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Full automation 
(and extreme simplicity)

• Start the MG5/aMC@NLO shell	


!

• Generate the process	


!

• Write the code	


!

• Launch the event generation/fixed order computation

$./bin/mg5_aMC

> generate p p > h h t t~ [QCD]

> output my_ttHH_nlo

> launch
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• The code for all channels (but gg→HH) can be 
generated automatically including NLO+PS effects

4

Process Syntax Cross section (pb)

Single Higgs production LO 13 TeV NLO 13 TeV

h.1 pp→HH (Loop improved) p p > h h 1.772± 0.006 · 10−2 +29.5%
−21.4%

+2.1%
−2.6%

2.763± 0.008 · 10−2 +11.4%
−11.8%

+2.1%
−2.6%

h.2 pp→HHjj (VBF) p p > h h j j $$ w+ w- z 6.503± 0.019 · 10−4 +7.2%
−6.4%

+2.3%
−1.6%

6.820± 0.026 · 10−4 +0.8%
−1.0%

+2.4%
−1.7%

h.3 pp→HHW± p p > h h wpm 4.303± 0.005 · 10−4 +0.9%
−1.3%

+2.0%
−1.5%

5.002± 0.014 · 10−4 +1.5%
−1.2%

+2.0%
−1.6%

h.4 pp→HHZ p p > h h z 2.701± 0.007 · 10−4 +0.9%
−1.3%

+2.0%
−1.5%

3.130± 0.008 · 10−4 +1.6%
−1.2%

+2.0%
−1.5%

h.5 pp→HHtt̄ p p > h h t t∼ 6.756± 0.007 · 10−4 +30.2%
−21.6%

+1.8%
−1.8%

7.301± 0.024 · 10−4 +1.4%
−5.7%

+2.2%
−2.3%

h.6 pp→HHtj p p > h h tt j 1.844± 0.008 · 10−5 +0.0%
−0.6%

+1.8%
−1.8%

2.444± 0.009 · 10−5 +4.5%
−3.1%

+2.8%
−3.0%

Table 9: NLO total rates for Higgs-pair cross sections, possibly within cuts, at the LHC 13 TeV. Uncertainties from scale and pdf variation
are automatically evaluated by reweighting. wpm is a label that includes W+ and W− and is defined via define wpm = w+ w-. tt is a label
that includes t and t̄ and is defined via define tt = t t∼. The results above have appeared in [100], some of which were already known [101].
Previously, the only available public code for Higgs pair production is HPAIR [102, 103] for process h.1.

–
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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λHHH dependence
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

m
(N

)L
O

[fb
]

h/hSM

ppAHH (EFT loop-improved)
ppAHHjj (VBF)

ppAttHH

ppAWHH

ppAZHH ppAtjHH

HH production at 14 TeV LHC at (N)LO in QCD
MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

SM



Marco Zaro, 20-11-2014 LHCPhenoNet

Beyond total rates

• More than total rates needed for realistic pheno studies	


• Selection/acceptance cuts are imposed on particles in 

the final state	


• One may want to look to specific differential 

distributions	


• Accurate (i.e. at N≥1LO) and realistic (i.e. matched with 

PS) fully differential predictions are necessary! 

6
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Fully differential predictions 	


for HH production in the SM
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What can we learn from subdominant	


HH production modes?

• Complimentary information on the Higgs self coupling	


• Extra information on other SM interactions:	


• E.g.: VVHH vertex in VBF (and VHH)

8

2.4. Higgs boson production at the LHC 17
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Figure 2.1: Feynman rules for the Higgs boson in the Standard Model.

the Fermi coupling constantGF measured from the muon decay (GF = 1.1663787(6)×
10−5GeV−2 [33]). The relation
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leads to v = 246GeV. After the measurements of the weak boson masses, also the

constants g1, g2 can be determined.

2.4 Higgs boson production at the LHC

In this section, I will introduce the main production mechanisms of the Higgs boson

at hadron collider, with particular focus on the LHC. As seen in the previous chapter,
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λHHH dependence in gg→HH

10-5

10-4

10-3

10-2

10-1

dσ
/b

in
[p

b]

λ=2λSM
λ=λSM
λ= 0

λ=-1λSM
λ=-2λSM

gg→HH production at the LHC14, NLO+Pythia8

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

 0.1

 1

 10

 0  100  200  300  400  500  600
pT(H1)[GeV]

ratio over λ=λSM

10-5

10-4

10-3

10-2

10-1

dσ
/b

in
[p

b]

λ=2λSM
λ=λSM
λ= 0

λ=-1λSM
λ=-2λSM

gg→HH production at the LHC14, NLO+Pythia8

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

 0.1

 1

 10

 0  200  400  600  800  1000  1200  1400  1600  1800
M(HH)[GeV]

ratio over λ=λSM



Marco Zaro, 20-11-2014 LHCPhenoNet

λHHH dependence in VBF
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λHHH dependence in t tH̄H

11
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λVVHH dependence in VBF

• λVVHH changed in a custodial way (same scaling factor 
for W and Z)
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• Does the inclusion of the exact mt dependence in the 
reals spoil cancelations between reals and virtuals?	


• Single Higgs Harlander, arXiv:hep-ph/0311005

More on the inclusion of	


top-mass effects	



from Maltoni, Vryonidou, Zaro, arXiv:1408.6542
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Fig. 2. The total cross section at NLO as evaluated in the
effective theory (Eq. (3)), compared to the exact NLO result [5,
6]. Dashed line: only top quarks — solid line: including bottom
quarks (mOS

t = 175 GeV, mOS
b = 5GeV).
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Fig. 3. Relevance of the exact bottom quark contribution for
various values of the bottom Yukawa coupling [6]. gb/gt = 1
corresponds to the Standard Model (see also [7]).

limit” works at the 10% level even for very large Higgs
boson masses (see Fig. 2), it is tempting to apply a formal
“heavy-bottom approach”, defined by Eq. (3) with θ = tb
and mtb ≡ {mt, mb}. At NLO, it is κtb = κt. Fig. 3 shows
the deviation of σ∞

tb from the exact result at NLO [5,6]
for various values of the ratio gb/gt, where gb,t are the
Yukawa couplings of the bottom and top quark relative to
their SM values. Note that the solid/red curves (Standard
Model) of Figs. 3 and 2 are identical.

The curves in Fig. 3 show that the effect of the exact
NLO bottom contribution stays below 40% even for very
large bottom Yukawa couplings. For large Higgs boson
masses, the curves approach the Standard Model value
(solid/red curve).

SUSY loops. The contribution of squarks to the total
Higgs production cross section goes like (mq/mq̃)2. Thus,
as shown in Fig. 4, only top squarks with mt̃ ! 400GeV
give a sizable effect.
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Fig. 4. Relative size of the top quark/squark contributions:
delta(top,stop)=∆σt̃/σt, see Eq. (1). Furthermore, mt =
175 GeV, and mt̃R = mt̃L ≡ mt̃. Solid line: mt̃ = 175 GeV
— long/middle/short dashes: mt̃ = 200/300/400 GeV.
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Fig. 5. K-factors for the gluon-fusion process. Dashed: Stan-
dard Model — Solid: MSSM (no stop mixing). The narrow (red)
band shows the uncertainty due to the missing NNLO contribu-
tion in the effective vertex, the wide (green) band is the scale
uncertainty (from Ref. [11]).

The SUSY relation between the top and stop Yukawa
coupling requires to include also gluino effects at higher
orders in αs to arrive at finite results. A sample diagram
with top quark, top squark, and gluino is displayed in
Fig. 1 (b).

The NLO corrections (evaluated through Eq. (3) with
θ = tt̃ and mtt̃ ≡ {mt, mt̃, mg̃}) were found to be very
similar to the Standard Model case [8] (see also Ref. [9],
so that the tree-level ratios shown in Fig. 4 hardly change
at NLO. In this first study, squark mixing effects had been
neglected, but more detailed investigations are under way.

The dominant corrections to the Higgs production cross
section originate from real gluon emission [10]. Thus, it is
possible to derive a rather precise estimate of the NNLO
terms based on the NNLO result in the SM [3] and the
NLO effective Higgs-gluon coupling [8]. In this way, the
reduced scale uncertainty of the NNLO in the SM directly
carries forward to the supersymmetric case. The result is
shown in Fig. 5, details can be found in Ref. [11].
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NLO FTapproxH production at the LHC14
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The SUSY relation between the top and stop Yukawa
coupling requires to include also gluino effects at higher
orders in αs to arrive at finite results. A sample diagram
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The NLO corrections (evaluated through Eq. (3) with
θ = tt̃ and mtt̃ ≡ {mt, mt̃, mg̃}) were found to be very
similar to the Standard Model case [8] (see also Ref. [9],
so that the tree-level ratios shown in Fig. 4 hardly change
at NLO. In this first study, squark mixing effects had been
neglected, but more detailed investigations are under way.

The dominant corrections to the Higgs production cross
section originate from real gluon emission [10]. Thus, it is
possible to derive a rather precise estimate of the NNLO
terms based on the NNLO result in the SM [3] and the
NLO effective Higgs-gluon coupling [8]. In this way, the
reduced scale uncertainty of the NNLO in the SM directly
carries forward to the supersymmetric case. The result is
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There is a cancelation at the t t ̄threshold	


Total cross-section for HH is dominated by higher invariant masses	



FTapprox is closer to the exact value (at least for single Higgs) 
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mt uncertainties in gg→HH

• Top-mass uncertainty (in mt and yt) at LO and NLO:	


!

!

!

• Beware! Width effects:  
-3% at the LO  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Conclusions

• All HH production modes available at NLO+PS accuracy 
in MadGraph5_aMC@NLO 
• Codes publicly available for all channels	



• Subdominant production modes can provide precious 
complimentary information on SM parameters not 
constrained so far: λHHH, λVVHH, …
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