
Loop-induced and rare 
processes @ 100 TeV 

Olivier Mattelaer 
IPPP/Durham 

!
in collaboration with P. Torrielli and V. Hirschi 

based on 1407.1623 
                   1507.00020



Mattelaer Olivier QCD, EW and tools at 100 TeV

• rare processes!
➡ enhancement from 8 TeV to 100 TeV!
➡ cross-sections @100TeV!

• loop-induced processes!
➡ method and validation!
➡ cross-sections @100TeV!
➡ examples
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• Important to have the cross-section for a 
large sample of (SM) processes!

➡ allow to decide which one can be study!
➡ important for BSM searches!

• We have the tools (@NLO)
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• automated NLO!
• MC@NLO method!
• using FKS subtraction!
• using OPP method 

4

Framework

Marco Zaro, 19-05-2014 LHCPhenoNet

MadGraph5_aMC@NLO 
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MadGraph5_aMC@NLO

• time	

• robust	

• easy

Why Automation?

• reliable prediction of cross-
section	


• reduction of theoretical 
uncertainty

Why NLO?
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Higgs
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Figure 1: Left panel: NLO total cross section for Higgs production in association with light and heavy quarks. Right
panel: dependence of the pp ! Htj NLO total cross section on the top-quark Yukawa coupling yt. The 8 TeV LHC
result is rescaled up by a factor 252 (see table 1) in order for its SM cross section to coincide with the FCC-hh one.
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Figure 2: NLO total cross section for Higgs production in association with up to two electroweak bosons (left panel),
and with an electroweak boson and up to two jets (right panel). Cuts on the jet system are described in section 2
and in the caption of table 1.

and the growth for di↵erent multiplicities gets more uniform.
Decays of electroweak bosons (as well as those for any other types of resonances) have not been

considered in the simulations presented here, but can be included in MadGraph5 aMC@NLO with
various levels of accuracy. A first approximation consists of letting the bosons stable and then
acting MadSpin [27] on the final states. This procedure retains approximate NLO production and
decay spin correlations, and o↵-shell e↵ects of resonant diagrams [28]. A complete simulation,
which is obviously much more demanding in terms of computational resources, implies the direct
generation of processes featuring decay products instead of resonances in the final state. This is
by construction exactly NLO accurate, and retains all non-resonant e↵ects as well, but is possible
only for smaller multiplicities: so far it has been carried out in the case of up to three leptonically
decaying electroweak bosons [16, 3], and it is probably feasible for four-boson processes as well.

The inclusion of gluon-initiated loop-induced contributions, formally of NNLO accuracy, is also
possible (though not yet automatic) in the MadGraph5 aMC@NLO environment, as documented
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 Gluon-initiated processes grow faster than quark initiated from 14 to 100 TeV
 Very large PDF uncertainties affect QQbar luminosities since large-x antiquarks poorly 

known
 Using these results, it is possible to estimate how the cross-sections for different processes 

will increase when going from 14 TeV to 100 TeV
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Higgs
Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

pp ! H (mt,mb) 1.44 · 104 +20%
�16%

+1%
�2% 5.46 · 105 +28%

�27%
+2%
�2% 38

pp ! Hjj (VBF) 1.61 · 103 +1%
�0%

+2%
�2% 7.40 · 104 +3%

�2%
+2%
�1% 46

pp ! Htt̄ 1.21 · 102 +5%
�9%

+3%
�3% 3.25 · 104 +7%

�8%
+1%
�1% 269

pp ! Hbb̄ (4FS) 2.37 · 102 +9%
�9%

+2%
�2% 1.21 · 104 +2%

�10%
+2%
�2% 51

pp ! Htj 2.07 · 101 +2%
�1%

+2%
�2% 5.21 · 103 +3%

�5%
+1%
�1% 252

pp ! HW± 7.31 · 102 +2%
�1%

+2%
�2% 1.54 · 104 +5%

�8%
+2%
�2% 21

pp ! HZ 3.87 · 102 +2%
�1%

+2%
�2% 8.82 · 103 +4%

�8%
+2%
�2% 23

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

pp ! HW±j 3.18 · 102 +4%
�4%

+2%
�1% 1.07 · 104 +2%

�7%
+2%
�1% 34

pp ! HW±jj 6.06 · 101 +6%
�8%

+1%
�1% 4.90 · 103 +2%

�6%
+1%
�1% 81

pp ! HZj 1.71 · 102 +4%
�4%

+1%
�1% 6.31 · 103 +2%

�7%
+2%
�1% 37

pp ! HZjj 3.50 · 101 +7%
�10%

+1%
�1% 2.81 · 103 +2%

�5%
+1%
�1% 80

Table 1: Production of a single Higgs boson at the LHC and at a 100 TeV FCC-hh. The rightmost column reports
the ratio ⇢ of the FCC-hh to the LHC cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Monte-Carlo-integration error is always smaller than theoretical uncertainties, and is not shown. For
pp ! HV jj, on top of the transverse-momentum cut of section 2, I require m(j1, j2) > 100 GeV, j1 and j2 being the
hardest and next-to-hardest jets, respectively. Processes pp ! Htj and pp ! Hjj (VBF) do not feature jet cuts.

here for the first time at the NLO in QCD. Given the smallness of their production cross section,
five-boson final states will be impossible to detect directly at the LHC, and very challenging also
at the 100 TeV FCC-hh. In particular, according to the three- and four-boson pattern displayed in
table 2 and in the tables of [3], the two five-boson channels simulated here should give a reasonable
estimate of the range of cross sections for this class of processes, namely all other five-boson channels
(whose simulation is possible, but has been left for future work) should have a total cross section
ranging from O(10 ab) to O(1 fb) at 100 TeV.

Three-boson cross sections increase by a moderate amount, of the order of 50, while the increase
for the four- and the five-boson channels is more significant, and grows with the multiplicity, as
displayed in the right panel of figure 5, especially at small center-of-mass energies, in the case of
many Z bosons. Indeed, at relatively small collider energies, requiring an extra massive particle
on top of a heavy system may shrink considerably the available phase space, hence the progressive
depletion at small

p
s increasing the number of Z’s; far from threshold this e↵ect is less pronounced,

4

> 1pb
> 1fb
> 1 ab
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Multi Bosons
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Figure 3: Left panel: NLO total cross section for Higgs-pair production in association with light and heavy quarks,
and electroweak bosons. Right panel: dependence of the LO and NLO total cross section for di↵erent Higgs-pair-
production channels upon the trilinear Higgs coupling �, at the 14 TeV LHC. Plots are taken from [25].

for example in [16]; even if these terms have not been considered here, their relevance is in fact
expected to increase with the collider centre-of-mass energy, due to the dominance of the gluon
luminosity at small Bjorken-x.
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Figure 4: NLO total cross section for production of three (left panel) and four (right panel) electroweak bosons.

5. Top-antitop associated production

In table 3 and in figure 6, I report results relevant to the production of a top-antitop pair in
association with up to two electroweak bosons, and with an electroweak boson and up to two jets.
The cross section for a top-antitop pair in association with an electroweak vector boson and two
jets is presented here for the first time at the NLO in QCD.

Process pp ! tt̄W± has been recently studied [29] in relation to the top-antitop charge asym-
metry at proton-proton colliders. The absence of the gluon-fusion channel in this process at LO
and NLO is responsible for its more limited cross-section increase ⇢ with respect to the neutral
pp ! tt̄V reactions (see table 3), but is also what enhances the charge asymmetry and makes it

6

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

pp ! W+W�W± (4FS) 8.73 · 101 +6%
�4%

+2%
�2% 4.25 · 103 +9%

�9%
+1%
�1% 49

pp ! W+W�Z (4FS) 6.41 · 101 +7%
�5%

+2%
�2% 4.01 · 103 +9%

�9%
+1%
�1% 63

pp ! �W±Z 7.11 · 101 +8%
�7%

+2%
�1% 3.61 · 103 +12%

�12%
+1%
�1% 51

pp ! W±ZZ 2.16 · 101 +7%
�6%

+2%
�2% 1.36 · 103 +10%

�10%
+1%
�1% 63

pp ! �ZZ 2.24 · 101 +4%
�3%

+2%
�2% 6.62 · 102 +8%

�9%
+2%
�1% 30

pp ! ZZZ 5.97 · 100 +3%
�3%

+2%
�2% 2.55 · 102 +5%

�7%
+2%
�1% 43

pp ! W+W�W±� (4FS) 6.78 · 10�1 +8%
�6%

+2%
�2% 7.42 · 101 +8%

�8%
+1%
�1% 109

pp ! W+W�W±Z (4FS) 3.48 · 10�1 +8%
�7%

+2%
�2% 5.95 · 101 +7%

�7%
+1%
�1% 171

pp ! W+W�W+W� (4FS) 3.01 · 10�1 +7%
�6%

+2%
�2% 4.11 · 101 +7%

�6%
+1%
�1% 137

pp ! W+W�ZZ (4FS) 2.01 · 10�1 +7%
�6%

+2%
�2% 3.34 · 101 +6%

�6%
+1%
�1% 166

pp ! W±ZZZ 3.40 · 10�2 +10%
�8%

+2%
�2% 7.06 · 100 +8%

�7%
+1%
�1% 208

pp ! ZZZZ 8.72 · 10�3 +4%
�4%

+3%
�2% 8.05 · 10�1 +4%

�4%
+2%
�1% 92

pp ! W+W�W+W�� (4FS) 5.18 · 10�3 +8%
�7%

+3%
�2% 1.58 · 100 +6%

�5%
+1%
�1% 305

pp ! ZZZZZ 1.07 · 10�5 +5%
�4%

+3%
�2% 2.04 · 10�3 +3%

�3%
+2%
�1% 191

Table 2: Production of multiple vector bosons at the LHC and at a 100 TeV FCC-hh. The rightmost column reports
the ratio ⇢ of the FCC-hh to the LHC cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Monte-Carlo-integration error is always smaller than theoretical uncertainties, and is not shown.
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Figure 5: NLO total cross section for production of five electroweak bosons (left panel) and for n Z bosons, with
n  5 (right panel). Some of the curves in the right panel are rescaled to fit in a single frame. The strictly linear
increase in the pp ! W+W�W+W�� cross section is due to having simulated this process only for 8 and 100 TeV
colliders.

relatively stable increasing the centre-of-mass energy, hence making this reaction an interesting
handle to constrain New-Physics e↵ects at present and future colliders.

7



Mattelaer Olivier QCD, EW and tools at 100 TeV 8

Multi Bosons
Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢
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Table 2: Production of multiple vector bosons at the LHC and at a 100 TeV FCC-hh. The rightmost column reports
the ratio ⇢ of the FCC-hh to the LHC cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Monte-Carlo-integration error is always smaller than theoretical uncertainties, and is not shown.
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Figure 5: NLO total cross section for production of five electroweak bosons (left panel) and for n Z bosons, with
n  5 (right panel). Some of the curves in the right panel are rescaled to fit in a single frame. The strictly linear
increase in the pp ! W+W�W+W�� cross section is due to having simulated this process only for 8 and 100 TeV
colliders.

relatively stable increasing the centre-of-mass energy, hence making this reaction an interesting
handle to constrain New-Physics e↵ects at present and future colliders.

7

> 1pb
> 1fb
> 1 ab
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top pair production
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Figure 6: NLO total cross section for production of a top-antitop pair in association with up to two electroweak
bosons (left panel), and in association with an electroweak boson and up to two jets (right panel). Jet transverse
momenta undergo a cut pT (j) > 100 GeV. The strictly linear increase in the pp ! tt̄W±jj cross section is due to
having simulated this process only for 8 and 100 TeV colliders.
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present only few pioneering experimental analyses have started to focus on related final states

(see for example [1] which considers an 8-jet final state), but one could extend these analyses

to top quarks. As the number of particles grows, the size of the available phase space shrinks
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Figure 1. Multitop production cross-sections in the Standard Model as a function of the centre of
mass energy for the colliding protons. The simulations were carried out using Madgraph5 aMC@NLO
[16] and the error bands reflect the scale uncertainty.

and one can guess that there is a limit on the number of top quarks which can be produced

in a single observable event. In the Standard Model, this number however lies well below

the naive estimate N
max

=

p
s

mt
⇡ 80 for

p
s = 14 TeV, and as Figure 1 shows, there is little

hope to see more than 4 tops at the LHC. Even beyond the Standard Model the maximal top

multiplicity observable at the LHC stays much smaller than N
max

.

In this note we attempt to give an idea of this limit using a set of simple and generic

e↵ective models which yield six or more top quarks in the final state.

2 Toy models for multi-top physics

If several di↵erent models can give rise to the final states we are interested in, we limit

ourselves to a set of models based on the assumption that new physics couples only to top

quarks (a kind of “top portal”). The topologies we consider, consist of the decay chains of

– 2 –

A. Dendrea, N. Deutchman 1405.6110
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top pair production

Apart from pp ! tt̄W±, the cross-section increase is quite substantial, of the order of a few
hundreds, and generally growing with the final-state multiplicity. The cross section for processes
with jets increases by up to three plain orders of magnitudes, which is partly due to the pT (j) >
100 GeV threshold that considerably shrinks the available phase space at small collider energies.

As for the channels with two electroweak bosons, it is interesting to notice that the dominant
one at the LHC, namely tt̄W+W�, is also the one featuring the largest ⇢. This renders this process
well visible at the FCC-hh, with an NLO cross section (before branching ratios) as large as 1 pb.
A detailed study of this class of processes will be documented in a dedicated publication [30].

Results for two or three top-antitop pairs, obtained in the MadGraph5 aMC@NLO framework,
have been presented in [31], and are not reproduced here.

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

pp ! tt̄� 6.50 · 102 +12%
�13%

+2%
�2% 1.24 · 105 +11%

�11%
+1%
�1% 192

pp ! tt̄Z 1.99 · 102 +10%
�12%

+3%
�3% 5.63 · 104 +9%

�10%
+1%
�1% 282

pp ! tt̄W± 2.05 · 102 +9%
�10%

+2%
�2% 1.68 · 104 +18%

�16%
+1%
�1% 82

pp ! tt̄�j 1.22 · 102 +17%
�18%

+3%
�3% 6.07 · 104 +8%

�10%
+1%
�1% 498

pp ! tt̄Zj 3.51 · 101 +15%
�18%

+4%
�4% 2.77 · 104 +7%

�9%
+1%
�1% 789

pp ! tt̄W±j 3.59 · 101 +18%
�18%

+2%
�2% 1.36 · 104 +14%

�13%
+1%
�1% 379

pp ! tt̄W±jj 5.67 · 100 +24%
�23%

+3%
�2% 6.52 · 103 +11%

�14%
+1%
�1% 1150

pp ! tt̄W+W� (4FS) 2.27 · 100 +11%
�13%

+3%
�3% 1.10 · 103 +9%

�9%
+1%
�1% 486

pp ! tt̄�� 2.23 · 100 +14%
�13%

+2%
�1% 4.81 · 102 +13%

�11%
+1%
�1% 216

pp ! tt̄Z� 1.11 · 100 +12%
�13%

+2%
�2% 4.20 · 102 +10%

�9%
+1%
�1% 378

pp ! tt̄W±Z 9.71 · 10�1 +10%
�11%

+3%
�2% 1.68 · 102 +16%

�13%
+1%
�1% 173

pp ! tt̄ZZ 4.47 · 10�1 +8%
�10%

+3%
�2% 1.58 · 102 +15%

�12%
+1%
�1% 353

Table 3: Production of a top-antitop pair in association with up to two electroweak vector bosons, and with an
electroweak boson and up to two jets, at the LHC and at a 100 TeV FCC-hh. The rightmost column reports the ratio
⇢ of the FCC-hh to the LHC cross sections. Processes pp ! tt̄V j(j) feature a cut of pT (j) > 100 GeV. Theoretical
uncertainties are due to scale and PDF variations, respectively. Monte-Carlo-integration error is always smaller than
theoretical uncertainties, and is not shown.

6. Conclusions

I have presented the scaling of the total cross section for various complex Standard-Model
processes involving many Higgs bosons, electroweak bosons, or top quarks in the final state, with
the aim of assessing the magnitude of these rare reactions at present and future colliders, in view of
the preliminary physics studies of the future circular hadronic collider. Results for five electroweak-
boson production and for the production of a top-antitop pair with an electroweak boson and two
jets have been presented here for the first time at the NLO in QCD. All predictions have been
obtained automatically in the MadGraph5 aMC@NLO framework.

8

> 1pb
> 1fb
> 1 ab



Mattelaer Olivier QCD, EW and tools at 100 TeV

!

• loop-induced processes!
➡ method and validation!
➡ cross-sections @100TeV!
➡ examples

11

PLAN
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• main production 
mechanism for Higgs & 
Higgs associated 
processes!

• contribution for NNLO 
computation!

• correction to shape of 
observables

12

Loop Induced
Why?

• the phase-space 
integration is based 
on the born diagram!

• loop evaluation are 
extremely slow!

• need Leading Color 
information for 
writing Events 
associated to the 
loop !

!

Difficulties?



Mattelaer Olivier QCD, EW and tools at 100 TeV 13

Exact Integration

• the phase-space 
integration is based 
on the born diagram!

• loop evaluation are 
extremely slow!

• need Leading Color 
information for 
writing Events 
associated to the 
loop !

!

Difficulties? Our Solution

• contract the loop to 
have tree-level 
diagrams which drive 
the integration multi-
channel!

• use Monte-Carlo over 
helicity!

• compute the loop 
with the color flow 
algebra!

• increase parallelisation!



Mattelaer Olivier QCD, EW and tools at 100 TeV 14

Validation p p > h j
@13TeV
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• b effect only important at low pt!
• at large pt, this is just a re-scaling

15

Validation p p > h j
@13TeV
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Loop Induced Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

gg ! H 6.85 · 10+3 +33%
�24%

+1%
�1% 2.21 · 10+5 +58%

�39%
+1%
�1% 32

pp ! Hjj 1.89 · 10+3 +67%
�37%

+1%
�1% 2.02 · 10+5 +66%

�38%
+0%
�1% 107

gg ! HZ 22.9 +33%
�23%

+1%
�2% 2.50 · 10+3 +35%

�26%
+1%
�1% 109

gg ! HW+W� 8.28 · 10�2 +38%
�26%

�13%
�16% 16.8 +31%

�23%
+8%
+6% 203

gg ! HZ� 2.12 · 10�3 +34%
�23%

+1%
�2% 0.279 +33%

�25%
+0%
�1% 132

gg ! HH 5.46 +34%
�24%

+2%
�2% 7.74 · 10+2 +32%

�24%
+0%
�1% 142

gg ! ZZ 4.93 · 10+2 +30%
�21%

+1%
�1% 2.92 · 10+4 +42%

�30%
+1%
�1% 59

gg ! Z� 3.98 · 10+2 +29%
�21%

+1%
�1% 1.70 · 10+4 +52%

�35%
+1%
�1% 43

gg ! �� 2.54 · 10+4 +56%
�37%

+1%
�1% 4.59 · 10+5 +89%

�50%
+3%
�3% 18

gg ! W+W� 1.37 · 10+3 +32%
�23%

�8%
�10% 8.06 · 10+4 +48%

�33%
+31%
+29% 59

gg ! HZZ 3.56 · 10�2 +35%
�24%

+2%
�2% 7.29 +28%

�22%
+0%
�1% 205

gg ! H�� 2.23 · 10�3 +38%
�26%

�13%
�16% 0.374 +33%

�25%
+10%
+9% 167

Table 1: Production of a single Higgs boson at the LHC and at a 100 TeV FCC-hh. The rightmost column reports
the ratio ⇢ of the FCC-hh to the LHC cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Monte-Carlo-integration error is always smaller than theoretical uncertainties, and is not shown. For
pp ! HV jj, on top of the transverse-momentum cut of section ??, I require m(j1, j2) > 100 GeV, j1 and j2 being
the hardest and next-to-hardest jets, respectively. Processes pp ! Htj and pp ! Hjj (VBF) do not feature jet cuts.

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

gg ! W+W�Z 2.82 +38%
�26%

�13%
�16% 4.72 · 10+2 �100%

�100%
+0%
+0% 167

gg ! Z�� 5.58 · 10�2 +28%
�21%

+1%
�1% 3.42 +44%

�31%
+1%
�1% 61

gg ! �ZZ 1.13 · 10�3 +33%
�23%

+1%
�2% 0.13 +34%

�25%
+1%
�1% 115

gg ! HHH 1.16 · 10�2 +39%
�26%

�14%
�17% 2.99 +29%

�22%
+5%
+4% 258

gg ! HHHH 2.63 · 10�5 +39%
�26%

+3%
�3% 1.30 · 10�2 +23%

�18%
+1%
�1% 494

gg ! HHZ 1.60 · 10�2 +36%
�24%

+2%
�2% 3.35 +29%

�22%
+0%
�1% 209

Table 2: Production of multiple vector bosons at the LHC and at a 100 TeV FCC-hh. The rightmost column reports
the ratio ⇢ of the FCC-hh to the LHC cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Monte-Carlo-integration error is always smaller than theoretical uncertainties, and is not shown.
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gg > w+w-
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triple Higgs
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• cross-section @NLO for 100TeV collision !
➡ Huge enhancement of rare processes at 
100TeV compare to 8/13 TeV!

• cross-section for loop-induced process @LO!
➡ Huge enhancement as well
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Conclusion


