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Mattelaer Olivier Multi-Higgs Production

•Low multiplicity
➡Measuring the Higgs potential 
is a deep test of the EWSB 
mechanism

➡Multiple Higgs production is 
the only way to probe this 
experimentally

•Large multiplicity:
➡Are we sensitive to the scalar 
unitary breaking of the 
perturbative expansion
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Motivation
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Mattelaer Olivier Multi-Higgs Production

•MG5aMC@NLO: short presentation
•Loop-induced computation in MG5aMC

➡re-weighting and direct computation
➡1507.00020/1607.00763

•High multiplicity Higgs production
➡1605.06372
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Plan of the talk

Red Line

• Multi-Higgs production from one to 
hundred(s) of Higgs
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MG5_aMC@NLO

•MadGraph5_aMC@NLO
•  generate events/ compute cross-sections 
both at LO/NLO in QCD in SM/BSM

•  results available for EW corrections
•NLO+PS in progress

• is a matrix-element provider 
•  new framework to customize output

•  is a platform allowing to run tools
•  parton-shower/re-weighting/plot/…
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•Computation of relic 
density

•Computation of direct 
detection

➡ various type of 
experiment

• In progress: indirect 
detection

5

Backovic, Kong, McCaskey 1308.4955
Backovic, Martini, OM et al1505.04190

Dark Matter



Multi-Higgs: Low Multiplicities
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Computation method

• Easy extension to 
any loop-induced 
processes

• Allow BSM study
• No validity issue

Exact Integration
Z

|M
loop

|2
ReWeighting

Wsm =
|Msm|2

|Mheft|2
Wheft

•  Start by an EFT 
theory 

• change the weight 
associated to each 
event
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•  scale and pdf uncertainties (available both 
for LO and NLO computation)

•matching/merging
•  experimental re-weighting

8

BSM Re-Weighting
Re-weighting are everywhere

BSM Re-weighting

• Change the events weights of a LHEF for 
various BSM theories.

• Re-use the same parton shower and 
detector simulation
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LO
Re-Weighting
• Change the weight of the events

W
new

=
|M

new

|2

|M
old

|2 ⇤W
old

1404.7129 
1607.00763 
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predict the weight from any value of the coupling as
soon as the weights for two di↵erent values of the cou-
pling are known. This property can be used to further
speed up the computation of the weight.

Fig. 1 Di↵erential cross-section for pp ! ZW+ at 13 TeV
LHC. This correspond to the Standard model plus the op-
erator O

3

W for two di↵erent couplings value. Only the SM
contribution plus the interference term is kept on this plot.
See text for details.

4.2 ZH associated production in the E↵ective Field
Theory at NLO

For our first NLO validation, we consider the asso-
ciated production of a Z and H boson in the EFT
as implemented in the Higgs Characterisation frame-
work/model [32]. We use two of the benchmarks in-
troduced in [33]: HD and HDder. In more details, the
e↵ective Lagrangian relevant for this example is

LHD = �1

4

1

⇤
HWWZµ⌫Z

µ⌫H (20)

LHDder = � 1

⇤
H@ZZ⌫@µZ

µ⌫H +

(� 1

⇤
H@WW+

⌫ @µW
�µ⌫H + h.c.) , (21)

where ⇤ is the high energy scale (set to 1TeV), HWW ,
H@Z , H@W are dimensionless couplings (set to one).
H is the Higgs doublet field and Vµ⌫ = @µV⌫ � @⌫Vµ;
V = Z,W�,W+.

In Figure 2 we present the di↵erential cross-section
for the transverse momentum of the Higgs and for its ra-
pidity. In both cases, we present the curve for the SM,
HD and HDder benchmarks. For the transverse mo-
mentum, we start from an HDder sample of events and
perform the re-weighting to the other scenarios. While

Fig. 2 Di↵erential cross-section for pp ! ZH at 13 TeV LHC
featuring both LO and NLO re-weighting methods. Events
have been showered with Herwig6 [31]. See text for details.

for the rapidity we present the plot where the origi-
nal sample is the HD theory. Each re-weighted curve
is then compared with a dedicated generation and the
associated ratio plot is displayed below with the sta-
tistical uncertainty expected for the generation of two
independent samples. The agreement between the two
is excellent for both the NLO accurate re-weighting and
the Naive LO-like re-weighting. In this case the NLO
QCD e↵ects factorise from the BSM ones and there-
fore the NLO accuracy of the Naive LO-like approach
can only be spoiled by MC counter terms –which are as
expected quite mild–. One can also compare the statis-
tical fluctuations between the MG5 aMC curves and the
one obtained by re-weighting. If you look at the top
plot (transverse momenta) for the HD case, it is clear
that the statistical fluctuations are more pronounced
for the curve obtained by re-weighting. This is an ex-
ample of enhancement of statistical uncertainty due to
the re-weighting as discussed around Eq. 3 since in the

EFT Case

On the maximal use of Monte Carlo samples: re-weighting events at NLO accuracy 5

then apply the following re-weighting:

W↵,new
�,BB =

(Bnew + Vnew)

(Bold + Vold)
⇤W↵,old

�,BB

W↵,new
�,BC =

Bnew

Bold
⇤W↵,old

�,BC

W↵,new
�,V =

(Bnew + Vnew)

(Bold + Vold)
⇤W↵,old

�,V

W↵,new
�,R =

Rnew

Rold
⇤W�,R ,↵,old (16)

Both the virtual and the approximate virtual are re-
weighted by the same pre-factor which should allow
to limit the enhancement of the second integral. The
demonstration that such re-weighting is NLO accurate
is presented in appendix A. It can be intuitively un-
derstood considering (B+ V) as a single block which is
re-weighted accordingly.

3.3 Loop improved re-weighting

A third type of re-weighting was originally introduced
in the context of multiple Higgs production [18,28,29],
which we now briefly describe. In this case the idea is
to perform the NLO computation in the infinite top-
mass limit and then re-introduce the finite top-mass
e↵ects via re-weighting. Eq. 16 is directly applicable if
the exact finite virtual part is known. If not, one can
still use an approximate method:

W↵,new
�,B =

Bnew

Bold
⇤W↵,old

�,B ,

W↵,new
�,V =

Bnew

Bold
⇤W↵,old

�,V ,

W↵,new
�,R =

Rnew

Rold
⇤W↵,old

�,R . (17)

Both this method and the Naive LO-like method are
not NLO accurate. However one can expect that the
loop improved method has a better accuracy than the
other one due to the correct treatment of the various
counter terms.

4 Implementation and validation

The various methods of re-weighting discussed in the
previous section have been implemented in MG5 aMC and
are publicly available starting from version 2.4.0. At the
LO, the default re-weighting mode is based on the he-
licity information present in the event (Eq. 4), while
for NLO samples, the default re-weighting mode is the
NLO accurate one (Eq. 16). Fixed-order NLO genera-
tion can not be re-weighted since no event generation is
performed in this mode. A manual of the code is avail-
able online at the following address:
cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Reweight.

In this section, we will present four validation ex-
amples covering the various types of re-weighting intro-
duced in the previous section. Since the purpose of this
section is mainly to validate our method, the details of
the simulation used (cuts, type of scale, ...) are kept to
a minimum. Otherwise stated, the settings used corre-
spond to the default value of MG5 aMC (version 2.4.0).

4.1 ZW associated production in the E↵ective Field
Theory at the LO

For the first validation, we will use the E↵ective Field
Theory (EFT) in the Electro-Weak sector [30]. We will
focus on the associated production of the W and Z

boson for the following dimension six operator:

O3W = Tr [Wµ⌫W
⌫⇢W⇢

µ] , (18)

with

Wµ⌫ =
i

2
gW ⌧ I(@µW

I
⌫ � @⌫W

I
µ + gW ✏IJKW J

µW
K
⌫ ) (19)

and gW is the weak gauge coupling, ⌧ I are the pauli
matrices and W I

µ is the gauge Field of SU(2).
In Figure 1 we present the di↵erential distributions

for the transverse momenta of the Z boson at LO accu-
racy. Starting from a sample of Standard Model events
(black solid curve), we have re-weighted our sample to
get the SM plus the interference term with the dimen-
sion six operator for two values of the associated cou-
pling: c = 50TeV�2 (dashed blue) and c = 500TeV�2

(dashed green). This second value is clearly outside the
validity region for the EFT approach as the di↵erential
distributions turns to be negative at low transverse mo-
mentum. Nevertheless, having such large e↵ects is in-
teresting for the validation of the re-weighting method.
The same di↵erential distributions are generated with
MG5 aMC (solid green and blue) and validates the re-
weighting method.

The ratios between the di↵erential curves obtained
with each method are presented in the second inset.
This inset contains also the statistical uncertainty (yel-
low band) for the ratio of two independent SM sam-
ples. The compatibility of those two ratio plots with
the expected statistical fluctuation validates our ap-
proach/code implementation. The first inset presents
the ratio between the EFT and SM predictions. It shows
that the method works correctly for quite small and
quite large modifications of the di↵erential distribu-
tions.

One can note that in the context of EFTs, the weight
is linear in the dim-6 coupling7 therefore it is trivial to

7 There would also be quadratic contribution if we include
the squared matrix element associated to the dimension six
operator.
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•  statistical uncertainty 
can be enhanced by the 
re-weighting

•  better to have wgt<1

10

•  You need to have the same phase-space (more 
exactly a subset)

•  Mass scan are possible only in special case
•  only for internal propagator
•  for small mass variation (order of the width)

��
new

=
�
new

�
old

��
new

+Var
wgt

�
old

Re-Weighting Limitation 
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NLO Re-Weighting
NLO method

• tracks the dependencies in the various matrix-
elements (born, virtual, real)

• re-weight each part according to the associated 
matrix-element

• compute the weight by summing each part

4 Mattelaer Olivier

phase-space with a universal constant since the MC
counter terms connect the born and the real in a non
local way. Nevertheless, as we will see later, the e↵ect
of the MC counter terms are quite mild, as expected
since their contribution to the total cross-section are
exactly zero by construction. This allows the Naive LO-
like method to nicely approximate the NLO di↵eren-
tial cross-section for many processes/theories where the
last equation needs to be valid only phase-space point
by phase-space point (i.e. when the ratio of the real
matches the ratio of the Born and of the virtual in the
soft and/or collinear limit).

3.2 NLO re-weighting

In order to have an accurate NLO re-weighting method,
one should explicitly factorise out the dependence in
the (various) matrix elements (i.e. in the Born squared
matrix element –B– , the real squared matrix element
–R– and in the finite piece of the virtual –V–). We
use the decomposition of the di↵erential described in
[25]4 introduced in the context of the evaluation of the
systematics uncertainties:

d�↵ = f1(x1, µF )f2(x2, µF )
h
W↵

0 +W↵
F log (µF /Q)2 +

W↵
R log (µR/Q)2

i
d�↵, (9)

where the ↵ index is either R,S,C, SC,MC (see previ-
ous sub-section). Q is the Ellis-Sexton scale and d�↵ is
the phase-space measure.

The expression of the W↵
0 , W↵

F , W↵
R are given in the

appendix of [25] and are not repeated here. All those
expressions have linear dependencies in the Born, the
virtual, the real and the color connected Born BCC (this
term is defined in Eq. (3.24) of [26]). This allows us to
decompose the corresponding expressions as:5

W↵
� = B ⇤ C↵

�,B + BCC ⇤ C↵
�,B

CC

+ V ⇤ C↵
�,V +R ⇤ C↵

�,R (10)

where the � index is either 0, R or F . The C↵
�,• are ex-

pressions which do not depend of either the PDF/scale
or the matrix-element. From this expression we define
the following three terms:6

W↵
�,B ⌘ B ⇤ C↵

�,B + BCC ⇤ C↵
�,B

CC

, (11)

W↵
�,V ⌘ V ⇤ C↵

�,V , (12)

W↵
�,R ⌘ R ⇤ C↵

�,R. (13)

4 We also use the same (MC) counter terms as described in
that paper.
5 Due to the presence of multiple couter terms, the kine-

matic configuration on which the matrix-element is evaluated
is not unique: an implicit sum over such kinematical configu-
rations is assumed here and in the rest of the paper.
6 One can notice that W↵

�,V

= W↵

�,R

= 0 for � = R,F due

to the use of the Ellis-Sexton scale [6].

By keeping track of the W↵
�,• at the generation time

and writing it in the final event, one can perform an
NLO re-weighting by:

W↵,new
�,B =

Bnew

Bold
⇤W↵,old

�,B ,

W↵,new
�,V =

Vnew

Vold
⇤W↵,old

�,V ,

W↵,new
�,R =

Rnew

Rold
⇤W↵,old

�,R . (14)

The final weight associated to the event can then be
calculated by combining those various pieces as it is
done for the estimation of the systematics uncertainty
(see Appendix of [25]). One can notice that the color-
connected Born is simply re-weighted by the ratio of
the Born which can lead to a breaking of the NLO
accuracy of the method. However such an approxima-
tion does not consist in an additional limitation of the
method since the re-weighting factors should di↵er only
if the two theories present a di↵erence in the relative
importance of the various color-flows (a case already
not handled at LO accuracy).

More generally, the possible drawbacks and limita-
tions on the statistical precision of the method are the
same as for the LO case. However, for NLO calculations
in MG5 aMC we face one additional source of statistical
uncertainty due to the method used to integrate the
virtual contribution. This method reduces the number
of computations of the virtual by using an approximate
of the virtual contribution based on the Born ampli-
tudes times a fitted parameter . It performs a sepa-
rate phase-space integration to get the di↵erence be-
tween the virtual and its approximation (full descrip-
tion of the method is presented in Section 2.4.3 of [6]).
Schematically it can be written as:
Z

(B + V) =
Z

(B + B) +

Z
(V � B). (15)

If it exists a value of  such that B ⇡ V , the second
integral is approximately zero and does not need to be
probed as often as the first integral (thanks to impor-
tance sampling [27]), reducing the amount of time used
in the evaluation of the loop-diagrams. However the re-
weighting proposed in Eq. 14 will highly enhance the
contribution of the second integral since each term of
the integral will be re-weighted by a di↵erent factor,
having a direct impact on the statistical uncertainty.

To reduce this e↵ect, we propose to use a slightly
more advanced re-weighting technique. We split the
contribution proportional to the Born (W↵

�,B) in two
parts: W↵

�,BC and W↵
�,BB . W↵

�,BC is the part, propor-
tional to the Born, related to the one of the countert-
erms, while W↵

�,BB includes all of the other contribu-
tions (the Born itself and the approximate virtual). We

4 Mattelaer Olivier

phase-space with a universal constant since the MC
counter terms connect the born and the real in a non
local way. Nevertheless, as we will see later, the e↵ect
of the MC counter terms are quite mild, as expected
since their contribution to the total cross-section are
exactly zero by construction. This allows the Naive LO-
like method to nicely approximate the NLO di↵eren-
tial cross-section for many processes/theories where the
last equation needs to be valid only phase-space point
by phase-space point (i.e. when the ratio of the real
matches the ratio of the Born and of the virtual in the
soft and/or collinear limit).

3.2 NLO re-weighting

In order to have an accurate NLO re-weighting method,
one should explicitly factorise out the dependence in
the (various) matrix elements (i.e. in the Born squared
matrix element –B– , the real squared matrix element
–R– and in the finite piece of the virtual –V–). We
use the decomposition of the di↵erential described in
[25]4 introduced in the context of the evaluation of the
systematics uncertainties:

d�↵ = f1(x1, µF )f2(x2, µF )
h
W↵

0 +W↵
F log (µF /Q)2 +

W↵
R log (µR/Q)2

i
d�↵, (9)

where the ↵ index is either R,S,C, SC,MC (see previ-
ous sub-section). Q is the Ellis-Sexton scale and d�↵ is
the phase-space measure.

The expression of the W↵
0 , W↵

F , W↵
R are given in the

appendix of [25] and are not repeated here. All those
expressions have linear dependencies in the Born, the
virtual, the real and the color connected Born BCC (this
term is defined in Eq. (3.24) of [26]). This allows us to
decompose the corresponding expressions as:5

W↵
� = B ⇤ C↵

�,B + BCC ⇤ C↵
�,B

CC

+ V ⇤ C↵
�,V +R ⇤ C↵

�,R (10)

where the � index is either 0, R or F . The C↵
�,• are ex-

pressions which do not depend of either the PDF/scale
or the matrix-element. From this expression we define
the following three terms:6

W↵
�,B ⌘ B ⇤ C↵

�,B + BCC ⇤ C↵
�,B

CC

, (11)

W↵
�,V ⌘ V ⇤ C↵

�,V , (12)

W↵
�,R ⌘ R ⇤ C↵

�,R. (13)

4 We also use the same (MC) counter terms as described in
that paper.
5 Due to the presence of multiple couter terms, the kine-

matic configuration on which the matrix-element is evaluated
is not unique: an implicit sum over such kinematical configu-
rations is assumed here and in the rest of the paper.
6 One can notice that W↵

�,V

= W↵

�,R

= 0 for � = R,F due

to the use of the Ellis-Sexton scale [6].

By keeping track of the W↵
�,• at the generation time

and writing it in the final event, one can perform an
NLO re-weighting by:

W↵,new
�,B =

Bnew

Bold
⇤W↵,old

�,B ,
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�,V =
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Vold
⇤W↵,old

�,V ,
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The final weight associated to the event can then be
calculated by combining those various pieces as it is
done for the estimation of the systematics uncertainty
(see Appendix of [25]). One can notice that the color-
connected Born is simply re-weighted by the ratio of
the Born which can lead to a breaking of the NLO
accuracy of the method. However such an approxima-
tion does not consist in an additional limitation of the
method since the re-weighting factors should di↵er only
if the two theories present a di↵erence in the relative
importance of the various color-flows (a case already
not handled at LO accuracy).

More generally, the possible drawbacks and limita-
tions on the statistical precision of the method are the
same as for the LO case. However, for NLO calculations
in MG5 aMC we face one additional source of statistical
uncertainty due to the method used to integrate the
virtual contribution. This method reduces the number
of computations of the virtual by using an approximate
of the virtual contribution based on the Born ampli-
tudes times a fitted parameter . It performs a sepa-
rate phase-space integration to get the di↵erence be-
tween the virtual and its approximation (full descrip-
tion of the method is presented in Section 2.4.3 of [6]).
Schematically it can be written as:
Z

(B + V) =
Z

(B + B) +

Z
(V � B). (15)

If it exists a value of  such that B ⇡ V , the second
integral is approximately zero and does not need to be
probed as often as the first integral (thanks to impor-
tance sampling [27]), reducing the amount of time used
in the evaluation of the loop-diagrams. However the re-
weighting proposed in Eq. 14 will highly enhance the
contribution of the second integral since each term of
the integral will be re-weighted by a di↵erent factor,
having a direct impact on the statistical uncertainty.

To reduce this e↵ect, we propose to use a slightly
more advanced re-weighting technique. We split the
contribution proportional to the Born (W↵

�,B) in two
parts: W↵

�,BC and W↵
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tional to the Born, related to the one of the countert-
erms, while W↵

�,BB includes all of the other contribu-
tions (the Born itself and the approximate virtual). We
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phase-space with a universal constant since the MC
counter terms connect the born and the real in a non
local way. Nevertheless, as we will see later, the e↵ect
of the MC counter terms are quite mild, as expected
since their contribution to the total cross-section are
exactly zero by construction. This allows the Naive LO-
like method to nicely approximate the NLO di↵eren-
tial cross-section for many processes/theories where the
last equation needs to be valid only phase-space point
by phase-space point (i.e. when the ratio of the real
matches the ratio of the Born and of the virtual in the
soft and/or collinear limit).

3.2 NLO re-weighting

In order to have an accurate NLO re-weighting method,
one should explicitly factorise out the dependence in
the (various) matrix elements (i.e. in the Born squared
matrix element –B– , the real squared matrix element
–R– and in the finite piece of the virtual –V–). We
use the decomposition of the di↵erential described in
[25]4 introduced in the context of the evaluation of the
systematics uncertainties:

d�↵ = f1(x1, µF )f2(x2, µF )
h
W↵

0 +W↵
F log (µF /Q)2 +

W↵
R log (µR/Q)2

i
d�↵, (9)

where the ↵ index is either R,S,C, SC,MC (see previ-
ous sub-section). Q is the Ellis-Sexton scale and d�↵ is
the phase-space measure.

The expression of the W↵
0 , W↵

F , W↵
R are given in the

appendix of [25] and are not repeated here. All those
expressions have linear dependencies in the Born, the
virtual, the real and the color connected Born BCC (this
term is defined in Eq. (3.24) of [26]). This allows us to
decompose the corresponding expressions as:5

W↵
� = B ⇤ C↵

�,B + BCC ⇤ C↵
�,B

CC

+ V ⇤ C↵
�,V +R ⇤ C↵

�,R (10)

where the � index is either 0, R or F . The C↵
�,• are ex-

pressions which do not depend of either the PDF/scale
or the matrix-element. From this expression we define
the following three terms:6

W↵
�,B ⌘ B ⇤ C↵

�,B + BCC ⇤ C↵
�,B

CC

, (11)

W↵
�,V ⌘ V ⇤ C↵

�,V , (12)

W↵
�,R ⌘ R ⇤ C↵

�,R. (13)

4 We also use the same (MC) counter terms as described in
that paper.
5 Due to the presence of multiple couter terms, the kine-

matic configuration on which the matrix-element is evaluated
is not unique: an implicit sum over such kinematical configu-
rations is assumed here and in the rest of the paper.
6 One can notice that W↵

�,V

= W↵

�,R

= 0 for � = R,F due

to the use of the Ellis-Sexton scale [6].

By keeping track of the W↵
�,• at the generation time

and writing it in the final event, one can perform an
NLO re-weighting by:

W↵,new
�,B =

Bnew

Bold
⇤W↵,old

�,B ,

W↵,new
�,V =

Vnew

Vold
⇤W↵,old

�,V ,

W↵,new
�,R =

Rnew

Rold
⇤W↵,old

�,R . (14)

The final weight associated to the event can then be
calculated by combining those various pieces as it is
done for the estimation of the systematics uncertainty
(see Appendix of [25]). One can notice that the color-
connected Born is simply re-weighted by the ratio of
the Born which can lead to a breaking of the NLO
accuracy of the method. However such an approxima-
tion does not consist in an additional limitation of the
method since the re-weighting factors should di↵er only
if the two theories present a di↵erence in the relative
importance of the various color-flows (a case already
not handled at LO accuracy).

More generally, the possible drawbacks and limita-
tions on the statistical precision of the method are the
same as for the LO case. However, for NLO calculations
in MG5 aMC we face one additional source of statistical
uncertainty due to the method used to integrate the
virtual contribution. This method reduces the number
of computations of the virtual by using an approximate
of the virtual contribution based on the Born ampli-
tudes times a fitted parameter . It performs a sepa-
rate phase-space integration to get the di↵erence be-
tween the virtual and its approximation (full descrip-
tion of the method is presented in Section 2.4.3 of [6]).
Schematically it can be written as:
Z

(B + V) =
Z

(B + B) +

Z
(V � B). (15)

If it exists a value of  such that B ⇡ V , the second
integral is approximately zero and does not need to be
probed as often as the first integral (thanks to impor-
tance sampling [27]), reducing the amount of time used
in the evaluation of the loop-diagrams. However the re-
weighting proposed in Eq. 14 will highly enhance the
contribution of the second integral since each term of
the integral will be re-weighted by a di↵erent factor,
having a direct impact on the statistical uncertainty.

To reduce this e↵ect, we propose to use a slightly
more advanced re-weighting technique. We split the
contribution proportional to the Born (W↵

�,B) in two
parts: W↵

�,BC and W↵
�,BB . W↵

�,BC is the part, propor-
tional to the Born, related to the one of the countert-
erms, while W↵

�,BB includes all of the other contribu-
tions (the Born itself and the approximate virtual). We
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NLO Re-Weighting

6 Mattelaer Olivier

predict the weight from any value of the coupling as
soon as the weights for two di↵erent values of the cou-
pling are known. This property can be used to further
speed up the computation of the weight.

Fig. 1 Di↵erential cross-section for pp ! ZW+ at 13 TeV
LHC. This correspond to the Standard model plus the op-
erator O

3

W for two di↵erent couplings value. Only the SM
contribution plus the interference term is kept on this plot.
See text for details.

4.2 ZH associated production in the E↵ective Field
Theory at NLO

For our first NLO validation, we consider the asso-
ciated production of a Z and H boson in the EFT
as implemented in the Higgs Characterisation frame-
work/model [32]. We use two of the benchmarks in-
troduced in [33]: HD and HDder. In more details, the
e↵ective Lagrangian relevant for this example is

LHD = �1

4

1

⇤
HWWZµ⌫Z

µ⌫H (20)

LHDder = � 1

⇤
H@ZZ⌫@µZ

µ⌫H +

(� 1

⇤
H@WW+

⌫ @µW
�µ⌫H + h.c.) , (21)

where ⇤ is the high energy scale (set to 1TeV), HWW ,
H@Z , H@W are dimensionless couplings (set to one).
H is the Higgs doublet field and Vµ⌫ = @µV⌫ � @⌫Vµ;
V = Z,W�,W+.

In Figure 2 we present the di↵erential cross-section
for the transverse momentum of the Higgs and for its ra-
pidity. In both cases, we present the curve for the SM,
HD and HDder benchmarks. For the transverse mo-
mentum, we start from an HDder sample of events and
perform the re-weighting to the other scenarios. While

Fig. 2 Di↵erential cross-section for pp ! ZH at 13 TeV LHC
featuring both LO and NLO re-weighting methods. Events
have been showered with Herwig6 [31]. See text for details.

for the rapidity we present the plot where the origi-
nal sample is the HD theory. Each re-weighted curve
is then compared with a dedicated generation and the
associated ratio plot is displayed below with the sta-
tistical uncertainty expected for the generation of two
independent samples. The agreement between the two
is excellent for both the NLO accurate re-weighting and
the Naive LO-like re-weighting. In this case the NLO
QCD e↵ects factorise from the BSM ones and there-
fore the NLO accuracy of the Naive LO-like approach
can only be spoiled by MC counter terms –which are as
expected quite mild–. One can also compare the statis-
tical fluctuations between the MG5 aMC curves and the
one obtained by re-weighting. If you look at the top
plot (transverse momenta) for the HD case, it is clear
that the statistical fluctuations are more pronounced
for the curve obtained by re-weighting. This is an ex-
ample of enhancement of statistical uncertainty due to
the re-weighting as discussed around Eq. 3 since in the
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•  UV counter-term (Renormalization)
•  R2: Finite part of the one-loop computation

➡ All computation are done in 4 dimension and not 
in d-dim

➡ R2 is a process independent correction term to 
the loop

➡ Epsilon part of the numerator

13

BSM Physics@NLO
Model Generation

Duhr et al 1310.1921
Degrande 1406.3030

•  FeynRules
•  NLOCT

➡ private version for EFT

What new information?

Z
ddl

N(l, l̃)

D̄0D̄1D̄2 · · · D̄m�1
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Loop-Improved

Loop-Improved re-weighting

•For loop-induced in absence of 2-loop
•Start by an EFT at NLO
•Use the NLO de-composition
•Re-weight the virtual part by the Born matrix-
element

•Allow to re-introduce mass-effect

1401.7340
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Di-Higgs

Borowka et al 1608.04798  

B.i. NLO HEFT:  All matrix-element re-weighted by Born ratio
NLO FTapprox: other name for loop-improved (re-weight real/ MC counter-term by the real



Mattelaer Olivier Multi-Higgs Production 16

Exact Integration

•The phase-space 
integration is based 
on the tree diagrams

•Need Leading Color 
information for 
writing events

•Loop evaluation are 
extremely slow

Difficulties? New Solution

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

•Compute the loop with 
the color flow algebra

•Use Monte-Carlo over 
helicity

• Increase parallelization

Available since 2.3.0
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SM TablesIn tables 4-8, we denote by a dagger (†) processes whose inclusive cross-section has never
been published and is, to the best of our knowledge, reported here for the first time. We
prefix by a star (?) processes which are not readily available in the main public simulation
tools MCFM [42], VBFNLO [47] or HPAIR [48].

Process Syntax Cross section (pb) �µ̂ �PDF Ref.
Single boson + jets

p
s = 13 TeV

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

+0.5%
�0.9% [49]

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

+0.6%
�0.9% [49]

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

+0.7%
�0.9% [49]

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

+0.7%
�1.0% [34]

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

+1.0%
�1.1% [50]

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

+0.7%
�1.1% [ – ]

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

+0.6%
�1.0% [ – ]

Table 4. Inclusive cross-sections for loop-induced single electroweak boson production in asso-
ciation with up to two jets/gluons. A star (?) prefixes processes not readily available in the tools
MCFM, VBFNLO or HPAIR. A dagger (†) prefixes processes whose inclusive cross-section is
reported here for the first time. See text for details.

Process Syntax Cross section (pb) �µ̂ �PDF Ref.
Double bosons + jet

p
s = 13 TeV

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

+1.1%
�1.2% [48]

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

+1.2%
�1.2% [51]

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

+0.4%
�0.7% [52]

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

+1.0%
�1.1% [53]

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

+1.2%
�1.3% [52]

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

+0.7%
�1.0% [42]

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

+1.0%
�1.2% [54]

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

+0.6%
�1.0% [42]

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

+0.8%
�1.1% [55]

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

+1.0%
�1.3% [42]

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

+0.7%
�1.0% [56]

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

�19.7%
+0.7%
�1.0% [57]

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

+0.9%
�1.1% [58]

Table 5. Inclusive cross-sections for loop-induced double electroweak boson production in asso-
ciation with up to one jet/gluon. A star (?) prefixes processes not readily available in the tools
MCFM, VBFNLO or HPAIR. A dagger (†) prefixes processes whose inclusive cross-section is
reported here for the first time. See text for details.
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Table 5. Inclusive cross-sections for loop-induced double electroweak boson production in asso-
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reported here for the first time. See text for details.
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SM Tables
Process Syntax Cross section (pb) �µ̂ �PDF Ref.
Triple bosons

p
s = 13 TeV

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

+1.4%
�1.4% [59]

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

+1.3%
�1.3% [ – ]

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

+1.2%
�1.3% [ – ]

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

+1.0%
�1.2% [ – ]

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

+1.1%
�1.3% [ – ]

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

�22.2%
+1.2%
�1.3% [60]

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

+1.2%
�1.3% [ – ]

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

+0.9%
�1.1% [ – ]

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

+0.7%
�1.0% [61]

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

�19.5%
+0.6%
�0.6% [ – ]

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

�20.9%
+0.9%
�1.1% [ – ]

Table 6. Inclusive cross-sections for loop-induced triple electroweak boson production. A star
(?) prefixes processes not readily available in the tools MCFM, VBFNLO or HPAIR. A dagger
(†) prefixes processes whose inclusive cross-section is reported here for the first time. See text for
details.

Process Syntax Cross section (pb) �µ̂ �PDF Ref.
Selected 2 ! 4

p
s = 13 TeV

†d.1 pp ! Hjjj p p > h j j j QED=1 [QCD] 2.519± 0.005 +75.1%
�39.8%

+0.6%
�0.6% [62]

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

+1.2%
�1.3% [63]

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

+1.4%
�1.4% [ – ]

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

+1.7%
�1.7% [ – ]

d.4 gg ! e+e�µ+µ� g g > e+ e- mu+ mu- [QCD] 2.022± 0.003 · 10�3 +26.4%
�19.4%

+0.7%
�1.1% [64]

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

+1.2%
�1.3% [ – ]

Non-hadronic processes
p
s = 500 GeV, no PDF

?e.1 e+e� ! ggg e+ e- > g g g [QED] 2.526± 0.004 · 10�6 +31.2%
�22.0% [65]

†e.2 e+e� ! HH e+ e- > h h [QED] 1.567± 0.003 · 10�5 [ – ]
†e.3 e+e� ! HHgg e+ e- > h h g g [QED] 6.629± 0.010 · 10�11 +19.2%

�14.8% [ – ]
?e.4 �� ! HH a a > h h [QED] 3.198± 0.005 · 10�4 [66]

Miscellaneous
p
s = 13 TeV

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

+0.9%
�1.0% [ – ]

Table 7. Inclusive cross-sections for various 2 ! 4 processes as well as processes with non-hadronic
initial states. A star (?) prefixes processes not readily available in the tools MCFM, VBFNLO or
HPAIR. A dagger (†) prefixes processes whose inclusive cross-section is reported here for the first
time. See text for details.

– 14 –

Process Syntax Partial width (GeV) Ref.
Bosonic decays

g.1 H! jj h > j j [QCD] 1.740± 0.0006 · 10�4 [49]
?g.2 H! jjj h > j j j [QCD] 3.413± 0.010 · 10�4 [49]
†g.3 H! jjjj h > j j j j QED=1 [QCD] 1.654± 0.004 · 10�4 [ – ]

g.4 H! �� h > a a [QED] 9.882± 0.002 · 10�6 [67]
†g.5 H! ��jj h > a a j j [QCD] 7.448± 0.030 · 10�13 [ – ]
†g.7 H! ���� h > a a a a [QED] 1.546± 0.006 · 10�14 [ – ]
?g.8 Z! ggg z > g g g [QCD] 3.986± 0.010 · 10�6 [34]

Table 8. Partial decay widths for selected decay processes occurring via loops only. A star
(?) prefixes processes not readily available in the tools MCFM, VBFNLO or HPAIR. A dagger
(†) prefixes processes whose inclusive cross-section is reported here for the first time. See text for
details.

4 A close-up on Higgs production

The purpose of this section is to illustrate the capabilities of MG5aMC in the context of
loop-induced processes and to present additional validation material. All results in this
section are for the LHC 13 TeV using generation level cuts and SM parameters identical to
those of sect. 3. We focus here on Higgs production via gluon fusion and compare it to the
Effective Field Theory (EFT) approach. This theory approximates the loop by the effective
operator:

L
eff

= �C

4

H Ga
µ⌫G

aµ⌫ , (4.1)

where H is the Higgs field, Ga
µ⌫ is the gluon field strength tensor and C is the Wilson

coefficient (known up to N4LO) [68–70]. This approximation was recently used in the
context of the computation of the Higgs cross-section at N3LO QCD accuracy, exhibiting
a scale uncertainty of 2% only [6]. At this level of precision it is important to consider the
corrections to the EFT approach, by including effects due to the finite top quark mass [71–
73] as well as the interference between top and bottom quark loops [74, 75].

The importance of these contributions is already significant at leading order accuracy.
In table 9, we compare the LO cross-section for the Effective Field Theory approach (EFT)12

with the SM exact loop-induced process in two scenarios: first with massive bottom quark
(labelled ‘LI’) and with massless bottom quark (labelled ‘NoB’) where the contribution of
the bottom quark loop is vanishing (both when interfering with the top quark loop and
when squared against itself). For the zero jet multiplicity, we have a perfect agreement
between the ‘NoB’ case and the ‘EFT’ one because the effective field theory is valid whenp
ŝ = mH < 2mt.13 In presence of radiation, the total energy of the event can lie outside
12We use the built-in ‘heft’ model of MG5aMC [76].
13This very good agreement is also due to the presence of mass correction factors in the ‘heft’ model.
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SM Tables

Process Syntax Cross section (pb) �µ̂ �PDF Ref.
Triple bosons

p
s = 13 TeV

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

+1.4%
�1.4% [59]

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

+1.3%
�1.3% [ – ]

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

+1.2%
�1.3% [ – ]

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

+1.0%
�1.2% [ – ]

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

+1.1%
�1.3% [ – ]

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

�22.2%
+1.2%
�1.3% [60]

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

+1.2%
�1.3% [ – ]

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

+0.9%
�1.1% [ – ]

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

+0.7%
�1.0% [61]

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

�19.5%
+0.6%
�0.6% [ – ]

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

�20.9%
+0.9%
�1.1% [ – ]

Table 6. Inclusive cross-sections for loop-induced triple electroweak boson production. A star
(?) prefixes processes not readily available in the tools MCFM, VBFNLO or HPAIR. A dagger
(†) prefixes processes whose inclusive cross-section is reported here for the first time. See text for
details.

Process Syntax Cross section (pb) �µ̂ �PDF Ref.
Selected 2 ! 4

p
s = 13 TeV

†d.1 pp ! Hjjj p p > h j j j QED=1 [QCD] 2.519± 0.005 +75.1%
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�1.3% [63]
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�1.4% [ – ]
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Miscellaneous
p
s = 13 TeV

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

+0.9%
�1.0% [ – ]

Table 7. Inclusive cross-sections for various 2 ! 4 processes as well as processes with non-hadronic
initial states. A star (?) prefixes processes not readily available in the tools MCFM, VBFNLO or
HPAIR. A dagger (†) prefixes processes whose inclusive cross-section is reported here for the first
time. See text for details.
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•  b effect only important at low pt
•  at large pt, this is just a re-scaling
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Multi-Higgs

signal events by a factor three. A minimal b-tagging efficiency of 70% seems thus necessary to achieve
some sensitivity to the signal.

It must be however noticed that an increase in the b-tagging efficiency can be effective only if it
can be achieved by keeping the fake rejection rates to an acceptable level (namely at most ⇠ 1% for the
light jets and 10 � 20% for c-jets). Indeed, in all the analyses the main backgrounds include some with
fake b-jets (e.g. ��bbjj in the “pessimistic” and “intermediate” analyses and hhjj in the “optimistic”
one).

Another element that can significantly affect the analysis is the experimental resolution in the
reconstruction of the invariant mass of the di-photon system, m�� . This resolution affects linearly the
size of the backgrounds containing two photons not coming from an Higgs boson decay, as in the case
of the ��bbjj and ��bbbb non-resonant backgrounds. As it can be seen from the “pessimistic” and
”intermediate” analyses (see in particular the cut-flow in Table 38) a resolution around 1 � 2 GeV is a
minimal requirement for the analysis to be effective.

An important ingredient to be further investigated is the relevance of the various backgrounds in
the analysis when showering and detector effects are included. From the available analyses, it seems that
different choices for the cut strategy can be used, which lead to comparable sensitivity to the signal, but
significantly change the relevance of the various backgrounds.

Summarizing the results of the “intermediate” and “optimistic” analyses, it seems that in a realistic
situation a signal comparable to the SM one would lead to a significance around 2�. This would allow
an O(1) determination of the production cross section. The situation could get better if a modification
of the trilinear Higgs coupling is present. In particular a negative shift in �3 would lead to a significant
increase in the signal cross section allowing for a higher significance as shown in Fig. 73.

The prospects for extracting the quartic Higgs self-coupling, unfortunately, are not very promising.
As mentioned before, the dependence of the HHH production cross section on �4 is very mild (see
Fig. 71) and an order-one change in the signal can only be obtained for large deviations (|��4| & 5)
with respect to the SM value. As a reference result we can quote the one obtained in the “optimistic”
scenario, in which the quartic self-coupling, in the absence of modifications of the other Higgs couplings,
is expected to be constrained in the range �4 2 [⇠ �4,⇠ +16] with an integrated luminosity of 30 ab�1.
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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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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

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



Large Multiplicities



Mattelaer Olivier Multi-Higgs Production

•  Amplitude for off-shell Higgs to N on-shell 
Higgs is know to break perturbativity

•  form of the amplitude know analytically
➡ recently fitted thanks to MG5aMC

•  What is the impact for LHC and future 
collider?

➡ should we care about this?
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•  At High-Energy only even loop contributes
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Scaling
�gg!hh �gg!hhh �gg!hhhh

Triangles y2t
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s3 log4
⇣
mtp
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⌘
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h
v2 y2t

m2
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s2 log4
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⌘
M4

h
v4 y2t

m2
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s2 log4
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⌘
M6

h
v6

Boxes y4t
1
s y4t

1
s

M2
h

v2 y4t
1
s

M4
h

v4

Pentagons – y6t
m2

t
s2 log4

⇣
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⌘
y6t

m2
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s2 log4
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s

⌘
M2

h
v2

Hexagons – – y8t
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Table 1: High-energy scaling behaviour of each polygon-type contributions to the gluon fusion
multi-Higgs production cross-sections, extracted from numerical data as in Fig. 1, and shown
as the function of s, Mh and mt and yt ⌘

p
2mt/v in the s � mt , Mh limit. All cross-sections

also contain the common factor of ↵2
s(
p
s). Gluon PDFs are not included.

eralised to higher multiplicities m and higher polygon ranks following the same pattern. For
polygons with 2 + k edges their contribution to the gg ! m⇥ h process is:

(2 + k)�polygons : �gg!m⇥h / 1

s

✓
Mh

v

◆2(m�k)

⇥
(
1 : k = even
m2

t
s log4

⇣
mtp
s

⌘
: k = odd .

(2.1)

The only exception from this rule is the k = 1, m = 2 case, i.e. left-most triangle in Table 1,
which has an additional factor of M2

h/s. As a matter of fact, the squared amplitude in multi-
Higgs production with a odd number of three Higgs vertices is enhanced compared to a naive
counting by a factor s/M2

h when the invariant mass appearing in the propagator is close to its
minimal value of order Mh. In the case of pair production, the only invariant mass is fixed atp
s.

The pattern established in Table 1 and Eq. (2.1) enables us to simplify the full 1-loop
Feynman diagrams-based computation in Fig. 1 by reducing it to contributions from e↵ective
multi-Higgs vertices of the form

V eft
k ⇠ ↵str(Gµ⌫G

µ⌫)hk , (2.2)

where ⇠ indicates that the dimension-(4 + k) operators on the right hand side should be mul-
tiplied by the appropriate energy-dependent form-factors Fk(s). These form-factors will be
determined momentarily.

To proceed we first consider the contributions to cross-sections from the bare e↵ective op-
erators (2.2), i.e. not including the form-factors. The corresponding cross-sections are found
to grow with s, as summarised in Table 2, and this is of course also consistent with a simple
dimensional analysis in the high-energy limit. The form-factors Fk(

p
s) can now be determined

by matching the contributions from Vk := V eft
k ⇥Fk(

p
s) of Table (2) to Table (1). We find the

5

•  For high Higgs multiplicity, the boxes is expected to 
dominate (all even loop are expected to be of the 
same order for threshold)

C2
p
s = 10 TeV

p
s = 20 TeV

p
s = 40 TeV

p
s = 80 TeV

p
s = 160 TeV

gg ! hh 2.23 2.26 2.27 2.27 2.27
gg ! hhh 2.22 2.26 2.27 2.27 2.27
gg ! hhhh 2.42 2.45 2.46 2.45 2.42

C3
p
s = 10 TeV

p
s = 20 TeV

p
s = 40 TeV

p
s = 80 TeV

p
s = 160 TeV

gg ! hhh 45.7 46.0 47.2 49.7 49.7
gg ! hhhh 49.3 48.7 48.7 50.2 51.3

C4
p
s = 10 TeV

p
s = 20 TeV

p
s = 40 TeV

p
s = 80 TeV

p
s = 160 TeV

gg ! hhhh 17.4 20.4 22.2 24.4 24.2

Table 3: Operator coe�cients in Eq. (2.3). Each Ck appears to be largely independent of the
number of Higgses m in the full matching process gg ! m⇥ h and describes the rates well at
all energies in the high-energy range

p
s � Mh,mt.

The resulting generating functionals for the two gluons into any number of Higgses processes
are given by the e↵ective vertices Vk in Eqs. (2.3) with the substitutions hk ! hcl[z]k and
tr(Gµ⌫G

µ⌫) ! (p1µ✏a1⌫ � p1⌫✏
a
1µ)(p

µ
2 ✏

a⌫
2 � p⌫2✏

aµ
2 ). Here p1, p2 are the gluon momenta and ✏a1, ✏

b
2

are their helicities, while hcl[z] is the generating functional (1.4).
Using the classical solution (1.6) (shifted by the VEV) hcl = hcl � v, we can immediately

write down the the generating functional of multi-Higgs amplitudes on the multi-particle mass
threshold in closed form:

Ak=even[z] = Ck
↵s

⇡
(p1µ✏

a
1⌫ � p1⌫✏

a
1µ)(p

µ
2 ✏

a⌫
2 � p⌫2✏

aµ
2 )

✓
ytp
s

z

1� z
2v

◆k

. (2.7)

Here we took the polygons/EFT vertex rank k to be even-valued, since for odd k the e↵ective

vertices in (2.3) are suppressed by the factor mtp
s
log2

⇣
mtp
s

⌘
⌧ 1.

The high-energy – high-multiplicity regime of interest for us is

p
s � all other mass scales , and n � 1 , (2.8)

and it will also be convenient to define the average final state kinetic energy per particle per
mass, ", via

" :=

p
s� nMh

nMh
. (2.9)

On the multi-particle mass-threshold " = 0, but more generally, above the threshold we will
work in the limit where " is held fixed at some non-vanishing value5 as

p
s and n become � 1.

5Corresponding to either a non-relativistic (" < 1) or a highly relativistic (" > 1) regime.
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Ak
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1

1 + ✏
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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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•  Approximation using semi-classical solution
•  Perturbative theory breaks down

➡ Not for 14 TeV
➡ For 50/100 TeV regime

27

Multi-Higgs

Figure 5: Leading Order cross-sections with up to 4 Higgs bosons computed by Mad-
graph5 aMC@NLO using MSTW2008 PDF [35]. The band correspond to the scale systematics
by changing the scales by factor of two.

Much higher value of " are just not kinematically available. On the other side, the threshold is
quite suppressed such that the contribution of the region " . 1 is also negligible. The plot only
includes the contribution of the boxes since these are expected to be dominant for large values
of ", and are of the same size as the other even polygons for " ⇠ 1, as shown in the previous
section.
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Figure 6: Left panel: Cross-sections for multi-Higgs production (3.6) at proton colliders includ-
ing the PDFs for di↵erent energies of the proton-proton collisions plotted as the function of
the Higgs multiplicity. Only the contributions from the boxes are included. The right panel
illustrates the dependence on average energy variable " by applying a sequence of cuts on " at
100 TeV.
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Conclusion

•Loop-induced computation
•Fully available for any NLO model
•All SM cases have been tested

•Re-weighting method
•Available both at LO and NLO

•High multiplicity Higgs production
•At 100 TeV collider, we should be 
sensitive to a breaking of unitarity in 

h⇤ ! n⇥ h


