
Review of SM Higgs studies at future hadron 
colliders (with a bias towards FCC-hh)

Heather M. Gray, CERN
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Twin solenoid with dipoles

Partially shielded solenoid with dipoles

Unshielded solenoid with dipoles

Twin solenoid with forward solenoid

Magnet systems under consideration
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Future hadron colliders
• Three proposed high-energy hadron colliders


• HE-LHC (CERN): 26-33 TeV, ?

• SppC (China): 70 TeV, 2042

• FCC-hh (CERN): 100 TeV, 2035
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Civil design: “Qinghuangdao” site 
investigation

SppC
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FCC-hh
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Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

International FCC collaboration 
(CERN as host lab) to study: 
• pp-collider (FCC-hh)       
Æ main emphasis, defining 
infrastructure requirements 

• 80-100 km tunnel infrastructure 
in Geneva area

• e+e- collider (FCC-ee) as 
potential first step

• p-e (FCC-he) option
• HE-LHC with FCC-hh technology

~16 T � 100 TeV pp in 100 km

Future Circular Collider Study 
GOAL: CDR and cost review for the next ESU (2019)
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Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

20 years

DesignFCC

Now is the time to plan for the period 2035 – 2040 

CERN Circular Colliders & FCC
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Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

• 90 – 100 km fits geological situation well
• Review confirmed focus on 100 km, planar version 
• LHC suitable as potential injector
• The 100 km version, intersecting LHC, is being 

studied now in more detail

Progress on site investigations
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Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

• 2 main IPs in A, G for both machines
• asymmetric IR optic/geometry for ee

to limit synchrotron radiation to detector

Common layouts for hh & ee
11.9 m 30 mrad

9.4 m

FCC-hh/
ee Booster

Common
RF (tt)

Common
RF (tt)

IP

IP

0.6 m

Max. separation of 3(4) rings is about 12 m: 
wider tunnel or two tunnels are necessary 

around the IPs, for ±1.2 km. 

Lepton beams must cross over through the 
common RF to enter the IP from inside.

Only a half of each ring is filled with bunches.

FCC-ee 1, FCC-ee 2, 
FCC-ee booster (FCC-hh footprint)

FCC-hh
layout
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Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

parameter FCC-hh SPPC HE-LHC* (HL) LHC
collision energy cms [TeV] 100 71.2 >25 14

dipole field [T] 16 20 16 8.3

circumference [km] 100 54 27 27

# IP 2 main & 2 2 2 & 2 2 & 2

beam current [A] 0.5 1.0 1.12 (1.12) 0.58

bunch intensity  [1011] 1 1 (0.2) 2 2.2 (2.2) 1.15

bunch spacing  [ns] 25 25 (5) 25 25 25

beta* [m] 1.1 0.3 0.75 0.25 (0.15) 0.55

luminosity/IP [1034 cm-2s-1] 5 20 - 30 12 >25 (5) 1

events/bunch crossing 170 <1020 (204) 400 850 (135) 27

stored energy/beam [GJ] 8.4 6.6 1.2 (0.7) 0.36

synchrotr. rad. [W/m/beam] 30 58 3.6 (0.35) 0.18

*tentative

hadron collider parameters
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Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

Some design challenges:
• large η acceptance
• radiation levels of          

>50 x LHC Phase II
• pileup of ~1000

A B=6 T, R=6 m solenoid with shielding coil and 2 dipoles has been 
engineered in detail. 
Different alternative magnet systems are also being explored. 

Detector Concepts for 100 TeV pp

R&D for FCC detectors is a natural continuation 
of the R&D for LHC Phase II upgrade

25

Twin Solenoid + Dipole Magnet System

W. Riegler (CERN)



Baseline Geometry 11

Barrel:
Tracker available space:
R=2.1cm to R=2.5m, L=8m

EMCAL available space: 
R=2.5m to R= 3.6m Æ dR= 1.1m

HCAL available space:
R= 3.6m to R=6.0m Æ dR=2.4m

Coil+Cryostat:
R= 6m to R= 7.825 Æ dR = 1.575m, L=10.1m

Muon available space:
R= 7.825m to R= 13m Æ dR = 5.175m
Revision of outer radius is ongoing.

Coil2:
R=13m to R=13.47m Æ dR=0.475m, L=7.6m

Forward:
Dipole:
z= 14.8m to z= 21m Æ dz=6.2m

FTracker available space:
z=21m to R=24m, L=3m

FEMCAL available space: 
Z=24m to z= 25.1m Æ dz= 1.1m

FHCAL available space:
z= 25.1m to z=27.5m Æ dz=2.4m

FMuon available space:
z= 27.5m to z=31.5m Æ dz=4m

Baseline Geometry used up to now , Twin Solenoid, 6T, 12m bore, 10Tm dipole
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Endcap:
EMCAL available space: 
z=8m to z= 9.1m Æ dz= 1.1m

HCAL available space:
z= 9.1m to z=11.5m Æ dz=2.4m

Muon available space:
z= 11.5m to z= 14.8m Æ dz = 3.3m

W. Riegler (CERN)

W. Riegler, FCC week

https://indico.cern.ch/event/438866/contribution/1085166/attachments/1257070/1856193/FCC_week_rome_overview_riegler.pdf


Baseline towards CDR 12

W. Riegler (CERN) 10

6T/12m bore: 
Extreme magnet challenge, comfortable space for 2.4m tracker radius and 12 
lambda of calorimeter.

4T/8m bore: 
Extreme detector technology challenge, 1m tracker radius, short calorimeter, 
possibly Tungsten.  

4T/10m bore:
Probably a good middle ground from which we can explore the performance 
towards smaller and larger values.

For the forward spectrometer:
Pushing the detector resolution and relaxing the field integram form 10 to 4-
5Tm seems appropriate.

Development of ‘Detector Baseline’



CEPC-SPPC
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CEPC-SPPC
• Electron-positron collider(90, 250 GeV)

– Higgs Factory: Precision study of Higgs
• Higgs mass, width, couplings, JPC, etc.
• Looking for deviation from SM, new physics ?

– Z & W factory: precision test of SM
• Deviation from SM ? 

– Flavor factory: b, c, t and QCD studies

• Proton-proton collider(~100 TeV)
– Directly search for new physics beyond SM
– Precision test of SM

• e.g., h3 & h4 couplings

Precision measurement + searches: 
Complementary with each other !

Y. Wang @ FCC week

http://indico.cern.ch/event/438866/session/74/contribution/58/attachments/1256098/1854272/CEPC-Rome-FCCweek.pdf
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Site Selection
• Continue to work on site selection
• A new possibility, invited by the local government

Southern China, near Daya Bay/Hong Kong



16Timeline (dream)
• CPEC

– Pre-study, R&D and preparation work
• Pre-study: 2013-15  

– Pre-CDR for R&D funding request
• R&D: 2016-2020
• Engineering Design: 2015-2020

– Construction: 2022-2028
– Data taking: 2029-2035

• SppC
– Pre-study, R&D and preparation work

• Pre-study: 2013-2020
• R&D: 2020-2030 
• Engineering Design: 2030-2035

– Construction: 2035-2042
– Data taking: 2042 -

Y. Wang @ FCC week

http://indico.cern.ch/event/438866/session/74/contribution/58/attachments/1256098/1854272/CEPC-Rome-FCCweek.pdf
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Science, vol. 351, no. 6280, pp. 1382, 2016

Media is media
Chinese media is also media
Don’t get too excited, nor panic
CEPC will not be easy and quick
R&D will come gradually

Y. Wang @ FCC week

http://indico.cern.ch/event/438866/session/74/contribution/58/attachments/1256098/1854272/CEPC-Rome-FCCweek.pdf


Higgs Physics at 100 TeV
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Yellow Report on Higgs Studies

• Single Higgs Production, cross-sections

• Prospects for precision Higgs measurements

• MultiHiggs production and trilinear Higgs coupling

• (Extended Higgs sectors in BSM models)
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Higgs Chapter

https://www.dropbox.com/s/dy761ptu24jiity/02-Higgs.pdf?dl=0


Single Higgs Production
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Higgs production cross-sections 21

Number of produced Higgs bosons taking  
L8=20 fb-1 (LHC Run1)  
L14=3000 fb-1 (HL-LHC) 

L100=20 ab-1 (FCC)  
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(1) ttH grows due to gluon pdfs & improved kinematics

ttH: 61xσ(14 TeV); ggF:15xσ(14 TeV)

100 TeV Opportunities

ggF: SusHi!
ttH: MG5*K
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1 SM Higgs production
We discuss in this Section the production properties, at 100 TeV, of a single 125 GeV SM Higgs boson,
covering total rates and kinematical distributions. Multiple Higgs production is discussed in Section 3.

For ease of reference, and for the dominant production channels, we summarize in Table 1 the
central values of the total cross sections that will be described in more detail below. The increases with
respect to the LHC energy are very large, ranging from a factor of ⇠ 10 for the V H (V = W,Z)
associated production, to a factor of ⇠ 60 for the tt̄H channel. As will be shown in this section, much
larger increases are expected for kinematic configurations at large transverse momentum.

With these very large rate increases, it is important to verify that the relative accuracy of the pre-
dictions does not deteriorate. We shall therefore present the current estimates of theoretical systematics,
based on the available calculations of QCD and electroweak perturbative corrections, and on the knowl-
edge of the proton parton distribution functions (PDFs). With the long time between now and the possible
operation of the FCC-hh, the results shown here represent only a crude and conservative picture of the
precision that will eventually be available. But it is extremely encouraging that, already today, the typical
systematical uncertainties at 100 TeV, whether due to missing higher-order effects or to PDFs, are com-
parable to those at 14 TeV. This implies that, in perspective, the FCC-hh has a great potential to perform
precision measurements of the Higgs boson. A first assessment of this potential will be discussed in the
next Section.

In addition to the standard production processes, we document, in the last part of this Section, the
rates of rarer channels of associated production (e.g. production with multiple gauge bosons). These
processes could allow independent tests of the Higgs boson properties, and might provide channels with
improved signal over background, with possibly reduced systematic uncertainties. We hope that the first
results shown here will trigger some dedicated phenomenological analysis.

gg ! H V BF HW± HZ tt̄H

(Sect 1.1) (Sect 1.5) (Sect 1.4) (Sect 1.4) (Sect 1.6)

�(pb) 802 69 15.7 11.2 32.1

�(100 TeV)/�(14 TeV) 16.5 16.1 10.4 11.4 52.3

Table 1: Upper row: cross sections for production of a SM Higgs boson in gg fusion, vector boson fusion,
associated production with W and Z bosons, and associated production with a tt̄ pair. Lower row: rate increase
relative to 14 TeV [1]. The details of the individual processes are described in the relevant subsections.

1.1 Inclusive gg ! H production
In this section we analyse the production of a Standard Model Higgs boson via the gluon fusion produc-
tion mode at a 100 TeV proton proton collider. As at the LHC with 13 TeV this particular production
mode represents the dominant channel for the production of Higgs bosons.

We relate perturbative QFT predictions to the cross section at a
p

S = 100 TeV collider using the
general factorisation formula

� = ⌧
X

ij

Z 1

⌧

dz

z

Z 1

⌧
z

dx

x
fi (x) fj

⇣ ⌧

zx

⌘ �̂ij(z)
z

, (1)

where �̂ij are the partonic cross sections for producing a Higgs boson from a scattering of partons i and
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N100 = σ100 x 20 ab-1

N14 = σ100 x 3 ab-1


N8 = σ8 x 20 fb-1
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p
S 100TeV

mh 125GeV
PDF

as(mZ) 0.118
mt(mt) 162.7 (MS)
mb(mb) 4.18 (MS)

mc(3GeV ) 0.986 (MS)
µ = µR = µF 62.5 (= mh/2)

Table 2: Setup

1.1.1 Effective Theory
The Higgs boson cross section is plagued by especially large perturbative QCD corrections. The dom-
inant part of these corrections is captured by the effective field theory description of the cross section
introduced in eq. (4). As a measure for the uncertainty of the partonic cross section due to the truncation
of the perturbative series we regard the dependence of the cross section on the unphysical scale µ of
dimensional regularisation. We will choose a central scale µcentral = mh

2 for the prediction of the central
value of our cross section and vary the scale in the interval µ 2 ⇥mh

4 ,mh

⇤
to obtain an estimate of the

uncertainty due to missing higher orders.
First, we investigate the dependence of �̂ij,EFT computed through different orders in perturbation

theory on the hadronic center of mass energy S as plotted in fig. 1. One can easily see that an increase of

Fig. 1: The gluon fusion cross section at all perturbative orders through N3LO in the scale interval
⇥

mh
4 ,mh

⇤
as

a function of the collider energy
p

S.

the center of mass energy leads to a more than linear increase of the production cross section. Further-
more, we observe that higher orders in perturbation theory play an important role for precise predictions
for the Higgs boson cross section. The lower orders dramatically underestimate the cross section and
particular the scale uncertainty. Only with the recently obtained N3LO corrections [14] the perturbative
series finally stabilises and the uncertainty estimate due to scale variations is significantly reduced.
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�PDF �↵S �scale �PDF-theo �EW �tbc �
1

mt

± 2.5% ± 2.9% +0.8%
�1.9% ± 2.7% ± 1% ± 0.8% ± 1%

Table 3: Various sources of uncertainties of the inclusive gluon fusion Higgs production cross section at a 100
TeV proton-proton collider.

1.1.5 Summary
In this section we have discussed state of the art predictions for the inclusive Higgs boson production
cross section via gluon fusion at a 100 TeV proton proton collider. This inclusive cross section will
be accessible experimentally at percent level precision and an in-depth theoretical understanding of this
observable is consequently paramount to a successful Higgs phenomenology program at the FCC.

Already now we are in the position to derive high precision predictions for this cross section. The
current state of the art prediction with its associated uncertainties is:

� = 802 pb +6.1%
�7.2%(�theo)+2.5%

�2.5%(�PDF)+2.9%
�2.9%(�↵s). (11)

A more detailed summary of all sources of uncertainties we included can be found in tab. 3. In eq. (11)
we combined all but the PDF and ↵S uncertainty linearly to obtain one theoretical uncertainty �theo for
the gluon fusion Higgs production cross section at 100 TeV.

The experimental and theoretical advances in anticipation of a 100 TeV collider will help to elevate
the inclusive Higgs production cross section to an unprecedented level of precision that will enable future
collider studies to tackle the precision frontier. Improvements of the experimental methods and extraction
methods as well as refined theoretical predictions will lead to more precise determinations of the strong
coupling constant and of the parton distributions. This will serve to greatly reduce the dominant sources
of uncertainty that plague the Higgs cross section at the current level of precision. One of the most
important advances for precision in anticipation of a 100 TeV collider will be the extraction of N3LO
parton distribution functions. This will unlock the full benefit of the N3LO calculation of partonic cross
section and lead to a significant reduction of the residual uncertainty. Another milestone for theoretical
predictions will be computation of the NNLO partonic cross sections with full dependence on the quark
masses. This computation would simultaneously shrink the uncertainties due to �tbc as well as �

1

mt

.
Furthermore, an improved understanding of electroweak effects will be highly desirable. In particular a
full calculation of the mixed QCD and electroweak corrections to Higgs production will lead to a better
control of the residual uncertainties and bring the inclusive Higgs cross section to an even higher level of
precision.
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N3LO calculation of gg→H!
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8

Why Higgs physics at a 100 TeV pp collider

2. FCC-hh is an energy frontier experiment

- discovery of extended Higgs sectors 

- physics studies in extreme kinematic regimes

Fig. 40: Integrated Higgs transverse momentum rates, for various production channels, with 20 ab�1. The light-
dotted horizontal lines in the left (right) panel correspond to the production of 105 (10) events with a Higgs decay
to the indicated final states.

emerges as the most abundant source of large-pT Higgses. Moving to yet larger pT , even VBF and
eventually associated V H production come to be more important than gg � H . The key reason for this
is the form-factor-like suppression of the ggH vertex at large virtuality, when the finite-mtop effects are
properly accounted for.

This observation has important implications for the measurements. For example, while dedicated
cuts are needed to extract the VBF Higgs-production signal from the inclusive gg � H + X Higgs
sample, at large pT the dominant source of irreducible background is top production. The separation of
tt̄H from VBF when pT (H) > 1 TeV can rely on kinematic and event-shape discriminators, which are
likely more powerful and efficient than the usual VBF cuts. This may also have important implications on
the detector, since optimal acceptance to VBF cuts requires instrumentation in the very difficult forward
⇥ region.

Large Higgs pT values, furthermore, make it possible to consider using the otherwise disfavoured
H � bb̄ decay mode, thanks to the higher and higher discrimination power of jet-structure techniques.
The ability to use this high-BR decay, extends considerably the accessible pT (H) range. Lower-BR final
states, such as H � ��, ZZ⇥, Z� or µ+µ�, remain nevertheless usable for precision measurements (i.e.
event rates in excess of 104), over a broad range of pT .

In this Section we shall elaborate in some more detail on these ideas. One could organize the
discussion according to final state (e.g. addressing the issue of how to best measure a given BR from a
global fit of several production channels), or according to production channel (e.g. to compare different
decays in the same channel, in order to remove possible production systematics from the precise determi-
nation of BR ratios). We shall adopt a mixed approach and, as emphasized above, we shall not analyze in
quantitative terms all sources of theoretical and experimental uncertainties. Several of the studies shown
here were done including only the leading relevant order of pertubation theory. We include the dominant
sources of backgrounds, and make crude, and typically optimistic, assumptions about the relevant de-
tector performance issues. The key purpose is to show what is in principle possible, and postpone more
rigorous studies to future work.

48

• Hierarchy in production processes is strongly pT                                    
dependent, ttH overtakes ggF around 700 GeV, then WH overtakes 
ttH around 6 TeV


• Reason: Form-factor-like suppression of the ggH vertex at large 
virtuality, due to finite-mtop effects



Extreme kinematics (II)

• Similarly, within ‘ggF’

• e.g. ‘gq’ has a larger cross-section than ‘gg’ for pT > 2.5 TeV
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Fig. 8: Channel decomposition of the Higgs total cross section, as a function of the Higgs transverse momentum.
See text for details.

�(pt > pt,cut)⇥BR = 1 fb �(pt > pt,cut)⇥BR = 1 ab
H ! bb̄ pt,cut = 1860 GeV pt,cut = 5380 GeV
H ! ⌧ ⌧̄ pt,cut = 1240 GeV pt,cut = 3950 GeV

H ! µ+µ� pt,cut = 340 GeV pt,cut = 1570 GeV
H ! cc̄ pt,cut = 1070 GeV pt,cut = 3520 GeV
H ! ss̄ pt,cut = 350 GeV pt,cut = 1600 GeV
H ! gg pt,cut = 1320 GeV pt,cut = 4130 GeV
H ! �� pt,cut = 620 GeV pt,cut = 2350 GeV
H ! Z� pt,cut = 570 GeV pt,cut = 2200 GeV

H !W+W� pt,cut = 1560 GeV pt,cut = 4700 GeV
H ! ZZ pt,cut = 1050 GeV pt,cut = 3470 GeV

Table 4: Cross-section times branching ratio as a function of pt,cut. Each entry corresponds to the pt,cut value.
No V V ! 4l branching ratio included.

for Higgs production in association with one extra jet by showing in Fig. 9 the Higgs and jet rapidity
distributions at 100 TeV compared with the same at 13 TeV. It is clear that a wider rapidity coverage is
desirable at 100 TeV.

Finally, we consider differential distributions of Higgs decay products. As a case of study, we
consider the H ! WW channel and study the kinematics distributions of the final state leptons. We
consider two scenarios, one with a mild cut p?,H > 60 GeV on the Higgs transverse momentum and one
with a much harder cut p?,H > 1 TeV. For reference, the total cross section for pp ! H ! WW !
2l2⌫ in the two cases is � = 470/0.1 fb for the low/high cut. Results are shown in Fig. 10. While

14



VBF @ 100 TeV

• Study of VBF production with simple selection cuts

• Rapidity coverage is critical: 40% events retained for |η| < 4.5

• Would benefit from coverage up to |η| < 6 … challenging
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Fig. 29: The total number of VBFH events produced with pt,H > pt,min at a 100 TeV collider with an integrated
luminosity of 20 ab�1under three different jet pt cuts and with the VBF cuts of eq. (17) applied. Left panel: pt,H

in the range 0-2 TeV. Right panel: pt,H in the range 2-10 TeV.
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Fig. 30: The total number of VBFH events produced with pt,H > pt,min at a 100 TeV collider with an integrated
luminosity of 20 ab�1 with no cuts applied. Left panel: Spectrum computed at LO, NLO and NNLO in QCD. Due
to the small corrections the difference between the three curves is hard to see by eye. Right panel: The k-factor
going from LO to NLO and NLO to NNLO.
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Fig. 31: The total number of VBFH events produced with Mj1j2 > Mmin at a 100 TeV collider with an integrated
luminosity of 20 ab�1. Left panel: Three different jet pt cuts applied but no VBF cuts applied. Right panel: VBF
cuts of eq. (17) and three different jet pt cuts applied.
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Fig. 32: The total fraction of events where max(|yj1 |, |yj2 |) > ymin at a 100 TeV collider. Left panel: Three
different jet pt cuts applied but no VBF cuts applied. Right panel: VBF cuts of eq. (17) and three different jet pt

cuts applied.
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requiring pt,j > 30 GeV, the VBF signal to QCD background ratio is roughly 3 with a total NNLO-QCD
VBF cross section of about 12 pb. From Figure 23 it is clear that one could also impose a cut on �jj to
improve the suppression whereas a cut on �Rjj would not help to achieve that. We hence state the VBF
cuts that we will be using throughout this section are

Mj
1

j
2

> 1600GeV, �yj
1

j
2

> 6.5, yj
1

yj
2

< 0. (17)

where j1 is the hardest jet in the event and j2 is the second hardest jet. At a 13 TeV machine the
VBFH cross section is O(1pb) under typical VBF cuts.
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Fig. 23: Left panel: The azimuthal angle �jj between the two hardest jets in VBFH and QCD Hjj production at
100 TeV. right panel: The rapidity-azimuthal angle separation of the two hardest jets �Rjj in VBFH and QCD Hjj
production at 100 TeV.

In table 12 we show the fiducial cross section obtained after applying the VBF cuts of eq. (17) to
VBFH and QCD Hjj production. The cross sections are reported at the three different jet pt cut values
{30, 50, 100} GeV. All numbers are computed at LO. It is clear from the table that requiring a somewhat
higher jet pt cut than 30 GeV leads to a lower S/

p
B ratio. In going from 30 GeV to 50 GeV this

reduction is however small.

Table 12: Fiducial VBFH and QCD Hjj cross sections for a 100 TeV proton-proton collider at LO under the VBF
cuts of (17). The numbers are obtained using the setup of Table 10 using the PDF. S/

p
B is defined

as the ratio between the VBFH signal and the square root of the QCD background at an integrated luminosity of
20 ab�1.

�(pt,j > 30 GeV) [pb] �(pt,j > 50 GeV) [pb] �(pt,j > 100 GeV) [pb]
VBFH 14.1 7.51 1.08
QCD Hjj 5.04 1.97 0.331
S/
p

B@(20 ab�1) 28100 24200 8500

In table 13 we show for comparison the cross sections obtained after only applying the three jet
pt cuts. As expected the VBFH signal is drowned in the QCD background. It is worth noticing that the
S/
p

B ratio is still very large when one assumes an integrated luminosity of 20 ab�1 and that it declines
as the jet cut is increased.
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Rare modes
• At 100 TeV, production cross-sections for very rare modes become 

non-negligible

• Huge increase for pp→Htj: 250x 8 TeV (no cuts)

• Could use HVV to constrain possible anomalous Higgs couplings to 

vector-boson (and fermion) pairs?,

• perturbative unitarity at high energy

• anomalous triple-vector-boson vertices 
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1.7 Rare production modes
The first section of table 19 [106], obtained with the code [102], reports the rate
for associated production of a SM Higgs boson with a single top. The cross section is in excess of 5
picobarns at 100 TeV, and displays a considerable increase with collider energy.

This remarkable growth, together with the sensitivity of this process to the sign of the top Yukawa
coupling yt [107], makes this reaction a golden channel for a precise measurement of the latter. It has
been shown [108] that already at the 14-TeV LHC it is possible to put loose bounds on the sign of yt,
mainly with a semileptonically decaying top quark, and in the H ! bb̄ and H ! �� decay channels.
At 100 TeV the situation will improve considerably: the NLO cross section for the main irreducible
background to tH(! ��)j production, namely t��j QCD production, has a growth ⇢ comparable to
that of the signal, hence the significance of the signal, in comparison with the LHC, is expected to scale
at least with the square root of the number of events. Moreover, the sensitivity of the signal to yt is only
slightly reduced at 100 TeV with respect to 8 TeV, as shown explicitly in the left panel of figure 39.

The second part of table 19 and the right panel of figure 39 [106] detail the cross section for a
Higgs in association with a pair of gauge bosons (see also [109] for a recent analysis). Rates for these
channels are smaller than for single top, of the order of a few tens of femtobarns at 100 TeV, but still
accessible. Theoretical systematics are typically below 10%, and the rate growth with energy is mild,
compatibly with the fact that these processes are qq̄-driven.

These rare channels are interesting as they can add some power to constrain possible anomalous
Higgs couplings to vector-boson (and fermion) pairs, which in turn has implications on the analysis of
perturbative unitarity at high energy and strong links with the study of anomalous triple-vector-boson
vertices [110, 111]. In particular the pp ! HW+W� process, the one with the largest cross section in
this category, has been shown [112] to be promising in this respect already at the high-luminosity LHC,
and will considerably benefit from the rate increase of a factor of roughly forty at 100 TeV.

Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

pp ! Htj 2.07 · 101 +2%
�1%

+2%
�2% 5.21 · 103 +3%

�5%
+1%
�1% 252

pp ! HW+W� (4FS) 4.62 · 100 +3%
�2%

+2%
�2% 1.68 · 102 +5%

�6%
+2%
�1% 36

pp ! HZW± 2.17 · 100 +4%
�4%

+2%
�2% 9.94 · 101 +6%

�7%
+2%
�1% 46

pp ! HW±� 2.36 · 100 +3%
�3%

+2%
�2% 7.75 · 101 +7%

�8%
+2%
�1% 33

pp ! HZ� 1.54 · 100 +3%
�2%

+2%
�2% 4.29 · 101 +5%

�7%
+2%
�2% 28

pp ! HZZ 1.10 · 100 +2%
�2%

+2%
�2% 4.20 · 101 +4%

�6%
+2%
�1% 38

Table 19: Production of a Higgs boson at 8 and 100 TeV. The rightmost column reports the ratio ⇢ of the 100-
TeV to the 8-TeV cross sections [106]. Theoretical uncertainties are due to scale and PDF variations, respectively.
Processes pp! Htj does not feature any jet cuts.
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Fig. 39: Left panel: sensitivity of pp ! Htj to yt at 8 and 100 TeV; right panel: cross section for associated
production of a Higgs and up to two electroweak vector bosons [106].
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Can this channel be used for a measurement of yt? 



Detector Acceptance 28

2.1 Higgs acceptance
We present here some reference results to document the detector acceptance for Higgs decay final states,
as a function of the pseudorapidity coverage and of the minimum pT thresholds. These results can orient
the choices in the optimal detector layout.

Figure 41 shows the detector acceptance, for different pT thresholds, for 2-body Higgs decays
(e.g. H ! bb̄, H ! ��, H ! µ+µ�. Each box corresponds to Higgs bosons produced in gg fusion, at
various fixed values of the Higgs transverse momentum (pT (H) = 0, 50, 100, 200, 500 and 1000 GeV.
For each pT (H) value we consider a minimum pT cut (pT,min) for the two decay products (0, 20, 30 and
40 GeV), and show the acceptance as a function of the largest |⌘| (⌘max). The acceptance is defined with
respect to the total sample of events produced at the given value of pT (H).

The largest sensitivity to pT,min is present for values of pT (H) around 50 GeV, since the boost
in this range will suppress the acceptace for the decay particle produced in the backward direction with
respect to the Higgs direction. For the largest values of pT (H), the acceptance is much less sensitive to
pT,min, and is well optimized in the central region |⌘| < 2.5.

Fig. 41:

Figure 42 shows similar results, for the 3-body decay H ! Z� ! µ+µ��. The pT,min and ⌘
cuts here are applied to all decay products. At pT (H) = 0 there is no acceptance for pT,min � 30 GeV,
since the photon energy in the H rest frame is of order 30 GeV (up to a negligible effect due to the finite
Z width). For these decays, the overall loss in acceptance due to the pT threshold is always significant,
as shown by the large-⌘ limit of the distributions.

The strong pT,min dependence is emphasized even more in the 4-body decays, such as H !
WW ⇤ ! 2`2⌫ and H ! ZZ⇤ ! 4`, whose acceptance plots are shown in Figs. 43 and 44. For 4-
lepton decays, we consider also the acceptance of asymmetric cuts, such as those used at the LHC. They
appear as absolutely necessary, at least for pT (H) values below ⇠ 500 GeV, since the decay kinematics
ehnances the spectral asymmetry, and a uniform cut for all leptons at 20 GeV would lead to an acceptance
at the percent level.

For example, ATLAS [113] requires the three leading leptons to have pT larger than 10, 15 and
20 GeV, and the fourth lepton to exceed 6 (if muon) or 7 (if electron) GeV. CMS [114] requires the
two leading leptons to have pT larger than 10 and 20 GeV, and the others to exceed 5 (if muon) or 7 (if
electron) GeV. We consider here similar cuts, namely the thresholds (5, 10, 15, 20) or (10, 10, 15, 20).
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2 body 
decay

4 body 
decay, 

e.g. 
ZZ→4l

Fig. 44:

H decay pT (H) |⌘| < 2.5 < 4 < 5 H decay pT (H) |⌘| < 2.5 < 4 < 5
2-body 0 0.5 0.76 0.84 Z� ! ``� 0 0.33 0.51 0.57
pmin

T = 30 50 0.48 0.68 0.74 pmin
T = 20 50 0.32 0.49 0.53

500 0.72 0.87 0.88 500 0.66 0.81 0.82
WW ⇤ ! 2`2⌫ 0 0.17 0.25 0.28 ZZ⇤ ! 4` 0 0.20 0.33 0.38
pmin

T = 20 50 0.21 0.30 0.33 pmin
T = 10 50 0.23 0.36 0.40

500 0.66 0.79 0.80 500 0.63 0.77 0.79

Table 21: Acceptances for various Higgs decay modes, in gg ! H + X production, as function of Higgs pT . All
final state products (except the nuetrinos in the WW ⇤ mode) are required to have pT > pT,min.

2.2 Small-BR H final states at intermediate pT

We consider here H decays with BRs in the range of 10�3�10�4, such as H ! ��, H ! �Z, H ! 4`
and µ+µ�. At a fully inclusive level, these events are produced by the millions; a thorough analysis of
the potential for precise measurements from these large samples requires a detailed understanding of the
experimental environment, starting from the consideration of the impact of hundreds, if not thousands,
of pileup events. This is work for future studies.

We discuss here instead the possible interest to study these final states in decays of Higgs bosons
produced with pT values of a few 100 GeV, where rates are still large, but S/B ratios are typically better
than for the inclusive samples, and the experimental environment is possibly easier (e.g. production is
more central than for the fully inclusive Higgs sample, and the higher pT ’s can improve the reconstruction
of the primary vertex and the resolution of multiple pileup events). A possible target of such studies is a
very precise (percent level of better) measurement of the relative decay BRs: the production ratio between
different final states will in fact remove several of the dominant systematics intrinsic in the absolute rate
measurements, such as the integrated luminosity or the theoretical production rate uncertainty.

2.2.1 H ! ��

Figure 45 (left plot) shows the pT spectrum of diphotons from H decays (BR = 2.3⇥ 10�3), and from
the dominant irreducible background, namely QCD �� production (for a discussion of pp! ��, see the
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Example: H→ɣɣ

• Simplified study of H→ɣɣ

• Consider only background from pp→ɣɣ, no detector effects

• 4 GeV window in invariant mass to suppress background

• Statistical precision of 1%

29

Fig. 45: Left: Integrated transverse momentum rates (20 ab�1) for a photon pair with mass close to the Higgs
mass: signal and QCD background. Right: S/B, significance of the signal, and potential statistical accuracy of the
sample.

“Standard Model physics at 100 TeV” Volume of this report). The QCD contribution is constrained by
an invariant mass cut, |m(��)�125 GeV| < 4 GeV. This is rather conservative even by today standards,
where current analyses point at resolutions in this channel of about 1-2 GeV. But the energy resolution
will degrade at the values of photon energies considered in the regime of large pT (H), so we take 4 GeV
as an indicative benchmark. The size of the background, for a reasonable range of resolution, scales
linearly.

The background considered in this plot includes all sources (qq̄, qg and gg initial states), and is
subject to an isolation constraint, which plays however a negligible role, since the diphoton pair at large
pT at this order of perturbation theory mostly recoils against the partons. We note that the S/B ratio is
of O(1) in this region, much larger than for the low pT (H) sample, where it drops well below 1/10. The
statistical precision, in presence of this background, remains below 1% up to pT (H) ⇠ 600 GeV.

2.2.2 H ! µ+µ�

Figure 46 (left plot) shows the pT spectrum of dimuons from H decays (BR = 2.2 ⇥ 10�4), and from
the leading irreducible background, namely Drell-Yan (DY) µ+µ� production, dominated by the tail of
the Z⇤/� distribution (see e.g. the ATLAS [117] and CMS [118] analyses).

The DY contribution is constrained by an invariant mass cut, |m(��) � 125 GeV| < 1 GeV.
This is better than the resolution of today’s LHC experiments: the signal full width at half maximum
estimated by CMS for events with one central muon, for example, varies in the range 4-5 GeV [118]),
but 1 GeV is consistent with the improvement in the muon pT resolution by a factor of O(5), projected
for the 100 TeV detectors.

The DY background includes qq̄ and qg initial states. Contrary to the �� decay, the S/B for
dimuons deteriorates at larger pT (H), but still allows for a precision in the rate measurement better than
2% for pT (H) up to⇠ 200 GeV. This could allow for a 1% determination of the muon Yukawa coupling,
yµ, relative to the H�� coupling.

52

Fig. 45: Left: Integrated transverse momentum rates (20 ab�1) for a photon pair with mass close to the Higgs
mass: signal and QCD background. Right: S/B, significance of the signal, and potential statistical accuracy of the
sample.

“Standard Model physics at 100 TeV” Volume of this report). The QCD contribution is constrained by
an invariant mass cut, |m(��)�125 GeV| < 4 GeV. This is rather conservative even by today standards,
where current analyses point at resolutions in this channel of about 1-2 GeV. But the energy resolution
will degrade at the values of photon energies considered in the regime of large pT (H), so we take 4 GeV
as an indicative benchmark. The size of the background, for a reasonable range of resolution, scales
linearly.

The background considered in this plot includes all sources (qq̄, qg and gg initial states), and is
subject to an isolation constraint, which plays however a negligible role, since the diphoton pair at large
pT at this order of perturbation theory mostly recoils against the partons. We note that the S/B ratio is
of O(1) in this region, much larger than for the low pT (H) sample, where it drops well below 1/10. The
statistical precision, in presence of this background, remains below 1% up to pT (H) ⇠ 600 GeV.

2.2.2 H ! µ+µ�

Figure 46 (left plot) shows the pT spectrum of dimuons from H decays (BR = 2.2 ⇥ 10�4), and from
the leading irreducible background, namely Drell-Yan (DY) µ+µ� production, dominated by the tail of
the Z⇤/� distribution (see e.g. the ATLAS [117] and CMS [118] analyses).

The DY contribution is constrained by an invariant mass cut, |m(��) � 125 GeV| < 1 GeV.
This is better than the resolution of today’s LHC experiments: the signal full width at half maximum
estimated by CMS for events with one central muon, for example, varies in the range 4-5 GeV [118]),
but 1 GeV is consistent with the improvement in the muon pT resolution by a factor of O(5), projected
for the 100 TeV detectors.

The DY background includes qq̄ and qg initial states. Contrary to the �� decay, the S/B for
dimuons deteriorates at larger pT (H), but still allows for a precision in the rate measurement better than
2% for pT (H) up to⇠ 200 GeV. This could allow for a 1% determination of the muon Yukawa coupling,
yµ, relative to the H�� coupling.
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t-H coupling 30

The mbb distribution provides the sidebands to control the tt̄bb̄ and tt̄+jets backgrounds, and a sec-
ond mass peak from the tt̄Z mass peak. All Monte Carlo event samples are generated at leading or-
der, using MadGraph5 [123] with NNPDF2.3 parton densities [124], showering and hadronization via
Pythia8 [125] and the fast detector simulation with Delphes3 [126, 127]. The jet clustering and the
analysis are done with FastJet3 [63], a modified BDRS Higgs tagger [119, 121] and the HEPTOPTAG-
GER2 [122]. All b-tags require a parton-level b-quark within �R < 0.3 and assume a b-tagging efficiency
of 50% and a mis-tagging probability of 1%.

Figure 52 shows the reconstructed mbb spectrum for the signal and the backgrounds, varying the
pT threshold of the top and Higgs tagged fat jets in steps of 100 GeV from 200 up to 500 GeV.
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Fig. 52: Recontructed mbb for a pT threshold from 200 GeV to 500 GeV (the roughness of the distributions is a
consequence of limited MC statistics).

For the 200 GeV cut, and the signal region mbb 2 [104, 136] GeV, we arrive at a signal-to-
background ratio around S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated

luminosity of L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given
by two terms. First, we assume that we can determine NS from the total number of events NS + NB

using a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =
⇣p

NS + NB

⌘2
+ (�NB)2

�1/2
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The mbb distribution provides the sidebands to control the tt̄bb̄ and tt̄+jets backgrounds, and a sec-
ond mass peak from the tt̄Z mass peak. All Monte Carlo event samples are generated at leading or-
der, using MadGraph5 [123] with NNPDF2.3 parton densities [124], showering and hadronization via
Pythia8 [125] and the fast detector simulation with Delphes3 [126, 127]. The jet clustering and the
analysis are done with FastJet3 [63], a modified BDRS Higgs tagger [119, 121] and the HEPTOPTAG-
GER2 [122]. All b-tags require a parton-level b-quark within �R < 0.3 and assume a b-tagging efficiency
of 50% and a mis-tagging probability of 1%.

Figure 52 shows the reconstructed mbb spectrum for the signal and the backgrounds, varying the
pT threshold of the top and Higgs tagged fat jets in steps of 100 GeV from 200 up to 500 GeV.
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Fig. 52: Recontructed mbb for a pT threshold from 200 GeV to 500 GeV (the roughness of the distributions is a
consequence of limited MC statistics).

For the 200 GeV cut, and the signal region mbb 2 [104, 136] GeV, we arrive at a signal-to-
background ratio around S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated

luminosity of L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given
by two terms. First, we assume that we can determine NS from the total number of events NS + NB

using a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =
⇣p

NS + NB

⌘2
+ (�NB)2

�1/2
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2.4 Measurement of top Yukawa coupling from the tt̄H/tt̄Z ratio
The tt̄H production process can be studied for a variety of Higgs decay channels. We collect in Table 22
the event rates for potentially interesting Higgs decays combined with tt̄H production, for an integrated
luminosity of 20 ab�1 at 100 TeV. These numbers include the branching ratio for the mixed lepton-hadron
tt̄! `⌫`+ jets decay (` = e, µ), in addition to the relevant Higgs branching ratios.

Since analysis cuts and efficiencies will further reduce these rates, the otherwise very clean H !
4` will hardly meet the target of the 1% precision. In the case of H ! ��, basic parton level cuts such
as:

pT,�,b,j > 25 GeV , |⌘�,b,j | < 2.5 , �Rjj,bb,bj > 0.4
pT,` > 20 GeV , |⌘`| < 2.5 (19)

leave around 5 · 104 events with 20 ab�1, while the tt̄�� background, subject to a |m�� � 125| < 5 GeV
cut, is almost a factor of 10 smaller. The H ! 2`2⌫ final state has also a potentially interesting rate,
which will deserve a dedicated study.

The large rate for H ! bb̄ decays allows to consider boosted topologies, placing tight cuts on
the emerging jets, and drastically reducing the various sources of backgrounds. Figure 33 shows, for
example, that requesting pT,H > 500 GeV gives a rate of O(1) pb, or 10M events with 10 ab�1. This
improved statistics also allows us to rely on a well-measured and similarly peaked tt̄Z ! tt̄ bb̄ signal to
reduce systematic and theoretical uncertainties, as anticipated in Section 1.6, and discussed in detail in
Ref. [101]. We summarize here these findings, and update the results of that work to a broader range of
Higgs pT . We refer to Ref. [101] for the details.

The analysis models the first HEPTOPTAGGER application to tt̄H production with H ! bb̄ [121],
and builds on the recent improvements in the HEPTOPTAGGER2 [122] and in the BDRS Higgs tag-
ger [119], which reduce background sculpting and increase the signal statistics.

We consider the final states:

pp! tt̄H ! (bjj) (b̄`⌫̄) (bb̄), (b`⌫) (b̄jj) (bb̄) . (20)

and the leading backgrounds:

pp! tt̄ bb̄, the main irreducible QCD background
pp! tt̄Z, including the Z-peak in the mbb distribution
pp! tt̄+jets with fake-bottoms tags

The analysis requires:

1. an isolated lepton with |y`| < 2.5 and pT,` > 15 GeV.

2. a tagged top (R = 1.8, pT,j > 200 GeV, |y(t)
j | < 4) without any b-tag requirement

3. a tagged Higgs jet with two b-tags inside (R = 1.2, pT,j > 200 GeV, |y(H)
j | < 2.5)

4. a b-tagged jet (R = 0.6, pT,j > 30 GeV, |yb| < 2.5) outside the top and Higgs fat jets, correspond-
ing to the top decaying semileptonically.

H ! 4` H ! �� H ! 2`2⌫ H ! bb̄
2.6 · 104 4.6 · 105 2.0 · 106 1.2 · 108

Table 22: tt̄H event rates for various Higgs decay modes, with 20 ab�1 at 100 TeV, assuming tt̄! `⌫+jets. Here
and for Higgs decays, ` can be either an electron or a muon.
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Assuming perfect background knowledge from side bands, obtain a 
1-2% uncertainty on κt
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2.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed lights
on new physics (NP) beyond the Standard Model (SM). In the section we discuss the measurements of
two important properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄),
through the tt̄H and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured
in the tt̄H production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the
channel of pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the Higgs boson
decay is the same as in the SM; see Section 2.4 for details. However, that assumption may not be valid
in NP models; for example, �H might differ from the SM value (�SM

H ) in the case that the Higgs boson
decays into a pair of invisible particles. It is important to find a new experimental input to relax the
assumption. Four top-quark (tt̄tt̄) production provides a powerful tool to probe the top-quark Yukawa
coupling, and in addition, combining the tt̄H and tt̄tt̄ productions also determines �H precisely [128].

Under the narrow width approximation, the production cross section of pp! tt̄H ! tt̄bb̄ is

�(pp! tt̄H ! tt̄bb̄) = �SM(pp! tt̄H ! tt̄bb̄)⇥ 2
t 

2
b
�SM

H

�H
⌘ �SM(pp! tt̄H ! tt̄bb̄)⇥ µbb̄

tt̄H ,(22)

where t ⌘ yHtt/ySM
Htt and b ⌘ yHbb/ySM

Hbb are the Higgs coupling scaling factors. The signal strength
µbb̄

tt̄H , defined as

µbb
tt̄H =

2
t 

2
b

R�
with R� ⌘ �H

�SM
H

, (23)

are expected to be measured with uncertainties µbb̄
tt̄H = 1.00 ± 0.01 [101]. Since the t, b and �H

parameters are independent in µbb̄
tt̄H , one cannot determine them from the tt̄H production alone. Bounds

on the t, b and RH could be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once b is known,
a correlation between t and R� is obtained as following

2
t

R�
= µtt̄H . (24)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probe R�

from Eq. 24.
In the SM the tt̄tt̄ production occurs either through a gluon mediator [129] or by an off-shell Higgs

mediator; see Fig. 53 for the representative Feynman diagrams. Interferences between the QCD diagrams
(tt̄tt̄g) and the Higgs diagrams (tt̄tt̄H ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as �(tt̄tt̄)g and the cross section of the Higgs induced channel as �(tt̄tt̄)H . There
are two advantages of the Higgs-induced tt̄tt̄ production: i) no dependence on the Higgs boson width;
ii) the cross section proportional to the top quark Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 4
t �

SM(tt̄tt̄)H , (25)

where �SM(tt̄tt̄)H denotes the SM production cross section. The not-so-small interferences among the
three kinds of Feynman diagrams are also accounted. Since the QCD and electroweak gauge interactions
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Fig. 53: Representative Feynman diagrams of the tt̄tt̄ production through the QCD interaction and the Higgs
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tttt production for width independent 
measurement of κt



Summary of ‘Precision’ Coupling Measurements

• Currently only have a very rough estimate of the detector design, let 
alone the detector performance

• Very challenging (impossible?) to make accurate estimates


• Study S/√S + B in various channels estimated in the semi-boosted 
region ( pT (H) ∼ a few × 100 GeV) where backgrounds are smaller. 
Indicative of possible achievable sensitivities on Higgs couplings 

• Percent sensitivity reachable with 20 ab-1 in most channels in the 

semi-boosted region with S/B of O(1) 

• More precise assessment of the precision reachable at FCC-hh 

requires detailed analyses of the threshold region (with larger signal 
rate and larger backgrounds) 


• Ability of the FCC to maintain sensitivity on relatively softer final states 
is likely to be key for precision Higgs physics 
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Introduction
• Main goal: use multi-Higgs production to probe the Higgs potential

• In the SM, the shape is completely fixed by Higgs mass and vev


• Independent measurement of trilinear and quadrilinear self-
interactions tests validity of SM


• Szeable corrections to Higgs self-coupling from BSM

• Help to understand features of EW phase transition (e.g. via 

baryogenesis)? 

• Test unitarity of amplitudes at high energy: e.g. HH with VBF
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3 Multi-Higgs production
In the previous sections we focused on processes involving the production of a single Higgs boson, which
allow one to test with high accuracy the linear Higgs interactions, most noticeably the ones involving
gauge bosons and third-generation SM fermions. These processes, however, do not allow one to directly
probe interactions containing multiple Higgs fields, whose determination is of primary importance for
analyzing the Higgs potential. Non-linear Higgs vertices can instead be accessed by looking at channels
in which multiple Higgs bosons are produced either alone or in association with additional objects. In
this section we will consider these channels with the aim of understanding the precision with which the
Higgs potential could be determined at a future 100 TeV hadron collider.

Probing the Higgs potential is important for several reasons. In the SM, the shape of the Higgs
potential is completely fixed by the mass and vacuum expectation value of the Higgs field. Therefore,
an independent measurement of the trilinear and quadrilinear Higgs self-interactions provides important
additional tests of the validity of the SM. This test is quite non-trivial. Indeed, as we will discuss later on,
in many Beyond-the-SM (BSM) scenarios sizable corrections to the Higgs self-couplings are predicted,
which, in some cases, can lead to large deviations in multi-Higgs production processes but not in other
observables. In these scenarios, an analysis of the non-linear Higgs couplings can be more sensitive to
new-physics effects than other direct or indirect probes [154, 155].

Determining the structure of the Higgs potential is also important to understand the features of the
EW phase transition, whose properties can have significant implications for cosmology. For instance, a
strong first order transition could provide a viable scenario to realize baryogenesis at the EW scale (see
for example [156] and references therein). In the SM the EW transition is known to be rather weak (for
a Higgs mass mh & 90 GeV, only a cross-over is predicted), so that it is not suitable for a successful
baryogenesis. Many BSM scenarios, however, predict modifications in the Higgs potential that lead to
first order EW transitions, whose strength could allow for a viable baryogenesis. An additional aspect
related to the structure of the Higgs potential is the issue of the stability of the EW vacuum (see for
instance Ref. [157]).

Finally another important property that can be tested in multiple-Higgs production channels is the
unitarization of physical amplitudes at high energies. Analogously to WW scattering, whose unitariza-
tion in the SM is guaranteed by the presence of the Higgs field, also the WW ! hh process respects
perturbative unitarity at high energy only if the linear and double Higgs coupling to the gauge bosons are
correlated. Double Higgs production in vector boson fusion (VBF) can be used to test the WW ! hh
process at high energy.

3.0.2 Parametrizing the Higgs interactions
As we already mentioned, the main aim of the analyses that we will present in this section is to estimate
the precision with which the Higgs potential can be probed through the exploitation of multi-Higgs
production processes. It is thus useful to parametrize the relevant Higgs self-interactions in a general
form. In the language of an effective field theory, we can write the Higgs self-interaction Lagrangian as

L = �1
2
m2

hh2 � �3
m2

h

2v
h3 � �4

m2
h

8v2
h4 , (35)

where v = 246 GeV denotes the Higgs vacuum expectation value. The SM Lagrangian is obtained by
setting �3 = �4 = 1; in this case the terms in Eq. (35) provide the whole Higgs potential. On the
contrary, in BSM scenarios, higher-order operators are in general also present, as for instance contact
interactions involving higher-powers of the Higgs field or additional derivatives.

The use of the parametrization in Eq. (35) can be fully justified in an effective-field-theory frame-
work in which an expansion in powers of the momenta is valid. Namely, we assume that each additional
derivative in the effective Lagrangian is accompanied by a factor 1/m⇤, where m⇤ is a mass scale that

71

Effective field theory Lagrangian



HH Production 35

10-3

10-2

10-1

100

101

102

103

104

 8  13 14  25  33  50  75  100

σ
NL

O
[fb

]

√s[TeV]

HH production at pp colliders at NLO in QCD
MH=125 GeV, MSTW2008 NLO pdf (68%cl)

pp→HH (EFT loop-improved)

pp→HHjj (VBF)

pp→ttHH pp→WHH

pp→tjHH

pp→ZHH

Ma
dG
ra
ph
5_
aM
C@
NL
O

Fig. 58: Cross sections as a function of the collider COM energy. From ref. [169].

these effects simultaneously. In order to disentangle them and extract the Higgs self-interactions one thus
needs to use additional measurements (as for instance single-Higgs production channels) and to adopt a
more refined analysis strategy which makes use of kinematic distributions [162].

There are however other new-physics scenarios where the corrections to the Higgs self-couplings
can be enhanced and become larger than those to the other couplings. One scenario of this kind is
obtained by assuming that the Higgs is a generic composite state (not a NGB as assumed before) from a
new strongly-coupled dynamics. In this case the corrections to the Higgs self-interactions are enhanced
by a factor 2v2g2

⇤/m2
h compared to the SILH case. One thus expects ��3 ⇠ g2

⇤v
4/f2m2

h, which can be
sizable even if v2/f2 ⌧ 1 (in which case the corrections to the linear Higgs couplings are small). The
price to pay for this enhancement, however, is an additional tuning that is required to keep the higgs mass
small, since one would naturally expect m2

h ⇠ m2
⇤.

Another scenario which leads to large corrections mainly to the Higgs self-couplings is obtained
by considering a new strong dynamics coupled to the SM through a Higgs portal [162]: Lint = �H†HO,
where O is a composite operator and � is the coupling strength. In this case one finds

�cV ⇠ �c2V ⇠ �ct ⇠ c2t ⇠ �2

g4
⇤

v2

f2
, ��3 ⇠ 2v2�

m2
h

�2

g4
⇤

v2

f2
. (41)

The corrections to the Higgs trilinear self-coupling can be dominant if � > m2
h/(2v2) ' 0.13. In this

scenario it is thus possible to obtain ��3 ⇠ 1, while keeping the corrections to the other Higgs couplings
at the few percent level.

For other possible new physics giving rise to a modified Higgs potential see also Section 4 of this
report.

3.0.4 Production cross sections and summary of results
To conclude this introduction, we present an overview of the various multi-Higgs production channels
and we quickly summarize the results of the analyses that will be presented in details in the following
subsections.

Table 25, extracted from the results of Ref. [1], reports the rates for SM Higgs pair and triple
production, including channels of associated production with jets, gauge bosons and top quarks. The
dependence of the production rates on the center-of-mass (COM) energy of the collider is shown in
Fig. 58. As for single-Higgs production, the dominant channel for Higgs pair production is gluon fusion,
with a rate of 1750 fb, which constitutes more than 90% of the total production rate. With respect to the
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process �(14 TeV) (fb) �(100 TeV) (fb) accuracy

HH (ggf) 45.05+4.4%
�6.0% ± 3.0%± 10% 1749+5.1%

�6.6% ± 2.7%± 10% NNLL matched to NNLO

HHjj (VBF) 1.94+2.3%
�2.6% ± 2.3% 80.3+0.5%

�0.4% ± 1.7% NLO

HHZ 0.415+3.5%
�2.7% ± 1.8% 8.23+5.9%

�4.6% ± 1.7% NNLO

HHW+ 0.269+0.33%
�0.39% ± 2.1% 4.70+0.90%

�0.96% ± 1.8% NNLO

HHW� 0.198+1.2%
�1.3% ± 2.7% 3.30+3.5%

�4.3% ± 1.9% NNLO

HHtt̄ 0.949+1.7%
�4.5% ± 3.1% 82.1+7.9%

�7.4% ± 1.6% NLO

HHtj 0.0364+4.2%
�1.8% ± 4.7% 4.44+2.2%

�2.6% ± 2.4% NLO

HHH 0.0892+14.8%
�13.6% ± 3.2% 4.82+12.3%

�11.9% ± 1.8% NLO

Table 25: Cross sections for production of two or three SM Higgs bosons, including associated production chan-
nels, at a 14 TeV and 100 TeV hadron collider [1]. The cross sections are computed by choosing µ = Mhh/2
(µ = Mhhh/2 in the case of triple production). The error intervals correspond to scale variation and PDF + ↵s

uncertainty. In HH production in the gluon-fusion channel a conservative 10% uncertainty is included to take into
account the effects of the infinite top-mass approximation (see Section 3.1.1).
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [169].

14 TeV LHC, the gluon-fusion rate is enhanced by a factor ⇠ 40. The second more significant channel
is pair production in association with a top pair, whose cross section is 82 fb, closely followed by VBF
with a rate of 80 fb. Notice that the relative importance of these two channels is reversed with respect to
the 14 TeV LHC case, where VBF was about twice larger than HHt̄t. The remaining pair production
modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ⇠ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling �3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for �3 ⇠ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).
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quite different however. The corresponding amplitudes scale as
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ŝ

✓
log

m2
t

ŝ
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [173].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
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scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
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peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.
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process precision on �SM precision on Higgs self-couplings

HH ! bb�� 2% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` ⇠ 25% �3 2 [⇠ 0.6,⇠ 1.4]

HH ! bb`+`� ⇠ 15% �3 2 [⇠ 0.8,⇠ 1.2]

HH ! bb`+`�� � �
HHH ! bb̄bb̄�� ⇠ 100% �4 2 [⇠ �4,⇠ +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and on the Higgs trilinear coupling. All the
numbers are obtained for an integrated luminosity of 30 ab�1 and do not take into account possible systematic
errors.

differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this
channel a precision of the order of 1 � 2% is expected on the SM signal cross section, while the Higgs
trilinear coupling could be determined with a precision of order 2 � 3%. These numbers have to be
compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trlinear coupling is expected to be measurable with a precision ⇠ 28% for a COM energy ⇠
1 TeV and 1 ab�1 integrated luminosity [170]. A precision around 12% is only achievable with a 3 TeV
collider and 2 ab�1 integrated luminosity [171, 172]. Other final states, namely bb̄bb̄ and final states
containing leptons, can also lead to a measurement of the SM signal, although in these cases the expected
significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [⇠ �4,⇠ +16].

3.1 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering
the gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At
100 TeV, the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [1].
At present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 3.1.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt,mh is
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Acceptance cuts Final selection

� isolation R = 0.4
(pT (had)/pT (�) < 0.15)

� isolation R = 0.4
(pT (had)/pT (�) < 0.15)

jets: anti-kT , parameter R = 0.4 jets: anti-kT , parameter R = 0.4

|⌘b,�,j | < 6 |⌘b,� | < 4.5

pT (b), pT (�), pT (j) > 35 GeV pT (b1), pT (�1) > 60 GeV

pT (b2), pT (�2) > 35 GeV

mbb 2 [60, 200] GeV mbb 2 [100, 150] GeV

m�� 2 [100, 150] GeV |m�� �mh| < 2.0, 3.0, 4.5 GeV

pT (bb), pT (��) > 100 GeV

�R(bb),�R(��) < 3.5

no isolated leptons with pT > 25 GeV

Table 27: List of cuts at the acceptance level (left column) and final cuts (right column) used for the analysis. The
final cuts are optimized to increase the precision on the trilinear Higgs self-coupling. The three values listed for the
final cuts on the m�� invariant mass are used in the “low”, “medium” and “high” detector performance scenarios.

ECAL HCAL
|⌘|  4 4 < |⌘|  6 |⌘|  4 4 < |⌘|  6

a b a b a b a b

low 0.02 0.2 0.01 0.1 0.05 1.0 0.05 1.0

medium 0.01 0.1 0.01 0.1 0.03 0.5 0.05 1.0

high 0.007 0.06 0.01 0.1 0.01 0.3 0.03 0.5

Table 28: Parameters defining the energy resolution in the electromagnetic (ECAL) and hadronic (HCAL)
calorimeter cells for the “low”, “medium” and “high” detector performance benchmarks.

in Fig. 63, for the three detector performance benchmarks. One can see that the impact on the pho-
ton invariant mass can be sizable. In the “low” performance benchmark the width of the distribution is
�m�� ' 3 GeV, while it decreases to ' 2 GeV and ' 1.5 GeV in the “medium” and “high” bench-
marks respectively. This means that a cut on the m�� invariant mass can be twice more effective in the
“high” benchmark than in the “low” one in reducing backgrounds containing non-resonant photons (as
for instance the non-resonant bb�� background).

The reconstruction of the bottom pair invariant mass mbb is instead only marginally affected by
the calorimeters energy resolution, as can be seen from the right panel of Fig. 63. In all cases the
distribution is peaked at the Higgs mass and at half-height it is contained in the region⇠ [100, 145] GeV.
The reconstruction of the mbb invariant mass, on the other hand, is highly affected in the presence of a
strong magnetic field in the detector. In order to be able to bend very energetic charge particles, indeed,
a very intense magnetic field is needed. As a benchmark value B = 6 T has been chosen in the analysis.
The problem with such a magnetic field is the fact that low-energy charged particles (with a transverse
momentum pT . 5 GeV) do not reach the electromagnetic calorimeter, so that is difficult to reconstruct
their energy. This effect can be significant in processes that happen dominantly at “low-energy”, as in
the case of double Higgs production where the bulk of the cross section comes from the threshold region.
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Fig. 63: Distribution of the reconstructed invariant mass of the photon pair (left panel) and bottom pair (right
panel) for the signal. The plots show how the distributions vary in the “low” (red curve), “medium” (blue curve)
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Figure 64 shows that a strong magnetic field can distort the mbb distribution and shift its peak (by roughly
5 GeV for B = 6 T). Such shift, together with the energy loss in the reconstruction of the b momenta, can
be partially compensated by a rescaling of the jet energy scale (JES).7 As shown in the figure, a rescaling
of the jets’ four-momentum by a factor rJES = 1.135 is sufficient to shift back the distribution and move
its peak to the value mbb ' mh.

7Actual experimental analyses adopt more sophisticated jet calibration procedures and particle flow techniques are usually
used to cope with these effects. The simple rescaling applied in the analysis discussed here should be thus considered as a
rough approximation of a more accurate experimental procedure.
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Process Acceptance cuts [fb] Final selection [fb] Events (L = 30 ab�1)

h(bb̄)h(��) (SM) 0.76 0.44 13200

bbj� 147 0.203 6110

tt̄h(��) 1.9 0.164 4930

jj�� 83 0.082 2460

bb̄�� 14.7 0.074 2220

bb̄h(��) 0.10 8.1⇥ 10�3 240

Total background 247 0.53 15960

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.

3.1.2.3 Analysis strategy
As discussed in the introduction, the main aim of the analysis described here is to determine the achiev-
able precision on the SM signal cross section and on the Higgs self-couplings. For this purpose a simple
cut-and-count strategy focused on the inclusive event rate can be used. More sophisticated analysis strate-
gies, as for instance an exclusive one that also takes into account the differential distributions, could be
useful in disentangling different new-physics effects (see for instance Ref. [162]).

In optimizing the selection cuts two different strategies can in principle be used: one can either
maximize the precision on the SM signal or that on the Higgs trilinear coupling. The two procedures lead
to significantly different set of cuts. The effect of a change in the Higgs self-couplings mostly affects
the threshold behavior, thus “looser” cuts aimed at preserving a large fraction of the threshold events
improve the precision on �3. On the other hand, the threshold region is also the one that has a larger
background, hence harder cuts might be convenient to improve the precision on the SM signal rate.

For the analysis presented here, cuts have been optimized to maximize the precision on �3. This
choice is motivated by the fact that the SM signal significance is always quite high, and optimizing for the
extraction of the trilinear Higgs self-coupling does not degrade significantly the precision on the signal
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 [162, 183–185]. 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,
instead, three different windows are used optimized for each detector performance scenario: |m�� �
mh| < 2.0, 3.0, 4.5 GeV for the “high”, “medium” and “low” performance benchmarks respectively. As
discussed in Subsection 3.1.2.2, 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 the analysis cuts is bb̄j�, followed by
tt̄h. Other non-negligible contributions come from the irreducible bb̄�� and from fake-b-jets, jj��. The
bb̄h background turns out to be negligible instead.
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b-quarks, namely pT (b1), pT (�1) > 60 GeV and pT (b2), pT (�2) > 35 GeV, where b1,2, �1,2 denote
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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 [162, 183–185]. 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,
instead, three different windows are used optimized for each detector performance scenario: |m�� �
mh| < 2.0, 3.0, 4.5 GeV for the “high”, “medium” and “low” performance benchmarks respectively. As
discussed in Subsection 3.1.2.2, 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 the analysis cuts is bb̄j�, followed by
tt̄h. Other non-negligible contributions come from the irreducible bb̄�� and from fake-b-jets, jj��. The
bb̄h background turns out to be negligible instead.
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�S = 0.00 �S = 0.01 �S = 0.015 �S = 0.02 �S = 0.025

rB = 0.5 2.1% 2.8% 3.5% 4.3% 5.1%

rB = 1.0 2.5% 3.1% 3.7% 4.5% 5.3%

rB = 1.5 2.8% 3.4% 4.0% 4.7% 5.4%

rB = 2.0 3.1% 3.6% 4.2% 4.8% 5.6%

Table 30: Impact of the systematic uncertainties on the precision on the trilinear Higgs coupling. The precision
on �3 is shown for different values of the systematic uncertainty on the signal, �S , and of the rescaling factor for
the total background rate rB .

cross section and of the systematic uncertainties on the overall background rate. Table 30 shows how
the precision on the Higgs trilinear coupling varies as a function of the relative error on the signal cross
section, �S ⌘ ��(pp ! hh)/�(pp ! hh), and of an overall rescaling of the total background by
a factor rB . Notice that an actual experimental analysis will most likely extract the background rate
directly from the data (by fitting for instance the m�� distribution away from the Higgs peak, as done
for the diphoton channel in single-Higgs production). The rescaling factor rB should be thus considered
as a way to assess the impact of the error associated with the MonteCarlo calculation of the background
rate in Table 29. The actual systematic uncertainty on the background rate in an experimental analysis
will likely be much smaller, and possibly negligible. In the limit in which the systematic uncertainty
(theory error + pdfs uncertainty) on the signal cross section becomes larger than its statistical error, the
precision on the Higgs trilinear measurement saturates to' 2�S . Since the statistical error on the signal
rate is expected to be small (of the order of 2 � 3%), the systematic uncertainty can easily become the
main limitation in the extraction of �3. At present, as already discussed, the computation of the signal
has a ⇠ 10% uncertainty due to the use of the infinite top mass approximation. It is highly probable that
finite-mass computations will become available in the near future. The remaining uncertainty from scale
variation at NNLL order is still ⇠ 5%, while the pdf error is ⇠ 3%. Without further improvements on
these two issues, the systematic uncertainty will be the main limiting factor in the determination of �3

and the maximal precision would be limited to ��3/�3 ⇠ 10%.

3.1.3 The HH ! bb̄bb̄ channel
In the analysis of the bb̄�� final state presented in the previous subsection, a large fraction of the double
Higgs production cross section was sacrificed in order to select a clean final state, for which the back-
ground levels can be easily kept under control. In this subsection a different strategy is considered which
makes use of the final state with the largest branching ratio, namely bb̄bb̄. The total cross section for
this final state is 580 fb at a hadronic 100 TeV collider, which is two order of magnitude larger than
the bb̄�� one. The level of backgrounds one needs to cope with, however, is much larger thus severely
complicating the signal extraction.

One of the possible advantages of the bb̄bb̄ final state is the fact that it provides a reasonable
number of events in the tail at large invariant masses of the Higgs pair. This, in principle, allows one to
analyse the high-energy kinematic regime much better than other final states with smaller cross sections.
As we discussed before, the tail of the mhh distribution is not particularly sensitive to the change of the
trilinear Higgs coupling, which mostly affects the kinematic distribution at threshold. However it can be
more sensitive to other new-physics effects, such as deviations induced by dimension-6 and dimension-8
effective operators that induce a contact interaction between the Higgs and the gluons (see for instance
the discussion in Ref. [162]). The analysis of these effects, although interesting and worth studying
further, goes beyond the scope of the present report. In the following we will concentrate only on the
SM case and on the extraction of the Higgs trilinear coupling and we will discuss an analysis based on a
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Fig. 65: Estimated precision on the measurement of the Higgs trilinear self-coupling. The left panel shows to result
as a function of the cut on the invariant mass os the photon pair �m�� for the three detector benchmark scenarios,
“low” (dot-dashed red), “medium” (dashed green) and “high” (solid black). In the right panel the result is shown
as a function of the cut on the maximal rapidity of the reconstructed objects ⌘max assuming the “medium” detector
benchmark (the solid red and dashed green curves correspond to a variation of the photon and b-jets acceptances
respectively). All the results have been obtained for an integrated luminosity of 30 ab�1.

Notice that other double Higgs production channels, in particular tt̄HH and VBF, provide an
additional contribution to the signal of the order of 10%. Given the high precision on the extraction of
the SM signal cross section and on the Higgs trilinear self-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.

3.1.2.4 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 1.3% can be obtained, corresponding to S/

p
S + B ' 77. By a simple rescaling,

one can see that already with L = 500 fb�1 a 10% 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
for a future 100 TeV collider is a difficult task. An estimate of the impact of some of the possible
systematic errors and of the geometry and performances of the detector is provided in the following.

As illustrated by the left panel of Fig. 65, a maximal precision on the Higgs trilinear coupling of
the order of 2.5% can be obtained in the “medium” detector performance benchmark. The figure shows
that this value crucially depends on the size of the photon invariant mass window used to select the events.
If the size of the window is modified, the precision on the Higgs trilinear can be substantially degraded
(especially for smaller sizes of the window, which reduce the amount of reconstructed signal events). In
the “low” and “high” scenarios a precision of respectively 2.8% and 2.4% seems to be achievable.

Let us now discuss how the precision changes by varying the most important parameters related to
the detector geometry and performances, namely the ⌘ coverage, the b-tagging efficiencies and the photon
mis-tagging rate. For this purpose the “medium” performance scenario will be taken as a reference and
each parameter varied separately.

The precision on �3 is shown in the right panel of Fig. 65 as a function of the maximal rapidity
coverage ⌘max for photons and b-jets. One can see that extending the coverage beyond |⌘max| ⇠ 3.5 does
not lead to any substantial improvement. In other words, having a larger coverage in rapidity does not
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Fig. 66: Estimated precision on the measurement of the Higgs trilinear self-coupling as a function of the b-tagging
efficiency. Each plot shows how the precision changes by varying only one parameter, namely the b reconstruction
efficiency pb!b (upper left), the c! b mistag rate (upper right), the j ! b mistag rate (lower left) and the j ! �

mistag rate (lower right). In the case of the j ! � mistag, on the horizontal axis we give the coefficient ↵ of the
mistag function in Eq. (43). All the results have been obtained in the “medium” detector performance scenario
with an integrated luminosity of 30 ab�1.

seem a crucial feature for the extraction of the Higgs self coupling, and a reach up to |⌘max| = 3 could
be considered to be an acceptable compromise.

A more crucial role is instead played by the b-tagging efficiencies and rejection rates, as shown
in Fig. 66. The reconstruction efficiency for the b-jets is the most important parameter, since it directly
controls the signal reconstruction rate. A minimal efficiency pb!b ' 0.75 is necessary to achieve a good
precision on the Higgs trilinear coupling. A value pb!b ' 0.6 already degrades the achievable precision
to ' 3.2%. The mistag rates for charm-jets pc!b plays a marginal role and does not affect too much the
precision on �3 as long as pc!b . 0.2. The impact of the light-quark and gluon jets mistag rate pj!b

is even milder and does not influence the result as long as pj!b . 0.05. Finally, the lower right panel
of Fig. 66 shows how the precision on �3 changes when the mistag rate of fake photons from jets in
modified. The curve is obtained by varying the overall coefficient ↵ in Eq. (43) (values on the horizontal
axis) and keeping fixed the functional dependence on pT,j with � = 30 GeV. One can see that high
mistag rates (↵ ⇠ 0.05) can significantly affect the achievable precision. This is a consequence of the
fact that the main background, bb̄j�, contains one fake photon from jet mis-tagging. Keeping ↵ below
0.02 is enough not to affect significantly the precision on �3.

To conclude, we briefly comment on the possible impact of the theoretical error on the signal
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4b

• 3 categories: resolved, intermediate, boosted

• All selected jets are b-tagged

• 40 GeV window around the Higgs mass

• Background: only irreducible QCD 4b background

41

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.

with respect to the large-R jet by �R � 1.2. Finally, events are assigned to the resolved category
if they contain at least four b-tagged small-R jets. The two Higgs candidates are reconstructed out of
the leading four small-R jets in the event by minimizing the relative difference of dijet masses. In all
categories, once a Higgs boson candidate has been identified, its invariant mass is required to lie within
a fixed window of width 80 GeV, symmetric around the nominal Higgs boson mass of mh = 125 GeV.
The object and event selection are deliberately loose since their optimization is performed through a
Multivariate Analysis (MVA) strategy.

3.1.3.3 Results
Following Ref. [188], 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
is very large, with a post-MVA value of S/

p
B ' 20 in the boosted category. However, one also finds

that, as compared to the LHC case, the QCD 4b multijet background increases more rapidly than the
signal and thus S/B is actually smaller than at 14 TeV [188]. Achieving percent values in S/B requires
very hard cuts on the value of the ANN output ycut. At 100 TeV the boosted category is the most
promising one: not only it benefits from the highest signal significances, it also exhibits the best signal
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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.

over background ratio. The result is analogous to the one found at 14 TeV [188], where the significance
of the three categories was quite similar, with the boosted one being the best without pile-up, and the
resolved one exhibiting the higher significance in the simulations with pile-up. Unfortunately, as it was
already mentioned and will be further discussed below, the boosted category is the less sensitive to the
Higgs self-coupling, and thus a measurement of the trilinear will depend to good extent on the resolved
category. The smallness of S/B indicates that at a 100 TeV collider, even more that at 14 TeV, the
feasibility of the measurement of the �(hh! bb̄bb̄) cross-section will depend strongly on how small the
systematic uncertainties will be, in particular those associated to the background determination.

3.1.3.4 Extracting the Higgs self-coupling.
The extraction of the trilinear coupling �3 from the corresponding cross-section is complicated by the
destructive interference between diagrams that depend on �3 and those that do not. Here a first estimate
is provided of the accuracy on the Higgs self-coupling that can be obtained from the bb̄bb̄ final state.
A robust estimate would require a careful study of the impact of experimental systematic uncertainties,
which is beyond the scope of this report. Therefore, a number of simplifying assumptions will be used,
in particular a very simple estimate of the total systematic uncertainty in the cross-section measurement,
which is the limiting factor in the extraction of �3.

The sensitivity in the Higgs self-coupling is defined by the �2 estimator

�2(�3) ⌘ [�(hh, �3)� �(hh, �3 SM)]2

(�stat�)2 + (�sys�)2
, (46)

where �3 is the Higgs self-coupling, �3 SM = 1 is its SM value, �(hh, �3) is the post-MVA signal
cross-section for a given value of �3, and �stat� and �sys� are respectively the statistical and system-
atic uncertainties in the cross-section measurement. Signal samples for a range of �3 values have been
processed by the same analysis chain, including the MVA (which is not re-trained), as for the SM sam-
ples. The 68% CL range for the extraction of �3 is found using the usual parameter-fitting criterion to
determine the values ±��3 for which the cross-section satisfies

�2(�3 SM
+��

3

���
3

) = �2(�3 SM) + 1 . (47)

Figure 68 shows the �(hh ! bb̄bb̄) cross-section at various steps of the cut-flow: generator level, after
kinematical cuts [188], after b-tagging and finally after the MVA. The results in the resolved (left plot)
and boosted (right plot) categories are shown as a function of the Higgs self-coupling �3. For the MVA
cut, a representative value of ycut ' 0.7 has been used. One finds that, although the MVA is only
trained on the SM sample, the signal selection efficiency of the MVA is relatively flat when �3 is varied,
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�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.

reflecting the fact that the signal kinematics do not change dramatically. From the plots one can also
see that the resolved category (low and medium Higgs pT ) is more sensitive to variations of � than the
boosted one (large Higgs pT ), as indicated by the shallower minimum of the latter after the b-tagging and
MVA cuts. This reflects the fact that the triangle diagram (which depends on the Higgs self-coupling) is
dominant near the threshold region.

Imposing the condition Eq. (47), 68% confidence level intervals are derived on the Higgs self-
coupling �3 in the boosted, resolved and intermediate categories, for different assumptions on the total
systematic error in the measured cross-section. The ranges that are found are reported in Table 32. As
expected, the results depend strongly on the assumption for the systematic uncertainty on the measured
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. (47)
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%.

3.1.4 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 [206]. This is for instance the case for
decay channels including leptons. In the following we will examine the final states containing a pair of
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Summary of Multi-Higgs Production

• bbɣɣ is the most sensitive channel

• Contributions from other channels have been examined

• Analyses will depend quite critically on detector performance 

assumptions

• Expect numbers to change !

42

process precision on �SM precision on Higgs self-couplings

HH ! bb�� 2% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` ⇠ 25% �3 2 [⇠ 0.6,⇠ 1.4]

HH ! bb`+`� ⇠ 15% �3 2 [⇠ 0.8,⇠ 1.2]

HH ! bb`+`�� � �
HHH ! bb̄bb̄�� ⇠ 100% �4 2 [⇠ �4,⇠ +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and on the Higgs trilinear coupling. All the
numbers are obtained for an integrated luminosity of 30 ab�1 and do not take into account possible systematic
errors.

differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this
channel a precision of the order of 1 � 2% is expected on the SM signal cross section, while the Higgs
trilinear coupling could be determined with a precision of order 2 � 3%. These numbers have to be
compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trlinear coupling is expected to be measurable with a precision ⇠ 28% for a COM energy ⇠
1 TeV and 1 ab�1 integrated luminosity [170]. A precision around 12% is only achievable with a 3 TeV
collider and 2 ab�1 integrated luminosity [171, 172]. Other final states, namely bb̄bb̄ and final states
containing leptons, can also lead to a measurement of the SM signal, although in these cases the expected
significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [⇠ �4,⇠ +16].

3.1 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering
the gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At
100 TeV, the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [1].
At present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 3.1.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt,mh is
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Decay Modes

• Potential decay modes

• 4b2W (22%)


• tt+bb background ?

• boosted techniques


• 6b (19.5%)

• boosted techniques?


• 4b2ɣ (0.23%): 

• Clean, but tiny BR

• Studied, see the next slide


• 4b2𝜏 (6.46%)

• Significant BR

• New study, but less sensitivity
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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.

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. [220].

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.
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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.

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. [220].

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
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T distributions for the benchmark points �4 = 1 (SM)
and �4 = 0.
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4b2ɣ

• Benchmark using 4b2ɣ

• Parton level-study and 4 momentum smearing

• Loose (70%) and tight (60%) b-tagging, 4-bjets

• Dijet & diphoton systems compatible with higgs mass
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Fig. 73: Sensitivity of the FCC to the production of a triple-Higgs system decaying into a ��bb̄bb̄ final state for
two different choices of the M in the “intermediate” scenario.

A strong dependence on the Higgs trilinear coupling 3 ⌘ �3 � 1 is found due to the jet and
photon pT distributions that are harder when 3 is large and positive, while the analysis turns out to
be less sensitive to the quartic Higgs coupling 4 ⌘ �4 � 1. For the benchmark value M = 2 GeV,
Nmin

b = 4 (left panel of Fig. 73), a good fraction of the parameter space is covered at the 3� level
for negative 3 values. On the other hand, in the SM case (3 = 4 = 0) a signal significance of at
most ⇠ 2� can be obtained. In all studied setups, the significance isolines closely follow the total cross
section and thus it is very challenging to get any sensitivity for positive shifts in the Higgs self couplings
(3,4 > 0).

3.2.3 Optimistic hypothesis: 80% b-tagging efficiency
As a final case consider the “optimistic” scenario with a b-tagging efficiency of 80% [221]. In this
analysis a cut of |⌘| < 5 and pT > 400 MeV is introduced on all particles of all event samples consid-
ered. Jets are reconstructed from hadrons using the anti-kt algorithm [61, 63], with a radius parameter
of R = 0.4. Only jets with pT > 40 GeV and |⌘| < 3.0 are kept (this includes b-jets). An ideal
reconstruction efficiency of 100% is assumed for the photons, which are required to satisfy the condi-
tions |⌘| < 3.5 and pT > 40 GeV. A crude estimate of the detector effects is included through jet-to-
photon mis-identification probability and an heavy flavour (mis-)tagging efficiency. The jet-to-photon
mis-identification probability is set to pj!� = 10�3 and is assumed to be constant in the whole kine-
matic range considered. A flat b-jet identification rate of 80% is assumed, while the mis-tagging of a
light jet to bottom-quark-initiated jet is set to be 1%. All photons are required to be isolated, namely in a
cone of radius �R = 0.2 around the photon, the sum of the transverse momenta of particles, i.e.

P
i pT,i,

should be less than 15% of the photon transverse momentum. The jet momenta are not smeared since a
large (60 � 80 GeV) invariant bb̄ mass window is considered in the analysis. The photon momenta are
also not smeared, reflecting the fact that the photon momentum resolution at LHC is already at the⇠ 1%
level.

Given the large cross sections of processes with high-multiplicity final states at a 100 TeV collider,
the only processes fully generated at parton level are those that include true photons and true b-quarks.
This implies that light extra jets are generated only at the parton shower level, which is included via

[207,208,230–232].14 Additional phase-space cuts applied to the samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��

14 is also used to simulate hadronization and underlying event effects. Pile-up events, instead, are not considered.

100

process precision on �SM precision on Higgs self-couplings

HH ! bb�� 2% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` ⇠ 25% �3 2 [⇠ 0.6,⇠ 1.4]

HH ! bb`+`� ⇠ 15% �3 2 [⇠ 0.8,⇠ 1.2]

HH ! bb`+`�� � �
HHH ! bb̄bb̄�� ⇠ 100% �4 2 [⇠ �4,⇠ +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and on the Higgs trilinear coupling. All the
numbers are obtained for an integrated luminosity of 30 ab�1 and do not take into account possible systematic
errors.

differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this
channel a precision of the order of 1 � 2% is expected on the SM signal cross section, while the Higgs
trilinear coupling could be determined with a precision of order 2 � 3%. These numbers have to be
compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trlinear coupling is expected to be measurable with a precision ⇠ 28% for a COM energy ⇠
1 TeV and 1 ab�1 integrated luminosity [170]. A precision around 12% is only achievable with a 3 TeV
collider and 2 ab�1 integrated luminosity [171, 172]. Other final states, namely bb̄bb̄ and final states
containing leptons, can also lead to a measurement of the SM signal, although in these cases the expected
significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [⇠ �4,⇠ +16].

3.1 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering
the gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At
100 TeV, the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [1].
At present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 3.1.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt,mh is
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Conclusion

• Exciting projects are currently being explored as potential future 
hadron collider machines: CppC and FCC-hh


• Accelerator and detector studies are progressing rapidly

• Aset of studies of the physics potential of a 100 TeV collider have 

(just!) been documented in a yellow report

• High energy and luminosity make a wealth of Higgs studies 

accessible

• Key benchmarks in the Higgs sector include


• HH and the Higgs potential

• Top Yukawa coupling

• Rare Higgs production and decay modes

• Your favourite Higgs measurement !
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FCC-hh brings physics to another planet! 

2 TeV 

14 TeV 

100 TeV 

× 7 

× 7 

Giudice @ FCC 
week

http://indico.cern.ch/event/438866/session/59/contribution/7/attachments/1255573/1854062/FCC-RomeGiudice.pdf


Back up
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