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Definition

• MonteCarlo: a (public) tool that provides differential 
distributions for any observable or unweighted events, 
beyond LO/lowest-multiplicity
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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. including QCD effects beyond LO) and 

realistic (i.e. matched with PS) fully differential 
predictions are necessary! 
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What is on the market?
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MadGraph5_aMC@NLO

VBFNLO

LO MERGING
OpenLoops+ Herwig++ 

Maierhofer, Papaefstathiou, arXiv:1401.0007

MG/ME+RWGT+ Pythia Li, Yan, Zhao, arXiv:1312.3830
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Production channels:
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ggHH tot xsec also known at NNLO (in the EFT) (de Florian, Mazzitelli, arXiv:1309.6594)	

HH-VBF tot xsec also known at NNLO (Liu-Sheng, Ren-You, Wen-Gan, Lei, Wei-Hua, Xiao-Zhou, arXiv:1401.7754)	


VHH tot xsec also known at NNLO (Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira, arXiv:1212:5581)
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MadGraph5_aMC@NLO	


MadGraph

CutTools + TIR   .  
!

 MC@NLO	

(HW6, PY6, HW++, PY8)

FKS 

J. Alwall, R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, V. Hirschi, MZ	


arXiv:1405.0301

MadGraph5_aMC@NLO
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HH differential observables	
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λHHH dependence in gg→HH
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λHHH dependence in VBF
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λHHH dependence in t tH̄H
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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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λVVHH dependence in VBF

• λVVHH changed in a custodial way (same scaling factor 
for W and Z)
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HH in MadGraph5_aMC@NLO

• All sub-leading HH production modes can be simulated 
automatically in MadGraph5_aMC@NLO at NLO+PS	


• gg→HH needs special care:	

• The top-quark effective theory breaks down for HH 

production
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FIG. 4: Sample Feynman graphs contributing to pp → hh+ j +X. Not shown are the qg, q̄g and qq̄ subprocesses.
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FIG. 5: Comparison of the leading order pT,j spectrum for
pp → hh+ j+X production. Shown are distributions for the
effective interaction (obtained with MadGraph v5 [34] via
FeynRules [45] and Ufo [46]), and the full one-loop matrix
element calculation. We again choose mt = 172.5 GeV and
mb = 4.5 GeV using CTEQ6l1 parton densities and µF =
µR = pT,j + 2mh.

τs are generated with Rbb,ττ ≥ 0.2. On the other hand,
the bb̄W−W+ sample is generated inclusively, and is the
same sample used in the unboosted bb̄W−W+ analysis
in the previous section.
The results are shown in Tab. III. The initial back-

ground cross-section looks very large due to it being in-
clusively generated. However, once we take into account
the small branching ratio of W → τν this drops dramati-
cally. After requiring two b-tagged jets which reconstruct
the Higgs mass we are left with an S/B of nearly half for
the ξ = 1 case (and nearly one in for ξ = 0). The cross-
section is also reasonable, corresponding to 95 events for
1000 inverse femtobarns of luminosity. This channel is
hence very promising indeed.

III. HIGGS PAIR PRODUCTION IN
ASSOCIATION WITH A HARD HADRONIC JET

A. Parton-Level considerations

The qualitatively poor agreement of the effective the-
ory of Eq. (3) with the full theory persists if additional
jet radiation is included. Naively we could have expected
that accessing smaller invariant masses in the Higgs sys-
tem due to significant initial state radiation might re-
sult in a better agreement with the effective theory of
Eq. (3). However, especially for hard jet emission, which
allows the Higgs pairs to access large invariant masses
in a new collinear kinematical configuration compared
to pp → hh + X , the disagreement of full and effective
theories is large (Fig. 5).
Given these shortcomings of the effective theory, we

implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We

3

on the tagging jets [26] is insufficient to tame the back-
ground contributions and is troubled by large combinato-
rial uncertainties and small statistics (see below).¶ The
most promising avenue is therefore a generalisation of the
boosted final state analysis of Ref. [15] to a lower pT two-
jet category: On the one hand, the signal cross section re-
mains large by focussing on the hh → bb̄τ+τ− final state
and combinatorial issues can be avoided (i.e. through
boosted kinematics and substructure techniques).

We generate signal events withMadEvent v4 [28] and
v5 [29] for the WBF and GF contributions, respectively.
The former event generation includes a straightforward
add-on that allows to include the effect of modified Higgs
trilinear coupling. The GF event generation employs the
FeynRules/Ufo [30] tool chain to implement the higher
dimensional operators relevant for GF-induced hhjj pro-
duction in themt → ∞ limit. We pass the events toHer-
wig++ [31] for showering and hadronisation. For back-
ground samples we use Sherpa [32] and MadEvent v5,
considering tth, tt̄jj, ZWWjj, ZHjj and ZZjj. As
in the hh and hhj cases the dominant background is
due to tt̄. We normalise the background samples using
NLO K-factors, namely 0.611 pb for tth [33], 300.5 pb
for tt̄jj [34]. We adopt the a total flat K factor of 1.2
for Zh + 2j motivated from Ref. [35]. We have checked
that all other backgrounds are completely negligible. The
QCD corrections for the signal are known to be small for
the WBF contribution [21, 22]. It is reasonable to expect
that the corrections for the GF contributions will be sim-
ilar to the pp → hjj following the arguments of Ref. [36],
however, we choose to remain conservative and do not
include a NLO K factor guess for the GF contribution.

We correct the deficiencies of the GF event genera-
tion in the mt → ∞ limit via an in-house re-weighting
library which is called at runtime of the analysis. We in-
clude the effects of finite top and bottom quark masses,
which are treated as complex parameters. The value
of the Higgs trilinear coupling can be steered exter-
nally. For the generation of the matrix elements we used
GoSam [37], a publicly available package for the auto-
mated generation of one-loop amplitudes. It is based on
a Feynman diagrammatic approach using QGRAF [38]
and FORM [39] for the diagram generation, and Spin-
ney [40], Haggies [41] and FORM to write an optimised
fortran output. The reduction of the one-loop amplitudes
was done using Samurai [42], which uses a d-dimensional
integrand level decomposition based on unitarity meth-
ods [43]. The remaining scalar integrals have been eval-
uated using OneLoop [44]. Alternatively, GoSam of-
fers a reduction based on tensorial decomposition as con-
tained in the Golem95 library [45].The GoSam frame-

¶However, it might be able to compensate this by folding in matrix
elements to the analysis, generalizing the approach of Ref. [27].

work has been used recently for the calculation of signal
and background processes important for Higgs searches
at the LHC [46].

The maximum transverse momentum of the Higgs
bosons is a good variable to compare effective with full
theory. For inclusive hhjj production we find a re-
weighted distribution as depicted in Fig. 1. Qualita-
tively, the re-weighting pattern follows the behaviour
anticipated from pp → hhj production [15] and pp →
hjj [26, 47]. As expected, the shortcomings of the ef-
fective calculation for double Higgs production are more
pronounced than for single Higgs production: Already
for low momentum transfers the effective theory deviates
from the full theory by factors of two, making the correc-
tion relevant even for low momenta, where one might ex-
pect the effective theory to be in reasonably good shape.
It is precisely the competing and mt-dependent contri-
butions alluded to earlier which are not reflected in the
effective theory causing this deviation. When the effec-
tive operators are probed at larger momentum transfers
(and the massive quark loops are resolved in the full the-
ory calculation), the effective theory overestimates the
gluon fusion contribution by an order of magnitude.∥
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FIG. 1: max pT,h distribution and effective theory vs. full
theory comparison as a function of the maximum Higgs
transverse momentum of the fully showered and hadronised
gluon fusion sample (satisfying the parton-level generator cuts
pT,j ≥ 20 GeV and |ηj | < 4.5).

∥A dedicated comparison of the full matrix element with the effec-

HH+j
HH+2j

Dolan, Englert, Spannowsky, arXiv:1206.5001 Dolan, Englert, Greiner, Spannowsky, arXiv:1310.1084
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HH in MadGraph5_aMC@NLO

• All sub-leading HH production modes can be simulated 
automatically in MadGraph5_aMC@NLO at NLO+PS	


• gg→HH needs special care:	

• The top-quark effective theory breaks down for HH 

production
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FIG. 4: Sample Feynman graphs contributing to pp → hh+ j +X. Not shown are the qg, q̄g and qq̄ subprocesses.
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FIG. 5: Comparison of the leading order pT,j spectrum for
pp → hh+ j+X production. Shown are distributions for the
effective interaction (obtained with MadGraph v5 [34] via
FeynRules [45] and Ufo [46]), and the full one-loop matrix
element calculation. We again choose mt = 172.5 GeV and
mb = 4.5 GeV using CTEQ6l1 parton densities and µF =
µR = pT,j + 2mh.
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the bb̄W−W+ sample is generated inclusively, and is the
same sample used in the unboosted bb̄W−W+ analysis
in the previous section.
The results are shown in Tab. III. The initial back-

ground cross-section looks very large due to it being in-
clusively generated. However, once we take into account
the small branching ratio of W → τν this drops dramati-
cally. After requiring two b-tagged jets which reconstruct
the Higgs mass we are left with an S/B of nearly half for
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ground contributions and is troubled by large combinato-
rial uncertainties and small statistics (see below).¶ The
most promising avenue is therefore a generalisation of the
boosted final state analysis of Ref. [15] to a lower pT two-
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mains large by focussing on the hh → bb̄τ+τ− final state
and combinatorial issues can be avoided (i.e. through
boosted kinematics and substructure techniques).

We generate signal events withMadEvent v4 [28] and
v5 [29] for the WBF and GF contributions, respectively.
The former event generation includes a straightforward
add-on that allows to include the effect of modified Higgs
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in the hh and hhj cases the dominant background is
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for tt̄jj [34]. We adopt the a total flat K factor of 1.2
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the WBF contribution [21, 22]. It is reasonable to expect
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however, we choose to remain conservative and do not
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bosons is a good variable to compare effective with full
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tion relevant even for low momenta, where one might ex-
pect the effective theory to be in reasonably good shape.
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butions alluded to earlier which are not reflected in the
effective theory causing this deviation. When the effec-
tive operators are probed at larger momentum transfers
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theory comparison as a function of the maximum Higgs
transverse momentum of the fully showered and hadronised
gluon fusion sample (satisfying the parton-level generator cuts
pT,j ≥ 20 GeV and |ηj | < 4.5).

∥A dedicated comparison of the full matrix element with the effec-

HH+j
HH+2j

Dolan, Englert, Spannowsky, arXiv:1206.5001 Dolan, Englert, Greiner, Spannowsky, arXiv:1310.1084

Top mass effects must be included
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(see also afternoon talks)
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MLM merging	

Li, Yan, Zhao, arXiv:1312.3830	


Maierhofer, Papaefstathiou, arXiv:1401.0007	


• Include exact one-loop born and real-emission ME
• Use a merging scale (arbitrary) to separate soft and 

hard emissions (shower vs ME driven)
• Improved description of shapes, but formally LO
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Figure 4. The transverse momentum of the di-Higgs system and the transverse momentum of a
Higgs boson, phh? and p

h
? respectively (top), the distance between the two Higgs bosons, �R(h, h),

and the p? of the leading jet (bottom). The merged samples are shown in blue, with the blue line
corresponding to µ = 2(mh + p

hh
? ) and the un-merged samples are shown in red, with the red line

corresponding to µ = 2mh. The bands show the envelope of scale variations between µ = mh + p

hh
?

and µ = 4(mh + p

hh
? ) for the merged sample and µ = mh and µ = 4mh for the un-merged sample.

The merging parameters were chosen to be ĒTclus = 60 GeV, ✏clus = 30 GeV. The ratio sub-plot is
taken with respect to the un-merged sample with µ = 2mh.

will constitute the largest component of the irreducible background, via

pp ! tt̄ ! (⌧�⌫̄⌧ b)(⌧
+

⌫⌧ b̄) . (4.1)

We consider the case of a 14 TeV LHC, and normalise all hh inclusive cross sections to
the NNLO cross section obtained within the effective theory in [18], �

NNLO
hh = 40.2 fb.

We consider four different samples, un-merged with scales set to µ = mh and µ = 2mh

and merged with scales µ = mh + p

hh
? and µ = 2(mh + p

hh
? ). The merging parameters

– 9 –
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Figure 7. The transverse momentum of the di-Higgs system and the transverse momentum of a
Higgs boson, phh? and p

h
? respectively (top), the distance between the two Higgs bosons, �R(h, h)

and the p? of the leading jet (bottom). The uncertainty envelope is constructed for ETclus 2
[50, 70] GeV and ✏clus 2 [10, 30] GeV, µ = mh + p

hh
? . The ratio sub-plot is taken with respect to

the case where ETclus = 60 GeV and ✏clus = 20 GeV. The error bars represent the Monte Carlo
statistical uncertainty for that set of parameters.

simplicity. We require a loose cut on the transverse momentum of the fat jet (after filtering)
that satisfies the above criteria, pfat? > 100 GeV. This is done to maintain a sufficient number
of events to examine the change of efficiencies with respect to other cuts. We also apply a
transverse momentum cut on the ⌧

+

⌧

� system of equal magnitude, p⌧⌧? > 100 GeV.
We wish to examine the stability of the merged samples against that of the un-merged

samples with respect to scale variations. It is obvious that sufficiently inclusive quantities
should not differ in a way that will impact the analyses. However, there are quantities for
which the merged sample and the un-merged sample differ substantially. As an exercise,
we examine two such observables here: the distance between the (⌧+⌧�) system and the

– 12 –
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gg→HH @NLO:	

HPAIR	


Dawson, Dittmaier, Spira, arXiv:hep-ph/9805244	


• Include exact one-loop born matrix-element
• Approximate real and virtuals with the born-rescaled 

EFT
• Only inclusive NLO cross-section
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Figure 3: Typical effective diagrams contributing to the (a) virtual and (b) real corrections
to neutral Higgs-boson pair production.

corrections the infrared singularities cancel. However, collinear initial-state singularities
are left over in the partonic cross sections. Those divergences have been absorbed into
the NLO parton densities, defined in the MS scheme with five light-quark flavours. We
end up with finite results, which can be cast into the form

σNLO(pp → φ1φ2 + X) = σLO + ∆σvirt + ∆σgg + ∆σgq + ∆σqq̄, (20)

with the individual contributions

σLO =
∫ 1

τ0
dτ

dLgg

dτ
σ̂LO(Q2 = τs),

∆σvirt =
αs(µ)

π

∫ 1

τ0
dτ

dLgg

dτ
σ̂LO(Q2 = τs) C,

∆σgg =
αs(µ)

π

∫ 1

τ0
dτ

dLgg

dτ

∫ 1

τ0/τ

dz

z
σ̂LO(Q2 = zτs)

{

−zPgg(z) log
M2

τs

−
11

2
(1 − z)3 + 6[1 + z4 + (1 − z)4]

(
log(1 − z)

1 − z

)

+

}

,

∆σgq =
αs(µ)

π

∫ 1

τ0
dτ
∑

q,q̄

dLgq

dτ

∫ 1

τ0/τ

dz

z
σ̂LO(Q2 = zτs)

{

−
z

2
Pgq(z) log

M2

τs(1 − z)2

+
2

3
z2 − (1 − z)2

}

,

∆σqq̄ =
αs(µ)

π

∫ 1

τ0
dτ
∑

q

dLqq̄

dτ

∫ 1

τ0/τ

dz

z
σ̂LO(Q2 = zτs)

32

27
(1 − z)3. (21)
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gg→HH @NLO	

with aMC@NLO

16

d�n
NLO = d�n

LO + d�n
V +

Z
d�1 d�n+1

R

• Include exact one-loop born and real emission ME
• Two-loop virtual ME is currently unknown	

• Approximate with the born-rescaled EFT

• In practice mt effects included by reweighting 
(straightforward in the (a)MC@NLO formalism)  

counterterms are such that Born-like (S-events) and real-emission (H-events) unweighted

events can obtained as the corresponding subtracted cross sections are separately finite.

The corresponding contributions to the total cross section can be written as

dσ(H) = dφn+1 (R− CMC) , (3.2)

dσ(S) = dφn+1

[

(

B + V + Cint
) dφn

dφn+1
+ (CMC − C)

]

. (3.3)

In the MadGraph5 aMC@NLO framework, one can automatically generate the code

corresponding to the Born, virtual, real amplitudes, the counter terms and the phase

space [50,75] in one go in order to compute cross sections and generate events for gg → HH

at NLO in QCD in the HEFT. All the finite heavy-quark one-loop matrix-elements (i.e.

those entering the Born and real contributions) needed can also be obtained within Mad-

Graph5 aMC@NLO. Note, however, that two limitations presently make the automatic

computation of the exact NLO result not possible. First, the computation of cross sec-

tions that have a loop Born matrix-element is not automated yet (even at the LO only).

Second, even with the automation for loop-induced processes, the need for the two-loop

amplitudes would require an external routine, as this cannot be performed automatically

by MadLoop. Therefore, the inclusion of heavy-quark effects needs manipulation that can

in principle be performed in two ways.

The first option is to generate the code for an NLO computation in the HEFT and

then replace the matrix-elements (for B,V,R, Cint and CMC) with the corresponding ones

in the FT. Even though this is the simplest option, it features several drawbacks. First, this

method is very inefficient as the (computationally expensive) one-loop and two-loop matrix

elements routines would then be called many times to probe and map all regions of phase

space. In addition, it requires the evaluation of the real one-loop matrix elements in the

FT in regions of phase space very close to the soft/collinear limits, i.e. where they might

feature unstable configurations. For such points, multiple precision needs to be employed

at the cost of a growth of the running time by a factor of a hundred.

The second option is to include the top-quark mass effects by reweighting after hav-

ing generated the short-distance events and before these are passed to a parton shower

program. In order for this procedure to be applied, all the weights corresponding to the

separate contributions (events and counter events) and the corresponding kinematics, which

is in general different between events and each of the counter events, need to be saved in

an intermediate event file. With this information it is then possible to recompute the to-

tal event weight by reweighting each contribution by the matrix-elements in the FT. The

weights corresponding to B,V, C(int), CMC are rescaled by the ratio BFT/BHEFT , while

those corresponding to R by the ratio RFT /RHEFT . When unweighted events are gener-

ated, this amounts into rescaling the whole weight of S-events with Born matrix-elements,

and the different terms corresponding to H-events as written above. This solution has the

advantage of requiring the FT matrix-elements to be evaluated in significantly fewer phase

space points than those used while integrating it directly. In addition, it is completely

general and only assumes that there are no regions in phase space where the HEFT gives

a vanishing contribution while the full theory does not. In our case this condition is sat-

– 6 –
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aMC@NLO vs merging

• Disclaimer: not tuned comparison 	

• Different scales (mHH/2 vs s)̂	

• Same shower (Herwig++) but different shower scales

17

shower

mlm

mc@nlo

10−5

10−4

10−3

10−2

300 400 500 600 700 800

0.6

0.8

1

1.2

1.4

M
C
/
D
a
ta

shower
mlm
mc@nlo

10−8

10−7

10−6

10−5

10−4

10−3

10−2

diHiggs p⊥

1/
σ
d

σ
/
d
p
h
h

⊥
[1
/
G
eV

]

0 100 200 300 400 500 600 700 800 900

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

phh
⊥

[GeV]

M
C
/
D
at
a

shower
mlm
mc@nlo

10−6

10−5

10−4

10−3

Higgs boson p⊥

1/
σ
d

σ
/
d
p
h ⊥
[1
/
G
eV

]

0 100 200 300 400 500 600 700 800 900

0.6

0.8

1

1.2

1.4

ph
⊥
[GeV]

M
C
/
D
at
a

Mhh[GeV]

Plots by Andreas



Marco Zaro, 29-04-2015

Thoughts and open questions #1

• We can simulate quite precisely (NLO+PS) all production 
channels. Will we ever observe them all?	


• gg→HH: inclusion of top mass effects is crucial for meaningful 
differential distributions. Still, exact NLO is missing	

• How good/bad is the aMC@NLO approximation?	

• Quite good (<5%) if there were no box	


• For loop-experts: how far is the exact  
double box?

18

NLO HEFT Born-improved
NLO FTapproxH production at the LHC14
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Thoughts and open questions #2

• LO-merging: do we need HH+2j?	

• Do we need (Can we compute) EW corrections for 

gg→HH?	

• Taking “inspiration” from gg→H (triangle vs 𝜎(mH)) may be 

misleading	


• 𝜎(mH) has no Sudakov enhancement 

19

3 Numerical results

For the NLO electroweak corrections we use our recent result [8] and consider a Higgs mass
range spanning from 100GeV to 500GeV. In this region we cross the WW , ZZ and tt̄ thresholds.
A naive computation of the amplitude with conventional on-shell masses as input data reveals the
presence of singularities at the WW and ZZ thresholds; in order to cure them, we have introduced
in our computation complex masses [11], following the suggestion of Ref. [10]. The behavior at the
tt̄ thresholds, instead, is smooth, and the on-shell mass of the top quark can be safely used.

In the calculation all light-fermion masses have been set to zero and we have defined the W and
Z boson complex poles by

sj = µj (µj − i γj) , µ2
j = M2

j − Γ2
j , γj = Γj

(

1 −
Γ2

j

2M2
j

)

, (8)

with j = W,Z. As input parameters for the numerical evaluation we have used the following values
taken from Ref. [22]:

M
W

= 80.398GeV, M
Z

= 91.1876GeV,
ΓZ = 2.4952GeV, GF = 1.16637 × 10−5 GeV−2.

(9)

For the mass of the top quark, we have used Mt = 170.9GeV [23]; for the width of the W boson,
we have chosen the value ΓW = 2.093GeV, predicted by the Standard Model with electroweak and
QCD corrections at one loop.

Our results for δEW defined in Eq.(7) are shown in Fig. 1, where we include the complete
corrections, comprehensive of light- and top-quark contributions, in the entire range of interest. The
introduction of the complex-mass scheme in our two-loop evaluation has a striking consequence,
visible around two-particle thresholds, where artificial cusp effects disappear. A detailed analysis
of this issue can be found in Ref. [9].
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Figure 1: NLO electroweak percentage corrections to the partonic cross section σ(g g → H).

For including the NLO electroweak corrections in the hadronic cross section of Eq.(1), we have
used the FORTRAN code HIGGSNNLO written by M. Grazzini (see also Ref. [24]), with QCD

4

Actis, Passarino, Sturm,Uccirati, 0803.1301 (gg→H)


