 60 GeV and pT (b2), pT (�2) > 35 GeV, where b1,2, �1,2 denote the
hardest/softest b-quark and photon. Stronger cuts are imposed on the transverse momentum of the photon
and b pair, pT (bb), pT (��) > 100 GeV. All the reconstructed objects are required to be within a rapidity
|⌘b,� | < 4.5, while the separation between the two photons and the two b-quarks is required to be not too
large, namely �R(bb), �R(��) < 3.5. Notice that the angular cuts imposed on �R are milder than the
ones typically used in the previous literature [189,213–215]. The invariant mass of the b pair is required
to be in the window mbb 2 [100, 150] GeV. For the invariant mass of the photon pair, three different
windows are used optimized for each detector performance scenario: |m�� � mh| < 2.0, 2.5, 4.5 GeV
for the “High”, “Medium” and “Low” performance benchmarks respectively. As discussed in Subsec-
tion 5.2.2.2, these choices of invariant mass windows allow one to retain a sufficiently large fraction of
the signal events.

The signal and background cross sections after the acceptance and final selection cuts are given in
Table 29. One can see that the most significant background after all cuts is bb̄j�, followed by jj�� and
tt̄h. Another non-negligible contribution comes from the irreducible process bb̄��. The backgrounds
bb̄h and bj�� turn out to be negligible instead.

Notice that other double Higgs production channels, in particular tt̄HH and VBF, provide an ad-
ditional contribution to the signal of the order of 10%. Given the high precision on the SM signal rate and
on the Higgs trilinear coupling, these contributions should be taken into account in a full experimental
analysis. However, the inclusion of these effects is not expected to change significantly the estimated
precision on the Higgs trilinear coupling presented in the following.

5.2.2.4 Results
The results in Table 29 suggest that, with an integrated luminosity of L = 30 ab�1, a precision on the SM
signal of the order of 1.6% can be obtained, corresponding to S/

p
S + B ' 61. By a simple rescaling,

one can see that already with L = 500 fb�1 a 13% determination of the cross section is possible. Notice
that these results, as well as those presented in the following, include only the statistical uncertainties
and are obtained by neglecting the theoretical error on the prediction of the signal and the systematic
uncertainty on the overall determination of the background rates. Anticipating the size of these effects

85

 S/√B   23 [3 ab-1] 73 [30 ab-1]  

 Simulation

Δσ/σ = 1.6% [30 ab-1] Δλ/λ = 6% [2.5% sig. syst.]

6T magnetic field

Updates:
4T magnetic field 

 Pythia8 showering 

Process Events
hh→bbγγ 12300

bbjγ 16700
jjγγ 14272

tth(γγ) 14213
bbγγ 7078

bjγγ 1873

Total bkg. 66436
2x Total background

Δσ/σ = 2.1% [30 ab-1]  
Δλ/λ = 7% [2.5% sig. syst.]

Shape analysis mjj, mγγ

Selvaggi - HH→bbɣɣ

• Optimize event selection
• ΔR < 2 (although probably very 

correlated with pTpair)  
• build categories based on jet 

multiplicities (non b-jet veto)

• Perform a shape analysis:
• do not throw away precious events
• exploit correlations, ex: mɣɣ vs mbb

Possible improvements

10

bbɣɣ ttH HH

Selvaggi - HH→bbɣɣ

• Optimize event selection
• ΔR < 2 (although probably very 

correlated with pTpair)  
• build categories based on jet 

multiplicities (non b-jet veto)

• Perform a shape analysis:
• do not throw away precious events
• exploit correlations, ex: mɣɣ vs mbb

Possible improvements

10

bbɣɣ ttH HH

Δσ/σ = 1.6%  
Δλ/λ = 4.2% [0% sig. syst.]
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hh→bbbb

1. R 0.4 jets pT > 40 GeV, |η| < 2.5 
2. R 1.0 jets pT > 200 GeV, |η| < 2.0 
3. R 0.3 jets ghost ass. to R 1.0 pT > 50 |η| < 2.5

  

Higgs reconstruction

Figure credit: Juan Rojo

  

Higgs reconstruction

Figure credit: Juan Rojo
BoostedResolved

Fig. 67: The values of the signal significance, S/
p

B, and of the signal over background ratio, S/B, for the
boosted, intermediate and resolved categories as a function of the cut ycut in the ANN output. Only the 4b QCD
background is considered here. The ycut = 0 results are those at the end of the cut-based analysis.

Category Nev signal Nev back S/
p

B S/B

Boosted ycut = 0 5 · 104 8 · 107 6 6 · 10�4

ycut = 0.99 2 · 104 1 · 106 22 2 · 10�2

Intermediate ycut = 0 3 · 104 1 · 108 3 3 · 10�4

ycut = 0.98 2 · 104 2 · 106 10 7 · 10�3

Resolved ycut = 0 1 · 105 8 · 108 4 1 · 10�4

ycut = 0.95 6 · 104 2 · 107 15 4 · 10�3

Table 31: Post-MVA results, for the optimal value of the ANN discriminant ycut in the three categories, compared
with the corresponding pre-MVA results (ycut = 0). We quote the number of signal and background events
expected for L = 10 ab�1, the signal significance S/

p
B and the signal over background ratio S/B. In this table,

only the irreducible QCD 4b background has been considered.

5.2.3.3 Results
Following Ref. [218], a preliminary cut-based analysis is performed, followed by a MVA procedure
aimed at the optimization of the separation between signal and backgrounds. The specific type of MVA
that it is used is a multi-layer feed-forward artificial neural network (ANN), known as perceptron or deep
neural network. The MVA inputs are the set of kinematic variables describing the signal and background
events which satisfy the requirements of the cut-based analysis, including the jet substructure variables.
The output of the trained ANNs allows for the identification, in a fully automated way, of the most
relevant variables for the discrimination between signal and background.

The results for the signal significance S/
p

B and the signal-over-background ratio S/B at a
100 TeV collider are shown in Fig. 67 as a function of the ANN output cut ycut for the three categories.
A total integrated luminosity of L = 10 ab�1 is assumed, and only the irreducible QCD 4b background
is included. The values for ycut = 0 correspond to those at the end of the loose cut-based analysis. One
can observe how in the three categories there is a marked improvement both in signal significance and in
the signal over background ratio as compared to the pre-MVA results. In Table 31 the post-MVA results
are given for the optimal value of the ANN discriminant ycut in the three categories, compared with the
corresponding pre-MVA results (ycut = 0). The number of signal and background events expected for
an integrated luminosity of L = 10 ab�1 is also quoted.

From Fig. 67 and Table 31 one can observe that the statistical significance of the three categories

90
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10 ab-1

�3 �3

Fig. 68: The �(hh ! bb̄bb̄) cross-section at various steps of the cut-flow: generator level, after kinematical cuts,
after b-tagging and finally after the MVA. We show the results in the resolved (left plot) and boosted (right plot)
categories, as as a function of the Higgs self-coupling �3. For the MVA, a representative value of the ANN output
of ycut ' 0.7 has been used in this plot.

cross-section. In the optimistic scenario of a measurement with �sys� = 25%, the best performance
comes from the resolved category, where at the 68% CL the trilinear can be determined to lie in the
interval �3 2 [0.9, 1.5]. Looser constrains are derived from the intermediate and from the boosted cate-
gory. On the other hand, for �sys� = 100%, the constraints in all three categories degrade substantially,
especially for �3 � 1, due to the negative interference effects.

�sys� = 25% �sys� = 100%

Boosted �3 2 [�0.1, 2.2] �3 2 [�1.5, > 9]

Intermediate �3 2 [0.7, 1.6] �3 2 [�0.4, > 9]

Resolved �3 2 [0.9, 1.5] �3 2 [�0.1, 7]

Table 32: The 68% confidence level intervals on the Higgs self-coupling �3 obtained from the condition Eq. (48)
in the boosted, resolved and intermediate categories. We consider two different assumptions on the total systematic
error in the measured cross-section, �sys = 25% and �sys = 100%.

5.2.4 Additional modes with leptons
Due to the considerable increase of the Higgs pair production cross section at 100 TeV, it is conceivable
that rare, but potentially cleaner, final states become accessible [236]. This is for instance the case for
decay channels including leptons. In the following we will examine the final states containing a pair of
b-jets and 2 or more leptons, namely hh ! (bb̄)(ZZ⇤) ! (bb̄)(4`), hh ! (bb̄)(WW ⇤)/(⌧+⌧�) !
(bb̄)(`+`�), hh ! (bb̄)(µ+µ�) and hh ! (bb̄)(Z�) ! (bb̄)(`+`��).

5.2.4.1 Simulation setup and detector performance
The signal events are generated at LO using the Herwig++ event generator [237,238] interfaced with the
OpenLoops package for the one-loop amplitudes [239, 240]. The backgrounds are generated with the
MadGraph 5/aMC@NLO package [134,241,242], at NLO QCD. The only exception is the tt̄ background,
which is generated at LO and merged with the Herwig++ parton shower using the MLM algorithm,
including tt̄ + 1 parton matrix elements. For the latter, the cross section is normalized to the total

92

Main background: multi-jet 4b 
Strategy: truth level study, resolved + boosted 
analysis (Neural Network used as signal 
discriminator)

25% on σ with S/B ~4⋅10-3, 

ΔB/B ~  10-3 (very challenging)

8

Sensitivity to λ from unboosted objects, λ diagram 
contributes mainly at low mhh
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Multi-lepton modes

�3 �3

Fig. 68: The �(hh ! bb̄bb̄) cross-section at various steps of the cut-flow: generator level, after kinematical cuts,
after b-tagging and finally after the MVA. We show the results in the resolved (left plot) and boosted (right plot)
categories, as as a function of the Higgs self-coupling �3. For the MVA, a representative value of the ANN output
of ycut ' 0.7 has been used in this plot.

cross-section. In the optimistic scenario of a measurement with �sys� = 25%, the best performance
comes from the resolved category, where at the 68% CL the trilinear can be determined to lie in the
interval �3 2 [0.9, 1.5]. Looser constrains are derived from the intermediate and from the boosted cate-
gory. On the other hand, for �sys� = 100%, the constraints in all three categories degrade substantially,
especially for �3 � 1, due to the negative interference effects.

�sys� = 25% �sys� = 100%

Boosted �3 2 [�0.1, 2.2] �3 2 [�1.5, > 9]

Intermediate �3 2 [0.7, 1.6] �3 2 [�0.4, > 9]

Resolved �3 2 [0.9, 1.5] �3 2 [�0.1, 7]

Table 32: The 68% confidence level intervals on the Higgs self-coupling �3 obtained from the condition Eq. (48)
in the boosted, resolved and intermediate categories. We consider two different assumptions on the total systematic
error in the measured cross-section, �sys = 25% and �sys = 100%.

5.2.4 Additional modes with leptons
Due to the considerable increase of the Higgs pair production cross section at 100 TeV, it is conceivable
that rare, but potentially cleaner, final states become accessible [236]. This is for instance the case for
decay channels including leptons. In the following we will examine the final states containing a pair of
b-jets and 2 or more leptons, namely hh ! (bb̄)(ZZ⇤) ! (bb̄)(4`), hh ! (bb̄)(WW ⇤)/(⌧+⌧�) !
(bb̄)(`+`�), hh ! (bb̄)(µ+µ�) and hh ! (bb̄)(Z�) ! (bb̄)(`+`��).

5.2.4.1 Simulation setup and detector performance
The signal events are generated at LO using the Herwig++ event generator [237,238] interfaced with the
OpenLoops package for the one-loop amplitudes [239, 240]. The backgrounds are generated with the
MadGraph 5/aMC@NLO package [134,241,242], at NLO QCD. The only exception is the tt̄ background,
which is generated at LO and merged with the Herwig++ parton shower using the MLM algorithm,
including tt̄ + 1 parton matrix elements. For the latter, the cross section is normalized to the total
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Fig. 68: The �(hh ! bb̄bb̄) cross-section at various steps of the cut-flow: generator level, after kinematical cuts,
after b-tagging and finally after the MVA. We show the results in the resolved (left plot) and boosted (right plot)
categories, as as a function of the Higgs self-coupling �3. For the MVA, a representative value of the ANN output
of ycut ' 0.7 has been used in this plot.
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The signal events are generated at LO using the Herwig++ event generator [237,238] interfaced with the
OpenLoops package for the one-loop amplitudes [239, 240]. The backgrounds are generated with the
MadGraph 5/aMC@NLO package [134,241,242], at NLO QCD. The only exception is the tt̄ background,
which is generated at LO and merged with the Herwig++ parton shower using the MLM algorithm,
including tt̄ + 1 parton matrix elements. For the latter, the cross section is normalized to the total
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Channel S/√(S+B) S/B

4l 5.8 0.35

2l 9.4 0.17

bbµµ, bbllγ have a 
negligible contrinution

are listed, together with the signal, in Table 33. For simplicity, only the mis-tagging of a single lepton are
considered, with the dominant process in this case being W±Zh. Processes with multiple mis-tagged
leptons are estimated to be totally negligible.

channel �(100 TeV) (fb) N30 ab�1

(ideal) N30 ab�1

(LHC)

hh ! (bb̄)(`+`�`
0+`

0�) 0.26 130 41

tt̄h ! (`+b⌫`)(`0�b̄⌫̄`0)(2`) 193.6 304 109

tt̄Z ! (`+b⌫`)(`0�b̄⌫̄`0)(2`) 256.7 66 25

Zh ! (bb̄)(4`) 2.29 O(1) O(1)

ZZZ ! (4`)(bb̄) 0.53 O(1) O(1)

bb̄h ! bb̄(4`) (pT,b > 15 GeV) 0.26 O(10) O(1)

ZZh ! (4`)(bb̄) 0.12 O(10�2) O(10�2)

ZZjj ! (4`) + fake bb̄ 781.4 O(10�1) O(10�1)

hZjj ! (4`) + fake bb̄ 68.2 O(10�2) O(10�2)

W±ZZj ! (`⌫`)(`+`�)(bb̄) + fake ` 7.5 O(10�1) O(10�1)

W±Zhj ! (`⌫`)(`+`�)(bb̄) + fake ` 1.4 O(10�1) O(10�2)

Table 33: Signal and relevant backgrounds for the (bb̄)(`+`�`
0+`

0�) channel. The second column reports the
cross section after the generation cuts (for the bbh channel the additional cut listed in the table is imposed at
generation level). The third and fourth columns show the number of events, N30 ab�1 , after the cuts for the ‘ideal’
and ‘LHC’ detector parametrizations obtained by assuming an integrated luminosity of 30 ab�1.

As a result of the analysis one gets that, for the SM signal in the ideal detector parametrization,
S/

p
B + S ' 5.8 (with S/B ' 0.35). This corresponds to an estimated precision of O(20%) on the

SM cross section, which roughly corresponds to a precision of O(30%) on the Higgs trilinear coupling.
In the case of the LHC parametrization one instead has S/

p
B + S ' 3.1 (with S/B ' 0.31), which

corresponds to a precision of O(30%) on the SM cross section and of O(40%) on the Higgs trilinear.11

5.2.4.3 The hh ! (bb)(`+`�)(+/ET ) channel
As a second channel we consider the final state that includes a bb̄ and two oppositely-charged leptons.
This final state receives contributions from three different hh decay modes. The largest one comes from
hh ! (bb̄)(W+W�) with the W ’s decaying (either directly, or indirectly through taus) to electrons
or muons. The second-largest contribution comes from hh ! (bb̄)(⌧+⌧�), with both taus decaying
to electrons or muons. Both these channels include final-state neutrinos, and hence are associated with
large missing energy. A third, smaller contribution comes from hh ! (bb̄)(µ+µ�), i.e. through the
direct decay of one Higgs boson to muons.

Due to the different origin of the leptons in the three processes, the kinematics varies substan-
tially. As already mentioned, in (bb̄)(W+W�) and (bb̄)(⌧+⌧�) large missing energy is expected. In
the (bb̄)(⌧+⌧�) channel, the ⌧ leptons are light compared to the Higgs boson, hence the leptons and the
neutrinos in their decays are expected to be collimated. On the contrary, in (bb̄)(W+W�) both W ’s are
heavy, one being most of the time on-shell and the other off-shell with MW ⇤ peaking at ⇠ 40 GeV. In
order to take into account the different kinematics of the various sub-processes, two separate signal re-
gions are constructed. The first aims at capturing events containing rather large missing energy, targeting
the (bb̄)(W+W�) and (bb̄)(⌧+⌧�) channels, whereas the second is aimed towards events with minimal
missing energy that are expected to characterize the (bb̄)(µ+µ�) channel.

The object reconstruction strategy in the two signal regions is similar. Events with two tagged
b-jets and two isolated leptons are considered, with isolation criteria equal to those used in the hh !

11In order to estimate the precision on the trilinear Higgs coupling �
3

it is assumed that the dependence of the total cross
section on �

3

is the same as the one before the cuts.
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channel �(100 TeV) (fb) N30 ab�1

(ideal) N30 ab�1

(LHC)

hh ! (bb̄)(W+W�) ! (bb̄)(`0+⌫`0`�⌫̄`) 27.16 209 199

hh ! (bb̄)(⌧+⌧�) ! (bb̄)(`0+⌫`0 ⌫̄⌧ `�⌫̄`⌫⌧ ) 14.63 385 243

tt̄ ! (`+b⌫`)(`0�b̄⌫̄`0) (cuts as in Eq. 49) 25.08 ⇥ 103 343+232
�94 158+153

�48

bb̄Z ! bb̄(`+`�) (pT,b > 30 GeV) 107.36 ⇥ 103 2580+2040
�750 4940+2250

�1130

ZZ ! bb̄(`+`�) 356.0 O(1) O(1)

hZ ! bb̄(`+`�) 99.79 498 404

bb̄h ! bb̄(`+`�) (pT,b > 30 GeV) 26.81 O(10) O(10)

bb̄W± ! bb̄(`±⌫`) + fake ` (pT,b > 30 GeV) 1032.6 O(10�1) O(10�1)

`+`�+jets ! (`+`�) + fake bb̄ 2.14 ⇥ 103 O(10�1) O(10�1)

Table 35: Signal and background cross sections for the (bb̄)(`+`� + /E) channel. Due to the limited MonteCarlo
statistics, the estimated number of events for the tt̄ and bb̄Z backgrounds has a rather limited precision (the 1�

interval is given in the table together with the central value).

channel �(100 TeV) (fb) N30 ab�1

(ideal) N30 ab�1

(LHC)

hh ! (bb̄)(µ+µ�) 0.42 86 18

tt̄ ! (`+b⌫`)(`0�b̄⌫̄`0) (cuts as in Eq. 49) 25.08 ⇥ 103 480+1100
�140 158+150

�48

bb̄Z ! bb̄(`+`�) (pT,b > 30 GeV) 107.36 ⇥ 103 < 740 490+1130
�140

ZZ ! bb̄(`+`�) 356.0 O(1) O(1)

hZ ! bb̄(`+`�) 99.79 O(1) 25

bb̄h ! bb̄(`+`�) (pT,b > 30 GeV) 26.81 O(10) O(10)

bb̄W± ! bb̄(`±⌫`) + fake ` (pT,b > 30 GeV) 1032.6 O(10�1) O(10�1)

`+`�+jets ! (`+`�) + fake bb̄ 2.14 ⇥ 103 O(10�1) O(10�1)

Table 36: Signal and background cross sections for the (bb̄)(µ+µ�) channel. Due to the limited MonteCarlo
statistics, the estimated number of events for the tt̄ and bb̄Z backgrounds has a rather limited precision. The 1�

interval is given in the table together with the central value. For the case of bb̄Z in the ‘ideal’ parametrization, we
list the 1�-equivalent region, since no events were left after the cuts.

large statistical significance S/
p

B + S ⇠ 9.4 is expected with S/B ⇠ 0.17, allowing a determination
of the total SM cross section with a precision of O(10%). This corresponds to an estimated precision
on the Higgs trilinear coupling of O(10%). In the ‘LHC’ parametrization, the statistical significance
remains fairly high, S/

p
B + S ⇠ 5.7 with S/B ⇠ 0.08, leading to a precision of O(20%) on the SM

cross section and O(20%) on the Higgs trilinear.
On the other hand, the prospects for the (bb̄)(µ+µ�) channel after the SRµ cuts are applied are

rather bleak: with 30 ab�1 of integrated luminosity, only a handful of events are expected with the
‘LHC’ detector parametrization with a few hundred background events, even imposing hard transverse
momentum cuts on the muons and a tight mass window on the di-muon invariant mass around the Higgs
boson mass. Because of the latter cut, turning to the ‘ideal’ situation improves the signal efficiency
substantially, since the smearing of the muon momenta is absent. Despite this, only O(80) events would
be obtained with 30 ab�1 integrated luminosity with a similar number of background events as for the
‘LHC’ parametrization. Hence, barring any significant enhancements of the rate due to new physics,
the (bb̄)(µ+µ�) contribution to the hh ! (b̄b)(`+`�) final state is not expected to provide significant
information.
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• Typically low yield 
and low background 
thanks to the multi-
lepton final state; 

• Exception for WWbb 
→ llbb (high top 
background)

30 ab-1

9
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Reconstruction Performances of Jets:
 η dependence 

● Deterioration of jet response resolution 
with increasing η

● Expected due to higher pile-up signals

|η|<2.5 2.5<|η|<4.0

4.0<|η|<6.0

 14

Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response

 14

Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response
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Missing ET resolution
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Jet angular resolutionJet pT response
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Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response
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Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response

 14

Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response

✦ Particle Flow Reconstruction

✦ Jets

✦ Missing Transverse Energy

• Using charged hadrons, muons, electrons and calorimeter towers to 
build particle-flow objects 

• Tracks from pile-up are rejected if |Z0 � ZPV| >
p

�2(Z0) + �2(ZPV)

• Anti-Kt (Fast Jet) algorithm 
• particle-flow objects as inputs 
• R = 0.4 
• Jet Area pile-up correction: 
• private calibration to particle level 
• pTjet > 20 GeV

pcorrectedT = prawT � ⇢ · JetArea

• Anti-Kt (Fast Jet) algorithm 
• negative vector sum of Jets, after pile-up correction and calibration

 12

Reconstruction

 Particle Flow Reconstruction:
    Using charged hadrons, muons and electrons to build
    particles flow objects = 

Tracks & Calorimeter deposit – charged deposit

● Tracks from Pileup are rejected if | z
0
- z

PV 
| > √ σ2 (z

0
)+ σ2 (z

PV
)

 Jets
 Anti-Kt (FastJet) JetAlgorithm 
 Particle-flow objects as inputs
 cone 0.4
 Jet Area pile-up correction:

● p
T

 jet, corrected = p
T

jet,raw -   ρ � Areajet

 Private calibration to the particle level:
● Evaluate <p

T

reco jet/ p
T

true jet> vs p
T

reco jet,ηreco jet

● Numeral inversion scale:

 p
T

reco jet calibrated  = f (<p
T

reco jet/ p
T

true jet>, p
T

reco jet,ηreco jetp
T
 ) 

p
T

reco jet calibrated >20 GeV

 Missing Transverse Energy:
      Negative vector sum of Jets, after pile-up correction and calibration

π±

Object in pile-up environment [WWbb analysis] 10
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S/sqrt(B)
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10*S/(B+S)

FCC-hh 100 TeV 3 ab-1

Delphes Simulation PU 50

stat. sign. 4.1σ with S/B 0.06, 13σ  @30 ab-1
very preliminary

S: 256 Bkg: 3916

Pre-training cuts:
pWW
T , pbbT > 150, 80 < mbb < 180GeV

�Rbb < 2.0

Input variables
�Rjj, �Rbb, �RWW, mWW

T ,mbb

mjj, p
bb
T , pWW

T , Emiss
T ,mW

T ,mWW

WWbb→lνqqbb MVA analysis 11
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VBF hh production

  

Double Higgs production

VBF

GGF

  

● In the minimal SM, linear realization
 c→ V = c2V = c3 = 1 and all  terms vanish…

● Measuring c2V  1  non-linearity!≠ →

Is EWSB (non-)linearly realised?
[Grinstein and Trott: [0704.1505]
[Contino, Grojean, Moretti, Piccinini, Rattazzi: 1002.1011]

SM

  

  

  

  

  

  

  

Kinematic cuts & b-tagging

B-tagging parameters:

Final cuts:

VBF jets at high η go in the very forward region, 50% 
event loss with η acceptance of 4 instead of 5

  

Results: probability intervals on 

Not strong sensitivity to SM hh production, but adds 
information on New Physics operators

12
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S/√B S/B (%)
• γγbb looks to be the golden channel; 

• need to reach maximal accuracy in this channel 
simulation, implementing pile-up simulation and 
more accurate fake estimate; 

• detector design should be driven by minimisation of 
systematics on it; 

• more work needed on WWbb to fully exploit its 
potentiality; 

• highly boosted topologies are less useful for λ 
measurement, sensitivity to λ from low mhh region

Conclusion 13
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FCC-hh looks to have a strong physics case
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Higgs quartic
15

5.2.4.4 The hh ! (bb)(`+`��) channel
The hh ! (b̄b)(`+`��) channel in the SM has a cross section �SM ' 0.21 fb, only slightly lower than
the hh ! (bb̄)(4`) one. The backgrounds are, however, substantially larger. An estimate of the relevance
of this channel can be obtained by including only the most significant irreducible backgrounds, namely
those from bb̄Z�, tt̄�, and hZ�, as well as the dominant reducible ones, where a photon is mis-tagged
in bb̄Z or tt̄ production.

Events are selected by requiring two leptons of the same flavor with pT,`{1,2} > {40, 35} GeV, two
anti-kt R = 0.4 b-jets with pT,b{1,2} > {60, 40} GeV, /ET < 80 GeV and a photon with pT,� > 40 GeV.
No isolation requirements are imposed on the photon. The additional cuts are imposed: �R(`1, `2) <
1.8, �R(`1, �) < 1.5 and 0.5 < �R(b1, b2) < 2.0. The invariant mass of the b-jet pair is required to be
in the range 100 < Mbb̄ < 150 GeV, while the system of the two leptons and the photon must have an
invariant mass lying in the rage 100 GeV < M`+`�� < 150 GeV.

Even after these cuts, the bb̄Z� background dominates the final sample, giving a signal-to-
background ratio of O(0.02 � 0.03) with only O(100) signal events with 30 ab�1 integrated luminosity.
Therefore, this channel is not expected to provide significant information on the double Higgs production
process at a 100 TeV pp collider, unless a significant alteration of the hh channel is present due to new
physics effects.

5.3 Triple Higgs production and the quartic Higgs self-coupling
In this section we discuss the prospects for the measurement of the triple-Higgs production process. The
main relevance of this channel lies in the possibility of directly accessing the quadrilinear Higgs self-
coupling. The very small production cross section, however, makes the measurement of �4 extremely
challenging.

Early work on triple-Higgs production showed that lepton colliders can not access this channel.
For instance, at an e+e� machine with a center-of-mass energy of

p
s = 1 TeV, the cross section of

the process e+e� ! ZHHH is only 0.4 ab [246], leading to just 1.2 signal events when assuming the
designed integrated luminosity of 3 ab�1.

The situation can instead be more favorable at high-energy hadron colliders. In this case the main
production channel is gluon fusion, while production modes in association with a gauge bosons, namely
WHHH + X and ZHHH + X , have a negligible cross section [247]. At the 14 TeV LHC the total
SM production cross section is of the order of 0.1 fb [211, 248, 249], which is too small to be observed
with the current designed luminosity. On the other hand, at a 100 TeV hadron collider, similarly to what
happens for double-Higgs production, the gluon fusion cross section increases by almost two orders of
magnitude with respect to the LHC value, reaching about 5 fb (see Table 25). This leads to a reasonable
amount of signal events to perform a dedicated analysis.
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Fig. 69: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard
Model. The vertices highlighted with blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

The main diagrams contributing to the gluon fusion channel are shown in Fig. 69. It turns out that,
exactly as in the double-Higgs process, the main contribution to the amplitude comes from the diagrams
that do not contain the multi-Higgs interactions, namely the pentagon ones. The diagrams with a trilinear
and a quadrilinear Higgs coupling, on the other hand, are significantly suppressed. The dependence of
the total cross section on the Higgs self couplings is thus expected to be quite mild. This expectation
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is indeed confirmed by Fig. 70, which shows the total cross section as a function of the Higgs quartic
coupling. A modification of the Higgs quartic self-coupling has also a marginal impact on the kinematic
distributions, as shown in Fig. 71. These results suggest that the extraction of the �4 coupling is a very
challenging task, and can be problematic unless the triple-Higgs production channel can be measured
with quite good accuracy.

Fig. 70: Inclusive LO cross-section for gg ! HHH as a function of the �4 parameter. Details on the computation
can be found in Ref. [250].

Fig. 71: Dependence of the differential cross-section for the triple Higgs production channel on the Higgs quartic
self-coupling. The left and right panels show the

p
ŝ and pH1

T distributions for the benchmark points �4 = 1 (SM)
and �4 = 0.

One of the most promising decay channel to observe the triple-Higgs production process is pp !
HHH ! bb̄bb̄��. This channel combines a clear enough final state, which can be used discriminate the
signal against the various backgrounds, and a relatively large cross section. In the following subsections
we will describe the three analyses of Refs. [250–252], which focus on scenarios with different b-tagging
efficiency, namely 60%, 70% and 80%. The 60% b-tagging benchmark can be considered as a pessimistic
scenario since it assumes the current b-tagging working point at the LHC. The other two analyses, on the
other hand, give an idea of how much the prospects for measuring triple-Higgs production can improve
with a higher detector performance.
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Signal bb̄jj�� Htt̄ S/B S/
p

B

preselection 50 2.3 ⇥ 105 2.2 ⇥ 104 2.5 ⇥ 10�4 0.14

�2
H,min < 6.1 26 4.6 ⇥ 104 9.9 ⇥ 103 5.0 ⇥ 10�4 0.14

|mrec
H � 126 GeV| < 5.1 GeV 20 1.7 ⇥ 104 7.0 ⇥ 103 8.1 ⇥ 10�4 0.15

Table 37: Signal sensitivity in the “pessimistic” scenario after each group of selection cuts is imposed. The
integrated luminosity is assumed to be 30 ab�1.

The impact of the various cuts listed before is shown in Table 37. The ratio S/B can be enhanced
by almost one order of magnitude, but the signal significance S/

p
S + B ' 0.15 remains quite poor.

The small size of the signal cross section, combined with the smearing induced by the finite detector
resolution, prevents an efficient suppression of the background. More sophisticated analysis strategies
(multivariate approaches and boosted decision trees) or the variation of the number of tagged b-jets do not
substantially modify the results and only allow a marginal improvement in the signal significance. With
such low sensitivity and weak dependence of the cross-section on the Higgs quartic self-coupling, the
analysis considered in this subsection is expected to lead to a determination of �4 in the range [�20, 30]
with an integrated luminosity of 30 ab�1.

5.3.2 Intermediate hypothesis: 70% b-tagging efficiency
The second scenario considered is an “intermediate” one in which the b-tagging efficiency is assumed to
be 70% [252]. For this analysis the signal and background events are generated by convoluting the LO
hard-scattering matrix elements (calculated by MADGRAPH5_AMC@NLO) with the NNPDF 2.3 set
of parton densities [125]. To take into account NLO effects the background samples are conservatively
rescaled by including a k-factor of 2. All generated final-state particles are required to have a transverse-
momentum pT > 15 GeV, a pseudorapidity |⌘| < 5 and to be isolated from each other by an angular
distance, in the transverse plane, of �R > 0.4. Parton shower, hadronization, underlying event and pile-
up effects are not included. Detector effects are taken into account by including generic reconstruction
features based on the ATLAS detector performances, namely a smearing of the momentum and energy
of the photons and jets [245, 257]. In particular, photons can be remarkably well reconstructed with a
resolution that only weakly depends on the energy. One consequently expects that a relatively narrow
peak, centered on the true Higgs-boson mass value, will emerge in the diphoton invariant-mass spectrum.
As already mentioned, the b-tagging efficiency is assumed to be 70% and the related mistagging rates for
a c-jet and a light jet are taken to be 18% and 1% respectively [258].

Events are preselected by demanding that they contain at least four central jets and exactly two
central photons with |⌘| < 2.5. The transverse momenta of the four leading jets are required to be greater
than 50, 30, 20 and 15 GeV, and the ones of the two photons to satisfy p�

1

T > 35 GeV and p�
2

T > 15 GeV.
In order to reduce the signal contamination from jets misidentified as photons, isolation constraints on
the photons are imposed, namely the transverse energy lying in a cone of radius R = 0.3 centered on
each photon is required to be smaller than 6 GeV [259]. After the preselection, the two Higgs bosons
originating from the four jets are reconstructed and their invariant masses mjj

k

(with k = 1, 2) are
required to satisfy |mh � mjj

k

| < 15 GeV. In order to solve possible combinatorics issues, the correct
two dijet systems are selected as the combination of jets that minimizes the mass asymmetry

�jj
1

,jj
2

=
mjj

1

� mjj
2

mjj
1

+ mjj
2

. (52)

The third Higgs boson is reconstructed from the diphoton system whose invariant mass m�� is required
to be in a window |mh � m�� | < M with M 2 [1, 5] GeV. For the minimal number of b-tagged jets,

100

observable PS cut
pT,b > 35 GeV, at least one > 70 GeV

|⌘b| < 3.2

pT,� > 35 GeV, at least one > 70 GeV

|⌘� | < 3.5

�R�� > 0.2

m�� 2 [90, 160] GeV

Table 39: The phase-space cuts imposed on the background samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄�� in the “optimistic”
scenario.

other two remaining b-jets are paired together.16 The invariant masses of the b-jet paired are constructed,
mclose,1

bb and mclose,2
bb respectively, which are required to be mclose,1

bb 2 [100, 160] GeV and mclose,2
bb 2

[90, 170] GeV. The rather large mass windows are chosen so as to retain most of the already rare signal.
Moreover, the distance between the highest-pT b-jet and the corresponding paired one is constructed and
restricted to be within �Rclose,1

bb 2 [0.2, 1.6].17 The invariant mass of the photon pair is required to be in
a small window around the measured Higgs boson mass m�� 2 [124, 126] GeV.18 Finally, the distance
between the two photons is required to be within �R�� 2 [0.2, 4.0]. The selection cuts are summarized
in Table 40.

observable selection cut
pT,b{1,2,3,4} > {80, 50, 40, 40} GeV
|⌘b| < 3.0

mclose,1
bb 2 [100, 160] GeV

mclose,2
bb 2 [90, 170] GeV

�Rclose,1
bb 2 [0.2, 1.6]

�Rclose,2
bb no cut

pT,�{1,2} > {70, 40} GeV
|⌘� | < 3.5

�R�� 2 [0.2, 4.0]

m�� 2 [124, 126] GeV

Table 40: Final selection cuts imposed in the “optimistic” analysis of the (bb̄)(bb̄)(��) final state.

The signal cross section after the cuts as well as the list of background processes considered in the
analysis is given in Table 41. The most significant backgrounds are the QCD production of bb̄bb̄��, along
with all processes involving the production of only two Higgs boson in association with extra jets of QCD
origin. More precisely, the latter class of processes closely reproduces the kinematic distribution of the
signal, since in this case the tight di-photon mass window is of no help. Moreover, the Higgs bosons in di-
Higgs production processes are harder on average than those in hhh, thus passing transverse momentum
cuts easily. This background could be tackled in future studies with a h ! bb̄ tagging algorithm based
on the jet substructure analysis techniques that exploit the differences between the energy spread of fat

16An alternative method based on the minimization of the squared sum of (mbb � mh) from each b-jet combination yields
results that differ by only O(1%) compared to the simpler �R method.

17The distance between the other paired b-jets was not found to have significant discriminating power.
18This cut implies that the di-photon resolution must be better than ⇠ 1 GeV at the FCC-hh. The current resolution at the

LHC is 1 � 2 GeV, [263,264] and thus it is not unreasonable to expect a marginally improved resolution at the detectors of the
future collider.
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Higgs boson as inflaton

V(h)

h0 = h0|h |0i

h
h0

V(h0)

Inflationary epoch

Inflation model 
•  need a scalar field (h is a scalar field) 
•  need a well shaped potential, with a slow-roll condition

												Infla%on	
4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇤ p� ⇥ ��

(45) ⇥(t) � const.

4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇤ p� ⇥ ��

(45) ⇥(t) � const.

(46) ⇥

the	inflaton	is	slowly	rolling	its	poten#al	

4 THE AUTHOR

(44) V (⇤) >>
1
2
⇤̇2 ⇤ p� ⇥ ⇥�

(45) ⇤(t) � const.

(46) ⇤

(47) H2 =
8�G

3
V (⇤) ⇥ const.

4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇥ p� � ��

BRIEF ARTICLE 3

(15) µ ⇥ ⇥2
� ⇥ ⇤k1⇤k2

⇥T/T ⇥ ⇤k

(16) CµT
⇤ ⇥ ⇧⇤k1⇤k2⇤k3⌃

(16) ⇥⌅µT
2M ⇤ 5 · 10�3

fNL

⇤
C̄µµ

⇤

10�28

⌅1/2

(ln �max)�1/2

⇥⌅TTT
2M ⇤ (2.5/fNL)(2000/�max)

(16)

(16) g⇥ = 0.29 ± 0.021 (68% CL)

�1
2
⌥µ⌃⌥µ⌃� V (⌃)� 1

4
Fµ⇥Fµ⇥ �

�

4f
⌃F̃µ⇥Fµ⇥ ,

(17)

(17) (�1 + �2 = odd)

red
�
aX

⇤1m1
aY ⇥

⇤2m2

⇥
(18)

(18) ⇤ ⇥ �T

T
⇥ ⇥⇧

⇧

(18) ⇤ ⌅ H⇥⌃

⌃̇

(18) a(t) ⌅ eHt

(18) (�1 + �2 = even)
accelerated	expansion	in	the	early	universe		

4 THE AUTHOR

(17) ln(1010As) = 3.062± 0.029 (68%CL)

(17) ns = 0.9677± 0.0060 (68%CL)

(17) f equil
NL = �16± 70 (68%CL)

fortho
NL = �34± 33 (68%CL)

(17) f local
NL = 2.5± 5.7 (68%CL)

(17) rD > 0.16 (95%CL)

(17) V 1/4 < 1.9⇥ 1016 GeV

(17)
�

H(t) =
ȧ

a

⇥

(17) (�1 + �2 = even)

ü 		

ü 		To	induce	accelera%on	the	poten%al	must	be	flat		

ü 		To	have	long	enough	infla%on,	V(φ)	must	be	flat		
for	long	enough	

ε =
MPl

2

2
Vφ
V
⎛

⎝
⎜

⎞

⎠
⎟

2

<<1

η =MPl
2 Vφφ
V

<<1

universe radius, exponentially expanding during inflation

The Higgs potential could have such 
role if properly shaped

In order to make this to work

Intringuing, λ nearly vanishes for high h value with the 
present value of top and Higgs mass.

Understanding the Higgs potential is the last missing piece of the SM, 
and it could have fundamental cosmological implications.

S =

Z 
1

2
M

2
plR+ L

�
d

4
x

p
�g =

Z 
1

2
M

2
plR� 1

2
@µh@

µ
h+ V (h) + ...

�
d

4
x

p
�g

slow-roll condition

need to be flat 
to fit slow-roll conditionV (h) ⇠ �h4h >> h0 � ⇠ 10�13

Gravitational action coupled to the SM sector
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The hh→ZZbb→4lbb channel

• ≥ 4 muons    with  pT > 5 GeV, |η| < 4.0 
• ≥ 4 electrons with  pT > 7 GeV, |η| < 4.0 
• Z1 selection:  l

+

l
-

 pair  with mass closest to the 
nominal Z boson mass  
 40 GeV < mZ1 < 120 GeV 

• Z2 selection: second l
+

l
-

 pair   
12 GeV < mZ2 < 120 GeV 

• Among the 4 selected leptons: at least one with 
pT>20 GeV and one with pT>10 GeV 

• QCD suppression: m(l
+

l
-

) > 4 GeV 

• Kinematic cuts:   m4l > 120 GeV, m4l < 130 GeV 

• At least 2 b-jets with pT > 30 GeV
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1ZM

20 30 40 50 60 70 80 90 100 110

Ev
en

ts
/0

.5
 G

eV

2−10

1−10

1

10

210

310
Delphes Simulation - PU 1000

 = 100 TeVs
AMC@NLO + Herwig++ 

µ + 4b b→H H 

 [GeV]
2ZM

0 10 20 30 40 50 60 70 80

Ev
en

ts
/0

.5
 G

eV

0

20

40

60

80

100

120

140

160

Delphes Simulation - PU 1000
 = 100 TeVs

AMC@NLO + Herwig++ 
µ + 4b b→H H 

 σ⋅L⋅
Br(hh→ZZbb→4lbb

)

no b-jet 
req. with b-jet ε 

(no b-jet)
ε 

( b-jet)
4e4μ 161 61 12.1 38% 7.4%
4e 161 40 7.7 25% 4.8%
Tot 322 101 20 31% 6.2%

L = 3ab�1

• forward b-tagging can be an important 
ingredient of the analysis, need to test 
configuration with fwd dipole 

• big impact from lepton isolation cut (not 
presented here), need to optimise 
isolation criteria
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

Vacuum stability regions
We are at the edge between stability and instability, in a quite narrow region of the 

meta-stability region (many theoretical speculations are starting, why are we there?)

19
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Vacuum stability

The modification of λ with the energy 
implies a dependence  Λ(Φ).   The Higgs 
potential has a shape that is more complex 
than just λΦ4.

Relation between top and Higgs masses 
and stability of the vacuum in our universe  

6 
Degrassi et al. ArXiv:1205.6497, arXiv:1307.3536 

Electroweak Vacuum 

€ 

V =
1
2

µ2Φ2 +
1
4
Λ(scale)Φ4

CERN-PH-TH-2013-166 FTUAM-13-20 IFT-UAM/CSIC-13-082 RM3-TH/13-9

Investigating the near-criticality
of the Higgs boson

Dario Buttazzoa,b, Giuseppe Degrassic, Pier Paolo Giardinoa,d,
Gian F. Giudicea, Filippo Salab,e, Alberto Salviob,f ,

Alessandro Strumiad
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(b) Scuola Normale Superiore and INFN, sezione di Pisa, Italy

(c) Dipartimento di Matematica e Fisica, Università di Roma Tre and
INFN sezione di Roma Tre, Italy

(d) Dipartimento di Fisica, Università di Pisa and INFN, sezione di Pisa, Italy

(e) Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA, USA

(f) Departamento de F́ısica Teórica, Universidad Autónoma de Madrid
and Instituto de F́ısica Teórica IFT-UAM/CSIC, Madrid, Spain

Abstract

We extract from data the parameters of the Higgs potential, the top
Yukawa coupling and the electroweak gauge couplings with full 2-loop
NNLO precision, and we extrapolate the SM parameters up to large
energies with full 3-loop NNLO RGE precision. Then we study the
phase diagram of the Standard Model in terms of high-energy parame-
ters, finding that the measured Higgs mass roughly corresponds to the
minimum values of the Higgs quartic and top Yukawa and the max-
imum value of the gauge couplings allowed by vacuum metastability.
We discuss various theoretical interpretations of the near-criticality of
the Higgs mass.

ar
X

iv
:1

30
7.

35
36

v2
  [

he
p-

ph
]  

12
 N

ov
 2

01
3

C
E
R
N
-P
H
-T

H
-2013-166

F
T
U
A
M
-13-20

IF
T
-U

A
M
/C

S
IC

-13-082
R
M
3-T

H
/13-9

In
v
e
stig

a
tin

g
th

e
n
e
a
r-c

ritic
a
lity

o
f
th

e
H
ig
g
s
b
o
so

n

D
a
rio

B
u
tta

z
z
o
a
,
b,

G
iu
se
p
p
e
D
e
g
ra

ssi
c,

P
ie
r
P
a
o
lo

G
ia
rd

in
o
a
,
d,

G
ia
n

F
.
G
iu
d
ic
e
a,

F
ilip

p
o
S
a
la

b
,
e,

A
lb
e
rto

S
a
lv
io

b
,
f,

A
le
ssa

n
d
ro

S
tru

m
ia

d

(a)
C
E
R
N
,
T
heory

D
ivision

,
G
en
eva,

S
w
itzerlan

d

(b)
S
cu
ola

N
orm

ale
S
u
periore

an
d
IN

F
N
,
sezion

e
di

P
isa,

Italy

(c)
D
ipartim

en
to

di
M
atem

atica
e
F
isica,

U
n
iversità
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+ ...

See  Buttazzo et al. and talk from  V. Branchina 
(Moriond QCD 2014)
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MH = 126 GeV Mt = 173.1 GeV

E W = 246 GeV

NOT IN SCALE

Instability = 1011 GeV

M
P

 ~1031 GeV !!!

New minimum at � ⇠ 10

31
Gev !!!!

SM E↵ective Potential extrapolated well above MP !!!

Does it make any sense ???

11

stable

Vacuum collapses.
If the lifetime is larger than the age of the 
universe  we call it metastable otherwise it 
is unstable. What’s the shape of the Higgs 
potential?
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