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• Main production 
mechanism for Higgs & 
Higgs associated 
processes!

• Contribution for NNLO 
computation!

• Correction to shape 
of observables!

• We have the tool 
available
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Why?

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

• Loop evaluation are 
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Loop Induced
OLD Solution
• Use Effective Field 
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e method of choice for BSM!
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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? New 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!

•more parallel code!
!
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parallelization
MadEvent

|M |2 =
|M1|2

|M1|2 + |M2|2
|M |2 + |M2|2

|M1|2 + |M2|2
|M |2
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parallelization
MadEventZ
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•generate g g > h [QCD]!
•output!
•launch

8
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Validation p p > h j
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Validation p p > h j
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• b effect only important at low pt!
• at large pt, this is just a re-scaling

10

Validation p p > h j
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Matching/Merging

Qmatch = 50GeV

KT MLM
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• Our code is fully ready for (all) BSM!
• We (only) need NLO-UFO model!

➡ Except if you provide the loop 
matrix-element.

12

BSM Example: 2HDM
BSM technicalities
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• Our code is fully ready for (all) BSM!
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➡ Except if you provide the loop 
matrix-element.
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BSM Example: 2HDM
BSM technicalities

Benchmark Point
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Z+Scalar Processes
Exact Phase-Space integration

Reweighting (1503.01656)

gg → Zh0 gg → ZH0 gg → ZA0

B1 113 +30%
−21% 686 +30%

−22% 0.622 +32%
−23%

B2 85.8 +30.1%
−21% 1544 +30%

−22% 0.869 +34%
−23%

B3 167 +31%
−19% 0.891 +33%

−21% 1325 +28%
−21%

Table 6: Cross sections (in fb) for gluon induced Z Higgs associated production at the LHC at√
s = 14 TeV for three 2HDM benchmarks. The uncertainties (in percent) refer to scale variations.

No cuts are applied to final state particles and no Higgs or Z branching ratios are included.

to receive extremely large contributions from the resonance. This is in contrast with what

we have seen in light Higgs pair production where the resonant decay of the heavy Higgs

can lead to an enhancement of up to a factor of 60 for the gg → h0h0 cross section [51].

The most interesting feature of Table 6, is the potential size of the cross section for the

ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as

benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,

– 20 –
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Charged Higgs

Exact Phase-Space integration
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Charged Higgs
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• 2 to 2 processes: OK on a laptop!
• 2 to 3 processes: OK on a small size cluster!
• 2 to 4 processes: Specific case
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SM Tables
Process Syntax Cross section (pb) �µ̂ �PDF

Single boson + jets 13 TeV

a.1 pp!H p p > h [noborn=QCD] 17.79± 0.060 +31.3%
�23.1%

+0.7%
�1.0%

a.2 pp!Hj p p > h j [noborn=QCD] 12.86± 0.030 +42.3%
�27.7%

+0.6%
�0.9%

a.3 pp!Hjj p p > h j j QED=1 [noborn=QCD] 6.175± 0.020 +61.8%
�35.6%

+0.9%
�0.9%

a.4 gg!Zg g g > z g [noborn=QCD] 43.05± 0.060 +43.7%
�28.4%

+0.7%
�1.0%

a.5 gg!Zgg g g > z g g [noborn=QCD] 20.85± 0.030 +64.5%
�36.5%

+1.2%
�1.2%

a.6 gg! �g g g > a g [noborn=QCD] 75.61± 0.200 +73.8%
�41.6%

+0.8%
�1.1%

a.7 gg! �gg g g > a g g [noborn=QCD] 14.50± 0.030 +76.2%
�40.7%

+0.8%
�1.1%

Table 2. Discuss litterature

Process Syntax Cross section (pb) �µ̂ �PDF

Double bosons + jet 13 TeV

b.1 pp!HH p p > h h [noborn=QCD] 1.641± 0.002 · 10�2 +30.2%
�21.7%

+1.3%
�1.3%

b.2 pp!HHj p p > h h j [noborn=QCD] 1.758± 0.003 · 10�2 +45.7%
�29.2%

+1.4%
�1.4%

b.3 pp!H�j p p > h a j [noborn=QCD] 4.225± 0.006 · 10�3 +38.6%
�25.9%

+0.5%
�0.8%

b.4 gg!HZ g g > h z [noborn=QCD] 6.537± 0.030 · 10�2 +29.4%
�21.3%

+1.2%
�1.2%

b.5 gg!HZg g g > h z g [noborn=QCD] 5.465± 0.020 · 10�2 +46.0%
�29.4%

+1.5%
�1.6%

b.6 gg!ZZ g g > z z [noborn=QCD] 1.313± 0.004 +27.1%
�20.1%

+0.8%
�1.0%

b.7 gg!ZZg g g > z z g [noborn=QCD] 0.6361± 0.002 +45.4%
�29.1%

+1.2%
�1.2%

b.8 gg!Z� g g > z a [noborn=QCD] 1.265± 0.0007 +30.2%
�22.2%

+0.9%
�1.1%

b.9 gg!Z�g g g > z a g [noborn=QCD] 0.4604± 0.001 +43.7%
�28.4%

+0.7%
�1.0%

b.10 gg! �� g g > a a [noborn=QCD] 5.182± 0.010 · 10+2 +72.3%
�43.4%

+1.2%
�1.5%

b.11 gg! ��g g g > a a g [noborn=QCD] 19.22± 0.030 +59.7%
�35.7%

+0.9%
�1.2%

b.12 gg!W+W+
g g > w+ w- [noborn=QCD] 4.099± 0.010 +26.5%

�19.7%
+0.7%
�1.0%

b.13 gg!W+W�g g g > w+ w- g [noborn=QCD] 1.837± 0.004 +45.2%
�29.0%

+1.1%
�1.1%

Table 3. Discuss litterature

– 6 –
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SM Tables
Process Syntax Cross section (pb) �µ̂ �PDF

Triple bosons 13 TeV

c.1 pp!HHH p p > h h h [noborn=QCD] 3.968± 0.010 · 10�5 +31.8%
�22.6%

+1.7%
�1.7%

c.2 gg!HHZ g g > h h z [noborn=QCD] 5.260± 0.009 · 10�5 +31.2%
�22.2%

+1.6%
�1.6%

c.3 gg!HZZ g g > h z z [noborn=QCD] 1.144± 0.004 · 10�4 +31.1%
�22.2%

+1.6%
�1.5%

c.4 gg!HZ� g g > h z a [noborn=QCD] 6.190± 0.020 · 10�6 +29.3%
�21.2%

+1.1%
�1.2%

c.5 pp!H�� p p > h a a [noborn=QCD] 6.058± 0.004 · 10�6 +30.3%
�21.8%

+1.3%
�1.3%

c.6 pp!HW+W�
g g > h w+ w- [noborn=QCD] 2.670± 0.007 · 10�4 +31.0%

�22.2%
+1.5%
�1.6%

c.7 gg!ZZZ g g > z z z [noborn=QCD] 6.964± 0.009 · 10�5 +30.9%
�22.1%

+1.5%
�1.5%

c.8 gg!ZZ� g g > z z a [noborn=QCD] 3.454± 0.010 · 10�6 +28.7%
�20.9%

+1.0%
�1.1%

c.9 gg!Z�� g g > z a a [noborn=QCD] 3.079± 0.005 · 10�4 +28.0%
�20.9%

+0.9%
�1.2%

c.10 gg!ZW+W�
g g > z w+ w- [noborn=QCD] 8.595± 0.020 · 10�3 +26.9%

�19.5%
+0.7%
�0.7%

c.12 gg! �W+W�
g g > a w+ w- [noborn=QCD] 1.822± 0.005 · 10�2 +28.7%

�20.9%
+0.9%
�1.1%

Table 4. Discuss litterature

Process Syntax Cross section (pb) �µ̂ �PDF

Selected 2 ! 4 13 TeV

d.1 pp!Hjjj p p > h j j j QED=1 [noborn=QCD] 0.0 0%
0%

0%
0%

d.2 pp!HHjj p p > h h j j QED=1 [noborn=QCD] 1.085± 0.002 · 10�2 +62.1%
�35.8%

+1.5%
�1.6%

d.3 pp!HHHj p p > h h h j [noborn=QCD] 4.981± 0.008 · 10�5 +46.3%
�29.6%

+1.8%
�1.8%

d.3 pp!HHHH p p > h h h h [noborn=QCD] 1.080± 0.003 · 10�7 +33.3%
�23.4%

+2.2%
�2.1%

d.4 gg! e+e�µ+µ�
g g > e+ e- mu+ mu- [noborn=QCD] 2.022± 0.003 · 10�3 +26.4%

�19.4%
+1.0%
�1.3%

d.5 pp!HZ�j g g > h z a g [noborn=QCD] 4.950± 0.008 · 10�6 +45.8%
�29.3%

+1.5%
�1.6%

e+e� processes ŝ = 500 GeV

e.1 e+e� ! ggg e+ e- > g g g [noborn=QED] 2.526± 0.004 · 10�6 +31.2%
�22.0%

e.2 e+e� !HH e+ e- > h h [noborn=QED] 1.567± 0.003 · 10�5 +0.0%
�0.0%

e.3 e+e� !HHgg e+ e- > h h g g [noborn=QED] 6.629± 0.010 · 10�11 +19.2%
�14.8%

Miscellaneous 13 TeV

f.1 pp! tt p p > t t [noborn=QED] 4.045± 0.007 · 10�15 +0.2%
�0.8%

+1.1%
�1.1%

Table 5. Discuss litterature

– 7 –

Process Syntax Decay width (GeV)
Bosonic decays

g.1 H! jj h > j j [noborn=QCD] 1.646± 0.003 · 10�4

g.2 H! jjj h > j j j [noborn=QCD] 4.630± 0.030 · 10�5

g.3 H! jjjj h > j j j j QED=1 [noborn=QCD] 2.549± 0.020 · 10�6

g.4 H! �� h > a a [noborn=QED] 9.743± 0.004 · 10�6

g.5 Z! ggg z > g g g [noborn=QCD] 3.921± 0.010 · 10�7

Table 6. Discuss litterature

– 8 –
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SM Tables

Process Syntax Cross section (pb) �µ̂ �PDF

Triple bosons 13 TeV

c.1 pp!HHH p p > h h h [noborn=QCD] 3.968± 0.010 · 10�5 +31.8%
�22.6%

+1.7%
�1.7%

c.2 gg!HHZ g g > h h z [noborn=QCD] 5.260± 0.009 · 10�5 +31.2%
�22.2%

+1.6%
�1.6%

c.3 gg!HZZ g g > h z z [noborn=QCD] 1.144± 0.004 · 10�4 +31.1%
�22.2%

+1.6%
�1.5%

c.4 gg!HZ� g g > h z a [noborn=QCD] 6.190± 0.020 · 10�6 +29.3%
�21.2%

+1.1%
�1.2%

c.5 pp!H�� p p > h a a [noborn=QCD] 6.058± 0.004 · 10�6 +30.3%
�21.8%

+1.3%
�1.3%

c.6 pp!HW+W�
g g > h w+ w- [noborn=QCD] 2.670± 0.007 · 10�4 +31.0%

�22.2%
+1.5%
�1.6%

c.7 gg!ZZZ g g > z z z [noborn=QCD] 6.964± 0.009 · 10�5 +30.9%
�22.1%

+1.5%
�1.5%

c.8 gg!ZZ� g g > z z a [noborn=QCD] 3.454± 0.010 · 10�6 +28.7%
�20.9%

+1.0%
�1.1%

c.9 gg!Z�� g g > z a a [noborn=QCD] 3.079± 0.005 · 10�4 +28.0%
�20.9%

+0.9%
�1.2%

c.10 gg!ZW+W�
g g > z w+ w- [noborn=QCD] 8.595± 0.020 · 10�3 +26.9%

�19.5%
+0.7%
�0.7%

c.12 gg! �W+W�
g g > a w+ w- [noborn=QCD] 1.822± 0.005 · 10�2 +28.7%

�20.9%
+0.9%
�1.1%

Table 4. Discuss litterature

Process Syntax Cross section (pb) �µ̂ �PDF

Selected 2 ! 4 13 TeV

d.1 pp!Hjjj p p > h j j j QED=1 [noborn=QCD] 2.519± 0.005 0%
0%

0%
0%

d.2 pp!HHjj p p > h h j j QED=1 [noborn=QCD] 1.085± 0.002 · 10�2 +62.1%
�35.8%

+1.5%
�1.6%

d.3 pp!HHHj p p > h h h j [noborn=QCD] 4.981± 0.008 · 10�5 +46.3%
�29.6%

+1.8%
�1.8%

d.3 pp!HHHH p p > h h h h [noborn=QCD] 1.080± 0.003 · 10�7 +33.3%
�23.4%

+2.2%
�2.1%

d.4 gg! e+e�µ+µ�
g g > e+ e- mu+ mu- [noborn=QCD] 2.022± 0.003 · 10�3 +26.4%

�19.4%
+1.0%
�1.3%

d.5 pp!HZ�j g g > h z a g [noborn=QCD] 4.950± 0.008 · 10�6 +45.8%
�29.3%

+1.5%
�1.6%

e+e� processes ŝ = 500 GeV

e.1 e+e� ! ggg e+ e- > g g g [noborn=QED] 2.526± 0.004 · 10�6 +31.2%
�22.0%

e.2 e+e� !HH e+ e- > h h [noborn=QED] 1.567± 0.003 · 10�5 +0.0%
�0.0%

e.3 e+e� !HHgg e+ e- > h h g g [noborn=QED] 6.629± 0.010 · 10�11 +19.2%
�14.8%

Miscellaneous 13 TeV

f.1 pp! tt p p > t t [noborn=QED] 4.045± 0.007 · 10�15 +0.2%
�0.8%

+1.1%
�1.1%

Table 5. Discuss litterature
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• MadGraph5_aMC@NLO!
➡ Framework for LO and NLO computation!
➡ Fixed order or matched to the shower!
➡ Merging possible!
➡ SM and BSM on the same level!

• Loop-Induced!
➡ Code in public beta!
➡ Fine tuning in progress!
➡ Officially release in ~ weeks!

20

Conclusion


