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⟨ϕ⟩ ≠ 0

Motivation: Measuring the Higgs Potential

Higgs field φ, “sits” in potential (SM):                                                       . 

Electroweak Symmetry Breaking:

where: h = the Higgs boson.

  → the Higgs boson self-interactions!

SM: predicted via the Higgs boson mass & VEV:
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Motivation: Measuring the Higgs Self-Couplings

Verify that                                   at hadron colliders, by measuring:
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Figure 7: The ratio of cross sections between for tt̄ Ñ hhh between the anomalous

interaction (HEFT) and the heavy scalar (H) descriptions. See main text for further

details.
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Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.

D Feynman Diagrams

Figures 8 and 9 represent the Feynman diagrams for either one or two insertions of the

operators used in the present article in Higgs boson pair production. Figures 10 and 11

represent the Feynman diagrams for either one or two insertions in the context of Higgs

boson triple production.
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Figure 6: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.
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Figure 7: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson pair production.

– 12 –

<latexit sha1_base64="DejUaGkgZ4w5DMAAmFlSyWlHQbI="></latexit>

↭SM =
m2

h

2v

Figure 7: The ratio of cross sections between for tt̄ Ñ hhh between the anomalous

interaction (HEFT) and the heavy scalar (H) descriptions. See main text for further

details.

q

g

g

h

h

q

g

g

h

h

q

g

g

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.

D Feynman Diagrams

Figures 8 and 9 represent the Feynman diagrams for either one or two insertions of the

operators used in the present article in Higgs boson pair production. Figures 10 and 11

represent the Feynman diagrams for either one or two insertions in the context of Higgs

boson triple production.

– 24 –

<latexit sha1_base64="0n8H04pi8HH2ZidnMgLZtqUIqGE="></latexit>

!SM =
1

2
m2

h

(It belongs in 

a museum!)

✅



Andreas Papaefstathiou

Motivation: Measuring the Higgs Self-Couplings

Verify that                                   at hadron colliders, by measuring:

4

<latexit sha1_base64="Qasj4JJhkPHCcvBWzlKbH4c9dLc="></latexit>

{!,↭,↫} → {!,↭,↫}SM

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.
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Triple Higgs Boson Production: First Studies

 [Plehn, Rauch, hep-ph/0507321]: “VLHC” @ 200 TeV → “Little Hope! & 
Measuring quartic requires good knowledge of trilinear”. 
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Figure 4: Normalized partonic center-of-mass energy distributions for gg → HHH at the LHC (left) and at the 200 TeV
VLHC (right). The Higgs mass is fixed to 120 GeV. The trilinear and quartic Higgs self-couplings are varied independently.

when we vary λ3 while the numerical impact of λ4 is about an order of magnitude smaller. We also see that for λ3 = 0
the order of the three curves for λ4/λSM = 0, 1, 2 turns around together with the sign of the interference. While this
distribution will be the key to the LHC measurement of λ3, the curves in Fig. 4 look challenging for a measurement
of λ4, in particular once we again include the error on the measurement of λ3.

Summary: To measure the entire set of parameters in the Higgs potential (and completely understand electroweak
symmetry breaking) we have to measure the quartic Higgs self-coupling. At the LHC and the ILC the measurement
of the trilinear self-coupling will already be a task which requires large luminosities and a very good understanding of
the detector [9, 10, 11, 12]. We know that CLIC would not be able to measure the quartic Higgs coupling [19], so what
is left is the high-energy mode of the VLHC. To get a rough idea if the quartic coupling might be visible we compute
the total cross section as well as the partonic center-of-mass energy distribution for the process gg → HHH . For a
120 GeV Higgs the cross section at the VLHC is 9.45 fb, so we might even be able to observe triple Higgs production.
However, based on this simple study without decays or detector effects we conclude that the measurement of the quartic
Higgs self-coupling will be seriously challenging due to the interference structures between the different topologies
contributing to the process. Moreover, a measurement of the quartic self-coupling requires a very good knowledge of
the value of the trilinear self-coupling, which at the moment is not (yet) established.
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for helpful discussions and S. Dittmaier for crucial technical help and discussions concerning the loop integrals.
Moreover, we would like to thank U. Baur and D. Rainwater for very useful comments after reading our manuscript.
Last but not least we are grateful to D. Zeppenfeld for discussions in an early stage of this project.
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Post-Higgs Boson Discovery Studies

 Following Higgs boson discovery → (most) pheno studies @ pp@100 TeV:
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab−1
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(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
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(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab−1

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim, 
Lee, 1510.07697, …]
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab−1

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim, 
Lee, 1510.07697, …]

[Fuks, Kim, Lee, 1510.07697, Fuks, Kim, Lee, 1704.04298]
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab−1

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim, 
Lee, 1510.07697, …]

[Fuks, Kim, Lee, 1510.07697, Fuks, Kim, Lee, 1704.04298]

[AP, Tetlalmatzi-Xolocotzi, Zaro, 1909.09166, AP, Robens, Tetlalmatzi-Xolocotzi, 
2101.0037, Stylianou, Weiglein, 2312.04646, AP, Tetlalmatzi-Xolocotzi, 2312.13562, Fuks, 
AP, Tetlamatzi-Xolocotzi, 2509.16364]

λ4/λSM
4 ∈ [−0.7,14.3]
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab−1

[Kilian, Sun, Yan, Zhao, Zhao, 1702.03554]

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim, 
Lee, 1510.07697, …]

[Fuks, Kim, Lee, 1510.07697, Fuks, Kim, Lee, 1704.04298]

[AP, Tetlalmatzi-Xolocotzi, Zaro, 1909.09166, AP, Robens, Tetlalmatzi-Xolocotzi, 
2101.0037, Stylianou, Weiglein, 2312.04646, AP, Tetlalmatzi-Xolocotzi, 2312.13562, Fuks, 
AP, Tetlamatzi-Xolocotzi, 2509.16364]

λ4/λSM
4 ∈ [−0.7,14.3]
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab−1

[Kilian, Sun, Yan, Zhao, Zhao, 1702.03554]

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim, 
Lee, 1510.07697, …]

[Stylianou, Weiglein, 2312.04646, Dong, Sun, Goo, Zhang, Li, Wang, 2504.04037]

[Fuks, Kim, Lee, 1510.07697, Fuks, Kim, Lee, 1704.04298]

[AP, Tetlalmatzi-Xolocotzi, Zaro, 1909.09166, AP, Robens, Tetlalmatzi-Xolocotzi, 
2101.0037, Stylianou, Weiglein, 2312.04646, AP, Tetlalmatzi-Xolocotzi, 2312.13562, Fuks, 
AP, Tetlamatzi-Xolocotzi, 2509.16364]

λ4/λSM
4 ∈ [−0.7,14.3]
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Part II:  the non-resonant cross section
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Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.
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Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.
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The  Cross Sectionpp → hhh
 [Note: VBF hhh  ⇒ Gluon fusion dominant by far, see: Belyaev, Schaefers, Thomas, 1101.10157]. 

 At LO in SM: Loop-induced!

σ ∼ 10−4 fb@13 TeV

8

The results with up to three powers of the anomalous operators, more appropriate within

the framework of the electroweak chiral Lagrangian (appendix B), are presented in ap-

pendix E.

As in the case of Higgs boson pair production, our current treatment would schemat-

ically correspond to |M|2 „ ‚1 ` ‚ci ` ‹cicj . The classes of the various diagrams that

appear are shown in fig. 2 for the SM, and in figs. 10 for one insertion, and 11 for two

insertions, in appendix D.4
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Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple

production in the Standard Model.

4 Phenomenology of Triple Higgs Boson Production

4.1 Cross Section Fits

By employing our Monte Carlo implementation of eq. 2.2, We have performed cross section

fits at a proton-proton collider at 13, 13.6, 14, 27, and 100 TeV, over all coe!cients relevant

to either Higgs boson pair or triple production. Two-dimensional projections of the fits for

ECM “ 13.6 TeV appear in fig. 3 for triple production. In this figure, for each corresponding

plot, all other coe!cients have been set to zero, for the sake of simplicity.

The numerical values of the polynomial coe!cients, yielding the cross section in the

form ω{ωSM ´ 1 “ !
i
Aici ` !

i,j
Bijcicj , where ci P td3, d4, cg1, cg2, ct1, ct2, ct3, cb1, cb2, cb3u,

are shown for ECM “ 13.6 TeV in table 1 for triple production. For Higgs boson pair

production at ECM “ 13.6 TeV, see table 9, in appendix F. The coe!cients for both

processes, at ECM “ 13, 14, 27 and 100 TeV can be found in appendix F. The table

should be read as follows: each value shown corresponds to the coe!cient multiplying

the product of the couplings of the corresponding first column and last row, respectively.

As an example, with reference to table 1, the coe!cient of the term proportional to d4d3

4We note here that a di!erent number of insertions can be achieved by modifying the MHEFT^2<= part

of the command. The maximum number of possible insertions depends on the process considered.
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 @ Higher Orderspp → hhh
 NLO: [Maltoni, Vryonidou, Zaro, 1408.6542] →  plus full real 

emission (= FTapprox).
mt → ∞
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Figure 7: Total cross sections at LO and NLO in QCD in the FT for the triple Higgs production
from gluon-gluon fusion at pp colliders as a function of the centre-of-mass energy. The thickness of
the lines corresponds to the scale and PDF uncertainties added linearly.

one-loop amplitudes, the Born and the real contributions. In this case, the information

which will be included in an approximated way is that related to the two-loop boxes and

two-loop pentagons, whose calculation is extremely challenging (note that even the two-

loop boxes are more complicated than those in HH production as they feature one more

scale) and probably will not be available for some time. The method and the setup follows

exactly that of HH, even though the calculation is more complicated and the resulting

reweighting procedure is substantially slower. For this process, we find it necessary to use

a small computing cluster and fully parallelise the reweighting on an event-by-event basis.

We show our results for the production cross sections as a function of the centre-of-

mass energy in fig. 7 and a few representative results in tab. 3. The NLO calculation leads

to K−factors and uncertainties which are similar to Higgs pair production. The most

important information conveyed by fig. 7 is that the cross section remains very small even

at 100 TeV pp collisions.

We conclude by showing the NLO+PS effects in two key distributions, i.e. that of the

invariant mass of the three Higgs-bosons and the transverse momentum of the triplet. The

latter distribution features two important damping effects: at small pT (HHH) the spec-

trum is softened by the soft resummation performed by the shower and at high pT (HHH)

where the top-quark loop effects matter and the HEFT is not reliable.
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 NNLO:  [De Florian, Fabre, Mazzitelli, 
1912.02760] → Full NNLO in , 
“Born-Improved” ⇒ ~10% increase 
wrt. NLO.

mt → ∞

σ(HHH) [fb]
√
s = 14 TeV

√
s = 33 TeV

√
s = 100 TeV

LO FT 0.0557 +34.5+2.5%
−24.0−2.7% 0.438 +26.8+1.5%

+20.0−2.0% 3.78 +24.1+0.9%
−18.7−1.7%

NLO FTapprox 0.0894+16.5+2.5%
−14.6−3.2% 0.677 +14.5+1.4%

−13.4−1.7% 5.09 +13.5+1.0%
−12.7−1.3%

Table 3: LO and NLO total cross sections (in fb) for triple Higgs production in gluon-gluon fusion
at

√
s = 14, 33, 100 TeV in the FT. The uncertainties (in percent) refer to scale variations and to

PDF, respectively. No cuts are applied to final state particles and no branching ratios are included.

6. Conclusions

The observation of multiple Higgs production at hadron colliders is a very challenging

task, yet a crucial one to obtain key information on the form of the Higgs potential.

Rates for these processes are rather low and the accessible signatures swamped by large

backgrounds. In any case, any effort to gather information from measurements or bounds

on these processes requires accurate predictions for the SM total cross sections. In addition,

differential distributions are needed not only to calculate acceptances but also to improve

the potential of disentangling these processes from the various backgrounds by selecting

the most sensitive regions in phase space. As in single Higgs production, the largest rates

for multiple Higgs production come from gluon-gluon fusion mediated by a top-quark loop.

Loop-induced processes pose one with the difficulty of obtaining higher order predictions,

as these require the computation of multi–loop Feynman diagrams.

In this work we have first focused on Higgs pair production by considering different

approximations to improve the HEFT NLO calculation upon the infinite top-quark mass

limit. We have introduced a reweighting procedure that allows the inclusion of the top-

quark mass and width effects exactly. We have then applied it to HH production using the

available information, i.e. the exact (Born and real) one-loop amplitudes and the approxi-

mated two-loop matrix elements to appropriately reweight events generated automatically

by means of the MC@NLO method in the effective field theory. As a first result and at

variance with single Higgs production, we have found that including a non-zero top-quark

width reduces the cross section by a couple of percents, the largest effect reaching -4% just

above the tt̄ threshold.

We have then performed a study to assess the relevance of various corrections and the

accuracy of other approaches used in the literature to approximate NLO results in the FT.

In particular we have compared to a Born reweighting, where only the exact Born results

are used to improve upon the HEFT results. At the total cross section level our best

estimate gives a result about 10% smaller than the Born-improved HEFT. We have then

considered the difference between the two approaches for differential distributions, and

found that including the exact real emission matrix elements provides a better description

of the phase space regions where hard emissions take place. We have then argued that

total rates are improved too: by using an estimated form of the unknown virtual correc-

tions in the FT using available results from single Higgs production, we have shown that

our results are rather stable under variations of the unknown finite terms. Even though

– 16 –

following final prediction for the triple Higgs production cross section:

�
NNLO

Best
= 0.103+5%

�8%
± 15% fb, K

NNLO

Best
= 1.70, (14 TeV)

�
NNLO

Best
= 0.501+5%

�7%
± 15% fb, K

NNLO

Best
= 1.70, (27 TeV)

�
NNLO

Best
= 5.56+5%

�6%
± 20% fb, K

NNLO

Best
= 1.43. (100 TeV)

5 Conclusions

In this work we presented for the first time the complete set of NNLO corrections to triple Higgs
boson production at hadron colliders in the heavy top limit. To partially retain finite top mass
e↵ects, two di↵erent reweighting procedures have been implemented: The usual Born-improved
approximation (Bi), and a new procedure that we call dynamically Born improved approximation
(dBi). Both procedures coincide at LO, and from their di↵erence at higher orders we infer the
dependence of the result upon the reweighting procedure. Overall, we found that the invariant
mass distribution is sensitive to the reweighting procedure only in the tail, where the cross-section
is already small, while for the inclusive cross-section the dependence on this procedure is O(1%),
which falls inside the scale variation uncertainties of O(7%).

In order to provide a prediction based on the most advanced results available in the literature,
we combined our dBi-reweighted NNLO results with the NLO predictions obtained within the
FTapprox. From the di↵erences between the available NLO approximations we estimated the size
of the missing finite top mass e↵ects. Based on this, our final prediction for the triple Higgs
production cross section at a 100 TeV collider is �NNLO = 5.56+5%

�6%
± 20% fb.
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Attack of the Anomalous Couplings

 Anomalous couplings can enhance hhh! e.g. inspired by an Effective Field Theory.
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Q: Do all of these terms make sense in an effective field theory?



Andreas Papaefstathiou

Q: Which anomalous contributions to keep @ the matrix element-squared level?

Effective Field Theory considerations: not settled yet! [→ see, e.g. discussions of 2201.04974, 
2304.01968].

Consider linear, quadratic or cubic truncations? 
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Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple

production in the Standard Model.

d3 -0.786 0.181

cg1 -0.386 0.0412 0.150

cg2 0.971 -0.123 -0.715 0.853

ct1 4.86 -1.87 -1.02 2.56 5.91

ct2 -5.57 1.70 2.08 -5.06 -13.9 10.0

cb1 -0.0900 -0.0656 0.224 -0.526 -0.298 1.17 0.0964

cb2 0.0629 0.0668 -0.199 0.468 0.224 -1.01 -0.174 0.0786

1 d3 cg1 cg2 ct1 ct2 cb1 cb2

Table 1: Fit coe�cients for leading-order Higgs boson pair production, in the form �{�SM´
1 “ Aici ` Bijcicj , where ci P td3, cg1, cg2, ct1, ct2, cb1, cb2, u, at ECM “ 13.6 TeV.

d3 -0.750 0.292

d4 -0.158 -0.0703 0.0340

cg1 -0.278 0.0426 0.0484 0.0256

cg2 1.39 -0.704 -0.0312 -0.156 0.538

ct1 6.94 -3.17 -0.309 -0.850 5.16 12.6

ct2 -3.61 4.05 -0.872 -0.0482 -4.15 -17.6 15.3

ct3 -2.72 -1.57 1.33 0.906 -0.316 -4.64 -18.2 13.0

cb1 -0.125 0.177 -0.0457 -0.00903 -0.166 -0.675 1.38 -0.941 0.0317

cb2 0.106 -0.0752 0.00692 -0.00740 0.0949 0.433 -0.509 0.162 -0.0219 0.00489

cb3 0.161 -0.0809 -0.00396 -0.0182 0.124 0.598 -0.474 -0.0434 -0.0189 0.0109 0.00719

1 d3 d4 cg1 cg2 ct1 ct2 ct3 cb1 cb2 cb3

Table 2: Fit coe�cients for leading-order Higgs boson triple production, in the form

�{�SM ´ 1 “ Aici ` Bijcicj , where ci P td3, d4, cg1, cg2, ct1, ct2, ct3, cb1, cb2, cb3u, at ECM “
13.6 TeV.

– 4 –

= trilinear
= quartic

<latexit sha1_base64="utSubvY+tGTWPTJptl3AcPrK224="></latexit>

|M|2 → 1 +Ac3 +Bd4 (linear)

+ Cd24 +Dc3d4 + Ec23 (quadratic)

+ Fc23d4 +Gc33 (cubic)

+ c43 (no trunc.)

Matrix Element Truncation
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Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple

production in the Standard Model.
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Perturbative Unitarity 

(in 5 easy steps)

 Experiments show limits on  like these:

 including constraint from perturbative unitarity,

 1. Consider hh → hh scattering:  

 via the matrix element  →  T the interacting part of the S-matrix: , requiring 
, i.e. unitarity. 

 2. Project into partial waves  of total angular momentum J, 

 3. consider same-helicity state and J=0 (higher typically smaller amplitudes) → .

(κ3, κ4)

⟨ f |T | i⟩ S = 1 + iT
S†S = 1

aJ
fi ∝ ∫ d(cos θ) dJ

μiμf
(θ)⟨ f |T | i⟩

d0
00 = 1

13
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Figure 9: Expected (filled regions) and observed (black solid and dashed lines) 95% and 68% CL constraints on 𝐿3
and 𝐿4, the ratios of the Higgs tri-linear and quartic self-couplings to their predicted SM values. Unitarity limits,
calculated in Ref. [70], are overlaid in the region bounded by the gray dashed line. The red star is the SM: 𝐿3=𝐿4=1.
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Figure 2: hh ! hh scattering amplitudes: s+ t+u channels + 4-vertex (4vrtx) contributions.

where we paid attention to keep the kinematical factors which makes the amplitude to vanish
at threshold (

p
s = 2mh) and we multiplied by an extra 1/2 factor due to the presence of

identical particles in the initial and final state (see e.g. [48] for a collection of relevant formulae).
Following standard arguments [49, 50], perturbative unitarity bounds are obtained by requiring
|Re a0

hh!hh
| < 1/2.

The bound is displayed in Fig. 3 for the orthogonal cases in which either �hhh (upper plots)
or �hhhh (lower plots) is modified with respect to the SM case. Note that the situation is
qualitatively di↵erent for the two cases: being h

3 a relevant operator, the unitarity bound on
�hhh is maximized at low energy, while in the case of h4 the partial wave grows with energy
reaching an asymptotic value at

p
s ! 1.5 In particular, from the right-side plots in Fig. 3 we

read the following unitarity bounds
���hhh/�

SM
hhh

�� . 6.5 and
���hhhh/�

SM
hhhh

�� . 65 . (29)

Of course, one expects that new physics e↵ects should modify at the same time both �hhh and
�hhhh. However, since the h3 and h

4 operators dominate the partial wave in two well-separated
energy regimes they cannot cancel each other over the whole range of

p
s. Hence, since we

require perturbativity at any value of
p
s, the bounds in Eq. (29) hold also in more general

situations (as we have checked numerically by employing the full expression in Eq. (28)).
Let us inspect, for instance, the case where the modified SM potential arises from the

operator |H|
6 as in Eq. (3). In such a case we have

�hhh = �
SM
hhh

+ 6 c6v ' �
SM
hhh

(1 + 7.8 c6) , (30)

�hhhh = �
SM
hhhh

+ 36 c6 ' �
SM
hhhh

(1 + 47 c6) . (31)

The perturbativity bound coming from the h
3 (h4) vertex in Eq. (29) translates into |c6| .

0.71 (1.4).

2.3.2 Loop-corrected vertices

An alternative way to assess perturbativity is by requiring that the loop-corrected trilinear
scalar vertex is smaller (in absolute value) than �hhh. If that were not the case, we clearly
could not reliably use perturbation theory whenever �hhh entered some physical process. A
similar criterium was employed for trilinear scalar interactions in Ref. [48], by setting to zero
the external momenta of the 3-point function. Following the same argument, we obtain

��hhh(pi ! 0) =
1

32⇡2
�
3
hhh

1

m
2
h

. (32)

5Note that this behaviour is di↵erent from the case of e↵ective operators, whose scattering amplitudes grow
indefinitely with the energy.
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 4. If real amplitude, then require: , at all energies.

 (in reality: issues arise before saturating this ⇒ bound is conservative).  

 5. Apply to hh → hh: one finds that  bound is maximized at low energy,  at 
high energy: 

Re(aJ
ii) ≤

1
2

κ3 κ4
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Return of the Anomalous Couplings

 Anomalous couplings can enhance hhh! e.g. , but also others!κ3 ≠ 1,κ4 ≠ 1

15

ℒPhenoExp ⊃ −λSMv (1+c3) h3 −
λSM

4 (1+d4) h4

+
αs

12π (cg1
h
v

−cg2
h2

2v2 ) Ga
μνG

μν
a

−[ mt

v (1+ct1) t̄LtRh +
mb

v (1+cb1) b̄LbRh + h.c.]
−[ mt

v2
ct2t̄LtRh2 +

mb

v2
cb2b̄LbRh2 + h.c.]

−[ mt

v3 ( ct3

2 ) t̄LtRh3 +
mb

v3 ( cb3

2 ) b̄LbRh3 + h.c.]
[AP, Tetlalmatzi-Xolocotzi, 2312.13562]



Andreas Papaefstathiou

Return of the Anomalous Couplings

 Anomalous couplings can enhance hhh! e.g. , but also others!κ3 ≠ 1,κ4 ≠ 1

15

ℒPhenoExp ⊃ −λSMv (1+c3) h3 −
λSM

4 (1+d4) h4

+
αs

12π (cg1
h
v

−cg2
h2

2v2 ) Ga
μνG

μν
a

−[ mt

v (1+ct1) t̄LtRh +
mb

v (1+cb1) b̄LbRh + h.c.]
−[ mt

v2
ct2t̄LtRh2 +

mb

v2
cb2b̄LbRh2 + h.c.]

−[ mt

v3 ( ct3

2 ) t̄LtRh3 +
mb

v3 ( cb3

2 ) b̄LbRh3 + h.c.]
[AP, Tetlalmatzi-Xolocotzi, 2312.13562]

c3

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 6: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 7: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson pair production.

– 12 –

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 6: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 7: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson pair production.

– 12 –

pp → hh

ct2



Andreas Papaefstathiou

Return of the Anomalous Couplings

 Anomalous couplings can enhance hhh! e.g. , but also others!κ3 ≠ 1,κ4 ≠ 1

15

ℒPhenoExp ⊃ −λSMv (1+c3) h3 −
λSM

4 (1+d4) h4

+
αs

12π (cg1
h
v

−cg2
h2

2v2 ) Ga
μνG

μν
a

−[ mt

v (1+ct1) t̄LtRh +
mb

v (1+cb1) b̄LbRh + h.c.]
−[ mt

v2
ct2t̄LtRh2 +

mb

v2
cb2b̄LbRh2 + h.c.]

−[ mt

v3 ( ct3

2 ) t̄LtRh3 +
mb

v3 ( cb3

2 ) b̄LbRh3 + h.c.]
[AP, Tetlalmatzi-Xolocotzi, 2312.13562]

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.

– 13 –

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.

– 13 –

pp → hhh

d4

ct3

c3

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 6: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 7: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson pair production.

– 12 –

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 6: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson pair production.

q

g

g

h

h

q

g

g

h

h

q

g

g

h

h

g

g

h

h

g

g

h

h

Figure 7: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson pair production.

– 12 –

pp → hh

ct2



Andreas Papaefstathiou16

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.

– 13 –

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

g

g

h

h

h

Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.

– 13 –

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

q

g

g

h

h

h

Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple

production in the Standard Model.

d3 -0.786 0.181

cg1 -0.386 0.0412 0.150

cg2 0.971 -0.123 -0.715 0.853

ct1 4.86 -1.87 -1.02 2.56 5.91

ct2 -5.57 1.70 2.08 -5.06 -13.9 10.0

cb1 -0.0900 -0.0656 0.224 -0.526 -0.298 1.17 0.0964

cb2 0.0629 0.0668 -0.199 0.468 0.224 -1.01 -0.174 0.0786

1 d3 cg1 cg2 ct1 ct2 cb1 cb2

Table 1: Fit coe�cients for leading-order Higgs boson pair production, in the form �{�SM´
1 “ Aici ` Bijcicj , where ci P td3, cg1, cg2, ct1, ct2, cb1, cb2, u, at ECM “ 13.6 TeV.

d3 -0.750 0.292

d4 -0.158 -0.0703 0.0340

cg1 -0.278 0.0426 0.0484 0.0256

cg2 1.39 -0.704 -0.0312 -0.156 0.538

ct1 6.94 -3.17 -0.309 -0.850 5.16 12.6

ct2 -3.61 4.05 -0.872 -0.0482 -4.15 -17.6 15.3

ct3 -2.72 -1.57 1.33 0.906 -0.316 -4.64 -18.2 13.0

cb1 -0.125 0.177 -0.0457 -0.00903 -0.166 -0.675 1.38 -0.941 0.0317

cb2 0.106 -0.0752 0.00692 -0.00740 0.0949 0.433 -0.509 0.162 -0.0219 0.00489

cb3 0.161 -0.0809 -0.00396 -0.0182 0.124 0.598 -0.474 -0.0434 -0.0189 0.0109 0.00719

1 d3 d4 cg1 cg2 ct1 ct2 ct3 cb1 cb2 cb3

Table 2: Fit coe�cients for leading-order Higgs boson triple production, in the form

�{�SM ´ 1 “ Aici ` Bijcicj , where ci P td3, d4, cg1, cg2, ct1, ct2, ct3, cb1, cb2, cb3u, at ECM “
13.6 TeV.

– 4 –

Return of the Anomalous Couplings

MadGraph5_aMC model at: 
https://gitlab.com/apapaefs/multihiggs_loop_sm

*Includes correct description of interference effects!

[AP, Tetlalmatzi-Xolocotzi, 2312.13562]



Andreas Papaefstathiou

Part III:  Resonant production

17



Andreas Papaefstathiou

Extended Scalar Sectors: Why?

 Dark Matter (the scalar themselves, or portals to hidden sectors),  

 First-order EW phase transitions (  EW baryogenesis  matter-antimatter 
asymmetry),

 & Model the scalar sector of more complicated models, e.g. SUSY. 

⇒ ⇒

18

[e.g. AP, White, 2010.0059 & 2108.11394]
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<latexit sha1_base64="0bxRsp+XqnhNzIuIKjzBNiK1iE0="></latexit>

+ S2 + NS3 +⌅S4

<latexit sha1_base64="hGawWRRoUS0Mk+hSaxRsWiolhTw="></latexit>

+N |�|2 S +⌅ |�|2 S2

Singlet ≡ NO SM “charges” 

<latexit sha1_base64="wES3Q+uBXFKZcZcHyBHE95VnQHA="></latexit>

V(�, S) =  |�|2 +⌅ |�|4

← “Portal” interactions.

<latexit sha1_base64="fXNw3wLAYn+U5ddUPZApg/EhDZM="></latexit>

+S ⇥ (Hidden Sector) + ... ← Dark Matter?

[  is also an SM singlet!]|ϕ |2

Simplest extension to 
the SM: add ONE real 
singlet scalar field.

[e.g. AP, White, 2010.0059 & 2108.11394]
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SM+One Real Singlet [=xSM]

<latexit sha1_base64="K2WuwdMhK7rNhraHu1PEcsSX4iA="></latexit>

V(�, S) =  |�|2 +⌅ |�|4 + S2 + NS3 +⌅S4 + N |�|2 S +⌅ |�|2 S2

[e.g. AP, White, 2010.00597]

Mass Eigenstates

(h1

h2) = ( cos θ sin θ
−sin θ cos θ) (h

χ)
: mixing angleθ

 → “SM-like” Higgs 
boson.

h1

 → new scalar 
resonance.

h2

i.e. choose: , and: |θ | ≳ 0

h1 = h cos θ + χ sin θ
h2 = −h sin θ + χ cos θ
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SM+One Real Singlet [=xSM]

 What about hhh in the xSM? An example with  symmetry: .

 Including: boundedness of potential + perturbativity + HiggsTools (i.e. 
experimental) constraints [Bahl, Biekötter, Heinemeyer, Li, Paasch, Weiglein, Wittbrodt, 2210.09332].

ℤ2 ℤ2 : S → − S

20
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Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple
production in the Standard Model.

1 Introduction

Multi-Higgs boson production processes at colliders, such as the CERN Large Hadron
Collider (LHC), can provide further insight into the electroweak and scalar sectors of the
standard model (SM), going beyond the information harnessed by the discovery [1, 2] of
the Higgs boson [3–5] itself. The two primary multi-Higgs boson production processes, pair
production and triple production, can be used within the SM to yield a consistency check
of the triple and quartic self-interactions, respectively, verifying the “standard” shape of
the Higgs boson’s (h1) potential,

Vph1q “ 1

2
m

2
h1
h
2
1 ` m

2
h1

2v
h
3
1 ` m

2
h1

8v2
h
4
1 , (1.1)

where mh1 « 125 GeV is the Higgs boson mass, and v « 246 GeV is the Higgs vacuum
expectation value. In the realm of such self-coupling measurements, within and beyond the
SM, Higgs boson pair production has received considerable attention through experimental

– 1 –
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 Consider adding two real singlet scalar fields  → the TRSM.

 & impose discrete  symmetries:  

S, X

ℤ2 ℤS
2 : S → − S, X → X

ℤX
2 : X → − X, S → S

 TRSM Scalar Potential:⇒
<latexit sha1_base64="vI/jXv0VWya+/llvoVlTzmRORlk="></latexit>

V(�, S,X) = • |�|2 +⌅|�|4 + •S2 +⌅S4 + •X2 +⌅X4

+⌅S2X2

+⌅|�|2S2 +⌅|�|2X2

SM + Two Real Singlet Scalars [= TRSM]
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SM + Two Real Singlet Scalars [= TRSM]

 Electroweak Symmetry Breaking in the TRSM: 

 Three scalar bosons:  → SM-like “Higgs boson”.

 hhh that may even be detectable at the LHC!

⇒ h1, h2, h3 h1 ≈

⇒

pp → h3 → h2h1 → h1h1h1through: [Robens, Stefaniak, Wittbrodt, 1908.08554,
AP, Robens, Tetlalmatzi-Xolocotzi, 2101.00037]
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⇒ h1, h2, h3 h1 ≈

⇒

pp → h3 → h2h1 → h1h1h1through: [Robens, Stefaniak, Wittbrodt, 1908.08554,
AP, Robens, Tetlalmatzi-Xolocotzi, 2101.00037]

→ Double-Resonant enhancement!

h3

h2

g

g

h1

h1

h1

3 �123

�112

Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with
two heavy scalars h3 and h2, with m3 ° m2 ` m1.

3 A Simplified Approach to Double-Resonant Triple Higgs Boson Pro-

duction

In the present study, we focus on the largest enhancement in triple Higgs boson production
via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production gg Ñ
h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy m3 ° m2`m1

and m2 ° 2m1, such that all particles are produced on-shell, see fig. 1. In this case, the
cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
2
3�

2
123�

2
112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
standard substitution:1

dq2
i

pq2
i

´ m
2
i
q2 ` m

2
i
�2
i

Ñ ⇡

mi�i

�pq2i ´ m
2
i qdq2i (3.3)

With the substitution of eq. 3.3, we can then write the cross section for the double-resonant
production as follows:

�pm2,m3,�2,�3,3,�123,�112q “ �̂upm2,m3q ˆ 
2
3�

2
123�

2
112

�2�3
(3.4)

“ �̂upm2,m3q ˆ ⇢
2
,

where now �̂upm2,m3q is the cross section for the process for 3 “ 1, �123 “ �112 “ 1 GeV,
and �2 “ �3 “ 1 GeV, and the second line defines the rescaling factor

⇢
2 ” 

2
3�

2
123�

2
112{p�2�3q . (3.5)

1This can be derived by considering the integral of the Breit-Wigner factor over the virtuality of the
particle, q2i , as follows (see, e.g. [122]):

ª `8

´8

dq2i
pq2i ´ m2

i q2 ` m2
i�

2
i

“ ⇡
mi�i

. (3.2)

– 5 –

Requires:
m3 > m2 + m1, m2 > 2m1
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Double-Resonant Enhancement in the TRSM

 Enhancement of hhh  Large “fraction” of double-resonant process!⇔

Enhancement 
over SM

that the Lagrangian is quadratic in the new fields. Dµ denotes the covariant derivatives,

including the conventional SM gauge contributions, and the Bµ partial derivatives.

The amplitude for doubly-resonant enhanced triple Higgs production is only non-

vanishing if all scalars mix with each other. We are thus interested in the set-up where all

scalars obtain a vacuum expectation value and possess µ2

i ° 0 for i “ 1, 2, 3. The fields are

expanded around their corresponding vev (in unitary gauge):

�1 “
˜

0
v1`'1?

2

¸
, �i “ vi ` 'i?

2
for i “ 2, 3. (2.2)

The mass matrix B�iB�jV is o↵-diagonal and can be diagonalized by a 3 ˆ 3 unitary

matrix R which depends on three mixing angles – see appendix A.2 for explicit expres-

sions. The mass eigenstates, which we denote by hi, and the interaction eigenstates �i,

are related via hi “ Rij�j . The scalar potential in eq. (2.1) depends on 9 parameters:

three mass parameters µi, and six quartic couplings �ij . Instead of µi and �ij , we can

instead use the three mass eigenstates Mi, three mixing angles ✓ij , and three vevs vi, as

the independent parameters defining the model, with the explicit relations for these given

in appendix A.2. We identify the lightest mass eigenstate M1, with the physical Higgs

mass, with the eigenstates satisfying the ordering M1 † M2 † M3. Two parameters are

then fixed by observations: the Higgs vev v1 » 246GeV and the measured physical Higgs

boson mass M1 » 125GeV.

We point out that if one of the singlets has zero vev vi “ 0 for i “ 2, 3, the correspond-

ing field �i does not mix with the other fields. This scenario does not o↵er novel collider

phenomenology compared to the xSM. However, as we will see in section 4, it does have

an interesting e↵ect on cosmology, as it allows for a FOPT.

2.2 Resonant triple Higgs boson production

h3

h2

g

g

h1

h1

h1

�̄3 �̄123

�̄112

Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with

two heavy scalars h3 and h2.

With additional singlets, new diagrams with intermediate scalar states can contribute

to triple Higgs boson production [38]. Although these amplitudes are suppressed by the

small mixing angles, this can be overcome by resonance e↵ects if the intermediate states

are produced on-shell and above the threshold M3 ° M2 ` M1 and M2 ° 2M1. In the

TRSM, double resonances can occur if both extra singlets are resonantly produced, in a

contribution represented by the diagram shown in fig. 1.

– 4 –

Resonant Fraction (R.F.) =
How much of the total cross section comes from… ?

[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, 
van de Vis, du Pree, 2404.12425]

[including boundedness of potential + 
perturbativity + HiggsTools constraints. ]
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�1 “
˜

0
v1`'1?

2

¸
, �i “ vi ` 'i?

2
for i “ 2, 3. (2.2)

The mass matrix B�iB�jV is o↵-diagonal and can be diagonalized by a 3 ˆ 3 unitary

matrix R which depends on three mixing angles – see appendix A.2 for explicit expres-

sions. The mass eigenstates, which we denote by hi, and the interaction eigenstates �i,

are related via hi “ Rij�j . The scalar potential in eq. (2.1) depends on 9 parameters:

three mass parameters µi, and six quartic couplings �ij . Instead of µi and �ij , we can

instead use the three mass eigenstates Mi, three mixing angles ✓ij , and three vevs vi, as

the independent parameters defining the model, with the explicit relations for these given

in appendix A.2. We identify the lightest mass eigenstate M1, with the physical Higgs

mass, with the eigenstates satisfying the ordering M1 † M2 † M3. Two parameters are

then fixed by observations: the Higgs vev v1 » 246GeV and the measured physical Higgs

boson mass M1 » 125GeV.

We point out that if one of the singlets has zero vev vi “ 0 for i “ 2, 3, the correspond-

ing field �i does not mix with the other fields. This scenario does not o↵er novel collider

phenomenology compared to the xSM. However, as we will see in section 4, it does have

an interesting e↵ect on cosmology, as it allows for a FOPT.

2.2 Resonant triple Higgs boson production

h3

h2

g

g

h1

h1

h1

�̄3 �̄123

�̄112

Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with

two heavy scalars h3 and h2.

With additional singlets, new diagrams with intermediate scalar states can contribute

to triple Higgs boson production [38]. Although these amplitudes are suppressed by the

small mixing angles, this can be overcome by resonance e↵ects if the intermediate states

are produced on-shell and above the threshold M3 ° M2 ` M1 and M2 ° 2M1. In the

TRSM, double resonances can occur if both extra singlets are resonantly produced, in a

contribution represented by the diagram shown in fig. 1.

– 4 –

Resonant Fraction (R.F.) =
How much of the total cross section comes from… ?

[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, 
van de Vis, du Pree, 2404.12425]

R.F.  20%
Enhancement > 20 SM

≳
×

[including boundedness of potential + 
perturbativity + HiggsTools constraints. ]
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Double-Resonant Enhancement in the TRSM

 Enhancement of hhh  Large “fraction” of double-resonant process!⇔

Enhancement 
over SM

that the Lagrangian is quadratic in the new fields. Dµ denotes the covariant derivatives,

including the conventional SM gauge contributions, and the Bµ partial derivatives.

The amplitude for doubly-resonant enhanced triple Higgs production is only non-

vanishing if all scalars mix with each other. We are thus interested in the set-up where all

scalars obtain a vacuum expectation value and possess µ2

i ° 0 for i “ 1, 2, 3. The fields are

expanded around their corresponding vev (in unitary gauge):

�1 “
˜

0
v1`'1?

2

¸
, �i “ vi ` 'i?

2
for i “ 2, 3. (2.2)

The mass matrix B�iB�jV is o↵-diagonal and can be diagonalized by a 3 ˆ 3 unitary

matrix R which depends on three mixing angles – see appendix A.2 for explicit expres-

sions. The mass eigenstates, which we denote by hi, and the interaction eigenstates �i,

are related via hi “ Rij�j . The scalar potential in eq. (2.1) depends on 9 parameters:

three mass parameters µi, and six quartic couplings �ij . Instead of µi and �ij , we can

instead use the three mass eigenstates Mi, three mixing angles ✓ij , and three vevs vi, as

the independent parameters defining the model, with the explicit relations for these given

in appendix A.2. We identify the lightest mass eigenstate M1, with the physical Higgs

mass, with the eigenstates satisfying the ordering M1 † M2 † M3. Two parameters are

then fixed by observations: the Higgs vev v1 » 246GeV and the measured physical Higgs

boson mass M1 » 125GeV.

We point out that if one of the singlets has zero vev vi “ 0 for i “ 2, 3, the correspond-

ing field �i does not mix with the other fields. This scenario does not o↵er novel collider

phenomenology compared to the xSM. However, as we will see in section 4, it does have

an interesting e↵ect on cosmology, as it allows for a FOPT.

2.2 Resonant triple Higgs boson production

h3

h2

g

g

h1

h1

h1

�̄3 �̄123

�̄112

Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with

two heavy scalars h3 and h2.

With additional singlets, new diagrams with intermediate scalar states can contribute

to triple Higgs boson production [38]. Although these amplitudes are suppressed by the

small mixing angles, this can be overcome by resonance e↵ects if the intermediate states

are produced on-shell and above the threshold M3 ° M2 ` M1 and M2 ° 2M1. In the

TRSM, double resonances can occur if both extra singlets are resonantly produced, in a

contribution represented by the diagram shown in fig. 1.

– 4 –

Resonant Fraction (R.F.) =
How much of the total cross section comes from… ?

[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, 
van de Vis, du Pree, 2404.12425]

[including boundedness of potential + 
perturbativity + HiggsTools constraints. ]

R.F.  65%
Enhancement > 100 SM

≳
×
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Parameter Min Max
m2 255 GeV 775 GeV
m3 350 GeV 900 GeV
v2 0 GeV 1000 GeV
v3 0 GeV 1000 GeV
k1 0.95 1.00
k2 0.00 0.25
k3 0.00 0.25

Table 4: The range of parameters scanned over, following the theoretical and experimental
constraints outlined in ref. [120].

Figure 6: Results for the high-luminosity LHC at 13.6 TeV, with L “ 3000 fb´1. Only
points with at least a factor of 20 enhancement over the SM triple Higgs boson production
cross section are shown. The points have been selected to satisfy the theoretical and
experimental constraints described in ref. [120], and in addition are required to have an
approximate double-resonant process contribution to the total cross section of R.F. „ 20%.
We also consider constraints coming from single production of the new scalar resonances
h2{3, where green crosses indicate points that will be excluded by both double-resonant
triple Higgs boson production and single scalar production, red circles indicate points that
will be excluded only by single scalar production, and blue circles indicate points that will
be excluded by neither.

– 13 –

Pheno of TRSM Benchmark Points @ HL-LHC

HL-LHC results: 

: Excluded ONLY by single  and  
production, NOT by hhh,

: Excluded ALSO by hhh,

: NOT excluded @ HL-LHC 

(  Future Colliders?)

Notice: NO hhh exclusion without 
single  and  exclusion!

 in TRSM, hhh is unlikely to be a 
“discovery” channel [⤳ but: inverse 
problem?]

∘ h2 h3

×

∘
⇒

h2 h3

⇒

24 [AP, Tetlalmatzi-Xolocotzi, 2501.14866]

Note: No points with , 
 that satisfy 20 

enhancement over SM! 

See [Lane, Lewis, Sullivan, 
arXiv:2403.18003] for similar result.

m3 ≳ 650 GeV
m2 ≳ 450 GeV ×

R.F. > 20%
Enhancement > 20 SM×
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Part IV:  future PRospects
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Future Hadron Colliders

 Proton colliders: 

 (six b-jet final state)

13

Fig. 10 Summary plot of the 2𝐿 limits on the Higgs quartic self-
coupling modifier, for the ‘central’ case considered (in red) with CMS-
like smearing, an integrated luminosity of 20 ab→1, and including a
Gaussian prior on the trilinear Higgs coupling (with width 𝑀𝑁3 = 0.05).
Variations of the centre-of-mass energy are shown, together with the
impact of the scheme employed to truncate the EFT expansion at the
cross section level, and the size of the systematic uncertainties.
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Indirect Constraints on the Quartic

Obtain indirect constraints on Higgs boson’s quartic ( ) via hh production, e.g. 
through electroweak corrections: 

λ4

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

t
<latexit sha1_base64="LfjryXehj/KANgayZCLB5P6zdA0=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOy55a9mluqXMNMeTiCYzgFD86hArdQhTow4PAEL/Dq3DvPzpvzPivNOfOeQ/gj5+MHTjCOwQ==</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="84yCtWkvOB93GhRL4GpPe8vxj/Y=">AAAB6HicbVA9TwJBEJ3DL8Qv1NLmIjGxInc2WhJtLCGRjwQuZG+Zg5W9vcvunAkh/AIbC42x9SfZ+W9c4AoFXzLJy3szmZkXplIY8rxvp7CxubW9U9wt7e0fHB6Vj09aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsd3c7/9hNqIRD3QJMUgZkMlIsEZWalB/XLFq3oLuOvEz0kFctT75a/eIOFZjIq4ZMZ0fS+lYMo0CS5xVuplBlPGx2yIXUsVi9EE08WhM/fCKgM3SrQtRe5C/T0xZbExkzi0nTGjkVn15uJ/Xjej6CaYCpVmhIovF0WZdClx51+7A6GRk5xYwrgW9laXj5hmnGw2JRuCv/ryOmldVX2v6je8Su02j6MIZ3AOl+DDNdTgHurQBA4Iz/AKb86j8+K8Ox/L1oKTz5zCHzifP97pjPQ=</latexit>

t
<latexit sha1_base64="LfjryXehj/KANgayZCLB5P6zdA0=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOy55a9mluqXMNMeTiCYzgFD86hArdQhTow4PAEL/Dq3DvPzpvzPivNOfOeQ/gj5+MHTjCOwQ==</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="84yCtWkvOB93GhRL4GpPe8vxj/Y=">AAAB6HicbVA9TwJBEJ3DL8Qv1NLmIjGxInc2WhJtLCGRjwQuZG+Zg5W9vcvunAkh/AIbC42x9SfZ+W9c4AoFXzLJy3szmZkXplIY8rxvp7CxubW9U9wt7e0fHB6Vj09aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsd3c7/9hNqIRD3QJMUgZkMlIsEZWalB/XLFq3oLuOvEz0kFctT75a/eIOFZjIq4ZMZ0fS+lYMo0CS5xVuplBlPGx2yIXUsVi9EE08WhM/fCKgM3SrQtRe5C/T0xZbExkzi0nTGjkVn15uJ/Xjej6CaYCpVmhIovF0WZdClx51+7A6GRk5xYwrgW9laXj5hmnGw2JRuCv/ryOmldVX2v6je8Su02j6MIZ3AOl+DDNdTgHurQBA4Iz/AKb86j8+K8Ox/L1oKTz5zCHzifP97pjPQ=</latexit>

t
<latexit sha1_base64="LfjryXehj/KANgayZCLB5P6zdA0=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOy55a9mluqXMNMeTiCYzgFD86hArdQhTow4PAEL/Dq3DvPzpvzPivNOfOeQ/gj5+MHTjCOwQ==</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="84yCtWkvOB93GhRL4GpPe8vxj/Y=">AAAB6HicbVA9TwJBEJ3DL8Qv1NLmIjGxInc2WhJtLCGRjwQuZG+Zg5W9vcvunAkh/AIbC42x9SfZ+W9c4AoFXzLJy3szmZkXplIY8rxvp7CxubW9U9wt7e0fHB6Vj09aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsd3c7/9hNqIRD3QJMUgZkMlIsEZWalB/XLFq3oLuOvEz0kFctT75a/eIOFZjIq4ZMZ0fS+lYMo0CS5xVuplBlPGx2yIXUsVi9EE08WhM/fCKgM3SrQtRe5C/T0xZbExkzi0nTGjkVn15uJ/Xjej6CaYCpVmhIovF0WZdClx51+7A6GRk5xYwrgW9laXj5hmnGw2JRuCv/ryOmldVX2v6je8Su02j6MIZ3AOl+DDNdTgHurQBA4Iz/AKb86j8+K8Ox/L1oKTz5zCHzifP97pjPQ=</latexit>

t
<latexit sha1_base64="LfjryXehj/KANgayZCLB5P6zdA0=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zV6yZm/v2J0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIoVB1/12ciura+sb+c3C1vbO7l5x/6Bh4lQzXmexjHUroIZLoXgdBUreSjSnUSB5MxjeTPLmA9dGxOoORwn3I9pXIhSMorVq2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW1Q04sbPpoOOyYl1eiSMtX0KydT93ZHRyJhRFNjKiOLALGYT87+snWJ44WdCJSlyxWYfhakkGJPJ1qQnNGcoRxYo08LOStiAasrQ3qZgj+AtrrwMjbOy55a9mluqXMNMeTiCYzgFD86hArdQhTow4PAEL/Dq3DvPzpvzPivNOfOeQ/gj5+MHTjCOwQ==</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="DXgNIhl4hFnwccdx6FVzAkB9s5c=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2MpuMmZ1dZs4KYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSKQw6HnfztLyyuraem7D3dza3tnN7+3XTJxqxqsslrFuBNRwKRSvokDJG4nmNAokrweD63Fev+faiFjd4jDh7Yj2lAgFo2itCnbyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjbhCJqkxTd9LsJ1RjYJJPnJbqeEJZQPa402LikbctLPJoCNybJ0uCWNtn0IycX93ZDQyZhgFtjKi2Dfz2dj8L2umGJ63M6GSFLli04/CVBKMyXhr0hWaM5RDC5RpYWclrE81ZWhv49oj+PMrL0LttOh7Rb/iFUpXMFUODuEITsCHMyjBDZShCgw4PMATPDt3zqPz4rxOS5ecWc8B/JHz9gM/v5A1</latexit><latexit sha1_base64="84yCtWkvOB93GhRL4GpPe8vxj/Y=">AAAB6HicbVA9TwJBEJ3DL8Qv1NLmIjGxInc2WhJtLCGRjwQuZG+Zg5W9vcvunAkh/AIbC42x9SfZ+W9c4AoFXzLJy3szmZkXplIY8rxvp7CxubW9U9wt7e0fHB6Vj09aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsd3c7/9hNqIRD3QJMUgZkMlIsEZWalB/XLFq3oLuOvEz0kFctT75a/eIOFZjIq4ZMZ0fS+lYMo0CS5xVuplBlPGx2yIXUsVi9EE08WhM/fCKgM3SrQtRe5C/T0xZbExkzi0nTGjkVn15uJ/Xjej6CaYCpVmhIovF0WZdClx51+7A6GRk5xYwrgW9laXj5hmnGw2JRuCv/ryOmldVX2v6je8Su02j6MIZ3AOl+DDNdTgHurQBA4Iz/AKb86j8+K8Ox/L1oKTz5zCHzifP97pjPQ=</latexit>

t
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Figure 2. Prototypes of two-loop Feynman diagrams with an insertion of an e↵ective quartic Higgs self-
coupling (black square) that contribute to the process gg! hh.

one can write

p2
T =

t̂ û � m4
h

ŝ
. (3.5)

Notice furthermore that p2
1 = p2

2 = 0 while p2
3 = p2

4 = m2
h and that the Mandelstam variables fulfill

the relation ŝ + t̂ + û = 2m2
h.

The form factors entering (3.2) are most conveniently extracted by using a projection proce-
dure. The appropriate projectors read (see [5] for example)

Pµ⌫1 =
1

4 (d � 3)

h
(d � 2) T µ⌫1 � (d � 4) T µ⌫2

i
,

Pµ⌫2 =
1

4 (d � 3)

h
� (d � 4) T µ⌫1 + (d � 2) T µ⌫2

i
,

(3.6)

where d = 4 � 2✏ denotes the number of space-time dimensions.
After applying the projectors (3.6) each of the two gg ! hh form factors can be calculated

separately. Since the form factors are independent of the external polarisation vectors, all the
standard techniques employed in multi-loop computations can be applied. In practice, we proceed
in the following way. We generate the relevant two-loop Feynman diagrams with FeynArts [42].
Representative examples of two-loop graphs are shown in Figure 2. The projection onto form
factors as well as the colour and Dirac algebra is performed with the help of FORM [43]. The
resulting two-loop integrals are then evaluated numerically using the pySecDec [44–46] package.
Including all two-loop diagrams leads to UV-finite results for the form factors, and we have checked
that the double and single 1/✏ poles cancel to a relative accuracy of at least a permyriad for all
calculated phase-space points. Since in addition the quartic Higgs self-coupling does not result in
a finite one-loop correction of the Higgs wave function, it follows that the calculation of the O(4)
contributions to the gg! hh form factors arising from the Feynman diagrams depicted in Figure 2
does not require renormalisation.

As a further check of our numerical results, we have performed a systematic expansion of the
two-loop form factors in the limit m2

t � m2
h, ŝ, t̂, û by employing the method of asymptotic expan-

sions (see [47] for a review and [40] an application in a similar context). Our analytic calculation
made use of MATAD [48], LiteRed [49], the tensor reduction procedures described in [50–52] and
the results of massive two-loop vacuum integrals first given in [53]. The agreement of the final
results in the limit ŝ < m2

t between the two approaches serves as a non-trivial cross-check of our
numerical computations.
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λ4/λSM
4 ∼ [−5,14]

[Bizoń, Haisch, Rottoli, 1810.04665, Li Si, Wang, 
Zhang, Zhao, 2407.14716

Heinrich, Jones, Kerner, Stone, Vesten, 2407.04653]

 [But note: Full EW corrections are only available for the SM!]

 See also: [Haisch, Sankar, Zanderighi, 2505.20463] for single Higgs constraints.

[For ]λ3 = λSM
3
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Figure 4. Possible future constraints in the ω3–ω4 plane at the HL-LHC (left panel) and
the FCC (right panel). The blue, red, and green contours correspond to the preferred 68% CL
regions that arise from inclusive single-Higgs, double-Higgs, and triple-Higgs production, respec-
tively. The SM is indicated by the black point, and the black dashed line corresponds to
ω4 → 1 = 6 (ω3 → 1), i.e., the relation between ω3 and ω4 that holds in the SMEFT at the level
of dimension-six operators. Consult the main text for further explanations.

sumed that at the HL-LHC, the corresponding signal strengths can be constrained to
0.77 < µ

HL-LHC

2h < 1.23 and µ
HL-LHC

3h < 10. These hypothetical limits are consistent with
those derived in [61] and [32–35], respectively.

From the results depicted in the left panel of Figure 4, it is evident that at the HL-
LHC, the new constraint arising from single-Higgs production is notably weaker than those
stemming from double-Higgs and triple-Higgs production. As shown in Appendix C, this
finding is independent of the specific choice of renormalization scale used in the single-
Higgs production analysis. The same holds for the choice of the quintic Higgs self-coupling
modifier ω5, as we have explicitly verified, given its very small numerical coe!cient in (3.1).
After combining all Higgs measurements, we observe that at the HL-LHC, two regions
of parameter space can be expected to remain viable, centered around the SM point and
{ω3,ω4} ↑ {3.5, 0}, respectively. In the case of ω3 = 1, we find that at the HL-LHC it
might be possible to obtain the following 68% CL constraint: →21 < ω4 < 28. Moreover,
the family of solutions ω4 → 1 = 6 (ω3 → 1) traverses a large portion of the non-SM region
in the ω3–ω4 plane. This indicates that, using HL-LHC data, it will not be feasible to
di"erentiate between BSM scenarios where significant modifications to the cubic, quartic,
and quintic Higgs self-interactions stem solely from the operator Q6, or from a combination
of Q6 and Q8 — cf. the discussion following (1.3).

Our numerical analysis of the FCC reach for single-Higgs production processes focuses
on the precision measurements that the lepton option of the FCC (FCC-ee) is expected to
achieve in the Higgsstrahlungs and VBF processes, i.e., e+e→ ↓ Zh and e

+
e
→
↓ εε̄h. The

– 10 –
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Lepton Colliders

 FCC-ee: below threshold for Zhh production (that would allow indirect 
constraints). 

 ILC-500/4 ab : (associated) multi-Higgs production → .

 Muon Collider, through VBF:

−1 λ4/λSM
4 ∼ [−5,14] [ ]λ3 = λSM

3

[Maltoni, Pagano, Zhao, 1802.07616,
Liu, Lyu, Ren, Zhu, 1803.04359]
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Figure 1: Representative Feynman diagrams contributing to the process µ
+
µ
�
! HHH⌫⌫

that do not involve self-couplings (top-left and bottom-right), involve the trilinear twice (top-
right) and once (central), and the quartic (bottom-left) couplings. s-channel diagrams (bottom-
right) contribute but become negligible at high energy (note that in this case ⌫ = ⌫e, ⌫µ, ⌫⌧ ).

6

+ …<latexit sha1_base64="vEC2lNWz6ERdRqjc/ed5Kvq7XyM="></latexit>↭

λ4/λSM
4 ∼ [0.65,1.55]e.g. for :s = 14 TeV, 33 ab−1 [ ]λ3 = λSM

3

[Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao, 2003.13628]
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 hhh: a direct probe of the Higgs quartic self-couping!

 But: @LHC: Non-resonant hhh: extremely challenging, 

 →  even with large anomalous couplings ( , )!

 & digging out the quartic self-coupling will be hard!

 Recommendation: Experiments should consider:  

 → Truncation of the cross section within the context of EFTs (?).

 → More anomalous couplings.

 Extended scalar sectors can enhance hhh ⤳ observable at the LHC!

 e.g.: TRSM → Two new scalars → double-resonant enhancement:

 → hhh (probably) not a discovery channel!

 → Information on nature of extended scalar sectors (⤳ Inverse problem). 
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 Recommendation: Experiments should consider:  
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 → More anomalous couplings.
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Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with
two heavy scalars h3 and h2, with m3 ° m2 ` m1.

3 A Simplified Approach to Double-Resonant Triple Higgs Boson Pro-

duction

In the present study, we focus on the largest enhancement in triple Higgs boson production
via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production gg Ñ
h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy m3 ° m2`m1

and m2 ° 2m1, such that all particles are produced on-shell, see fig. 1. In this case, the
cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
2
3�

2
123�

2
112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
standard substitution:1

dq2
i

pq2
i

´ m
2
i
q2 ` m

2
i
�2
i

Ñ ⇡

mi�i

�pq2i ´ m
2
i qdq2i (3.3)

With the substitution of eq. 3.3, we can then write the cross section for the double-resonant
production as follows:

�pm2,m3,�2,�3,3,�123,�112q “ �̂upm2,m3q ˆ 
2
3�

2
123�

2
112

�2�3
(3.4)

“ �̂upm2,m3q ˆ ⇢
2
,

where now �̂upm2,m3q is the cross section for the process for 3 “ 1, �123 “ �112 “ 1 GeV,
and �2 “ �3 “ 1 GeV, and the second line defines the rescaling factor

⇢
2 ” 

2
3�

2
123�

2
112{p�2�3q . (3.5)

1This can be derived by considering the integral of the Breit-Wigner factor over the virtuality of the
particle, q2i , as follows (see, e.g. [122]):

ª `8

´8

dq2i
pq2i ´ m2

i q2 ` m2
i�

2
i

“ ⇡
mi�i

. (3.2)

– 5 –

*Narrow width: See appendix!
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h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
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production as follows:
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where now �̂upm2,m3q is the cross section for the process for 3 “ 1, �123 “ �112 “ 1 GeV,
and �2 “ �3 “ 1 GeV, and the second line defines the rescaling factor

⇢
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1This can be derived by considering the integral of the Breit-Wigner factor over the virtuality of the
particle, q2i , as follows (see, e.g. [122]):
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σ(m2, m3) = σu(m2, m3) × κ2
3λ2

123λ
2
112{Factor out couplings
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1○

*Narrow width: See appendix!
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where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
standard substitution:1

dq2
i

pq2
i

´ m
2
i
q2 ` m

2
i
�2
i

Ñ ⇡

mi�i

�pq2i ´ m
2
i qdq2i (3.3)
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σ(m2, m3) = σu(m2, m3) × κ2
3λ2

123λ
2
112{Factor out couplings
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1○

dq2
i

(q2
i −m2

i )2+m2
i Γ2

i
→

π
miΓi

δ(q2
i − m2

i )dq2
i

Apply the narrow-width approximation* for  and :h2 h3
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*Narrow width: See appendix!
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σ(m2, m3) = ̂σu(m2, m3) ×
κ2

3λ2
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Figure 1: Double-resonant triple SM-like Higgs boson (h1) production in a model with
two heavy scalars h3 and h2, with m3 ° m2 ` m1.

3 A Simplified Approach to Double-Resonant Triple Higgs Boson Pro-

duction

In the present study, we focus on the largest enhancement in triple Higgs boson production
via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production gg Ñ
h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy m3 ° m2`m1

and m2 ° 2m1, such that all particles are produced on-shell, see fig. 1. In this case, the
cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
2
3�

2
123�

2
112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
standard substitution:1

dq2
i

pq2
i

´ m
2
i
q2 ` m

2
i
�2
i

Ñ ⇡

mi�i

�pq2i ´ m
2
i qdq2i (3.3)

With the substitution of eq. 3.3, we can then write the cross section for the double-resonant
production as follows:

�pm2,m3,�2,�3,3,�123,�112q “ �̂upm2,m3q ˆ 
2
3�

2
123�

2
112

�2�3
(3.4)

“ �̂upm2,m3q ˆ ⇢
2
,

where now �̂upm2,m3q is the cross section for the process for 3 “ 1, �123 “ �112 “ 1 GeV,
and �2 “ �3 “ 1 GeV, and the second line defines the rescaling factor

⇢
2 ” 

2
3�

2
123�

2
112{p�2�3q . (3.5)

1This can be derived by considering the integral of the Breit-Wigner factor over the virtuality of the
particle, q2i , as follows (see, e.g. [122]):

ª `8

´8

dq2i
pq2i ´ m2

i q2 ` m2
i�

2
i

“ ⇡
mi�i

. (3.2)
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σ(m2, m3) = σu(m2, m3) × κ2
3λ2

123λ
2
112{Factor out couplings
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→
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i )dq2
i

Apply the narrow-width approximation* for  and :h2 h3
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3○ ρ2 ≡ κ2
3λ2

123λ
2
112/(Γ2Γ3)Define:
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4○

“rescaling factor”
*Narrow width: See appendix!

depends only on masses
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What if…?
• Let’s suppose two new scalars  and  are discovered (🍾🍾): 

➡ ,  [and possibly] the widths ,  would be known. 

• hhh can provide relevant information on the theoretical parameter space.

➡ An important contribution to solving the inverse problem!

➡ through rescaling factor  (if narrow width!*)

• We derived constraints on  via:  → 6 b-jets.

➡ [~20% of the hhh final state.]

h2 h3

m2 m3 Γ2 Γ3

ρ2 = κ2
3 λ2

123λ
2
112/(Γ2Γ3)

ρ2 pp → (bb̄)(bb̄)(bb̄)

33

[AP, Tetlalmatzi-Xolocotzi, Zaro, 
arXiv:1909.09166, 

AP, Robens, Tetlalmatzi-Xolocotzi, 
arXiv:2101.00037, 

AP, Tetlalmatzi-Xolocotzi, 
arXiv:2501.14866]

*Narrow width: See appendix!
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Constraints on  on the -planeρ2 = κ2
3λ2

123λ
2
112/(Γ2Γ3) (m2, m3)

34

95% C.L. Constraint on  
at HL-LHC.

ρ2

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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σ(m2, m3) = ̂σu(m2, m3) × ρ2

ρ2 ≡ κ2
3λ2

123λ
2
112/(Γ2Γ3)

“rescaling factor”: 
couplings and widths

with:

“unity cross section”: 
depends only on , .
Derived once and for all!
(at fixed collider energy)

m2 m3

{

{

Anatomy of Double-Resonant hhh

“unity cross section”

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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TRSM Benchmarks from: 
[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, van de Vis, du Pree, arXiv:2404.12425]

Benchmark quantities relevant for double-resonant triple Higgs boson production

Name m2 m3 �2 �3 3 �123 �112 ⇢
2

�̂u

[ˆ106] [ˆ10´9]
BM0 259.0 495.0 0.003514 3.927 0.1854 -191.8 8.167 6.11 2.018
BM1 270.6 444.7 0.5078 2.586 0.1571 -204.3 67.52 3.574 3.408
BM2 268.6 452.7 0.3805 3.142 0.1741 -203.6 57.78 3.509 3.165
BM3 272.6 480.7 0.2009 4.758 0.2024 -224.6 41.39 3.703 2.908
BM4 269.0 409.8 0.2836 1.995 0.1713 -180.3 48.89 4.031 2.663
BM5 269.1 486.9 0.0003346 2.017 0.1527 103.3 -2.477 2.264 2.805
BM6 259.2 577.0 0.0006274 5.79 0.1908 196.3 -3.701 5.289 1.108
BM7 283.7 575.0 0.001056 5.587 0.1884 193.5 -3.578 2.885 1.711
BM8 264.3 469.3 0.3916 2.941 0.1746 -144.3 55.88 1.721 2.789
BM9 266.5 461.9 0.3092 2.042 0.1635 142.8 39.98 1.381 3.29
BM10 259.2 399.7 0.2188 0.9312 0.1463 121.2 35.41 1.936 2.159

Table 2: A sample of selected benchmark points obtained during the scan of ref. [120] for
the TRSM. The particle masses m2 , m3, and the widths �2 and �3 are given in GeV. The
h3 rescaling factor, 3, and the h1 ´ h2 ´ h3 and h1 ´ h1 ´ h2 scalar couplings (in GeV)
are also given. The second-to-last column indicates the leading-order rescaling factor ⇢

2

in GeV2, as defined by eq. 3.4. The last column represents the unity cross section for the
given combination of masses, �̂upm2,m3q, in pb/GeV2.

Figure 2: A comparison of the normalized mh1h1 distributions, between the full
gg Ñ h1h1h1 process and the double-resonant process gg Ñ h3 Ñ h2h1 Ñ h1h1h1 for
the benchmark points BM0 (left) and BM7 (right) given in Table 1.

– 7 –

[GeV2] [pb/GeV2]

Including: 

• EXP constraints 
through 
HiggsTools.

• TH constraints: 
perturbativity & 
boundedness from 
below. 

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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2

in GeV2, as defined by eq. 3.4. The last column represents the unity cross section for the
given combination of masses, �̂upm2,m3q, in pb/GeV2.

Figure 2: A comparison of the normalized mh1h1 distributions, between the full
gg Ñ h1h1h1 process and the double-resonant process gg Ñ h3 Ñ h2h1 Ñ h1h1h1 for
the benchmark points BM0 (left) and BM7 (right) given in Table 1.

– 7 –

[GeV2] [pb/GeV2]

Including: 

• EXP constraints 
through 
HiggsTools.

• TH constraints: 
perturbativity & 
boundedness from 
below. 

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]

Narrow width OK!
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[GeV2] [pb/GeV2]

Including: 

• EXP constraints 
through 
HiggsTools.

• TH constraints: 
perturbativity & 
boundedness from 
below. 

σ(13.6 TeV) ≳ 𝒪(10) fb

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]

Narrow width OK!
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Constraints on the Cross Section

37

95% C.L. Constraint on 
the cross section

at HL-LHC.
[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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Comment: Validity of the Narrow-Width Approximation
• In the TRSM:  and  are constrained to possess small mixing angles.

(e.g. we know this from  signal strength) 

 Contributions to width from  are small! 

• In general: Can increase width of  and  through scalar-to-scalar decays  no 
guarantee in generic models for the narrow width.

• If  and  are already discovered, ,  would be known (or limited)  the 
narrow-width approximation validity should be checked!

• TL;DR: The narrow width approximation is OK due to mixing constraints in the 
TRSM, but this statement is somewhat model dependent! 

h2 h3

h1

⇒ h2,3 → ff̄, VV

h2 h3 ⇒

h2 h3 Γ2 Γ3 ⇒

38

[***see appendix for a case study!]
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Table 2: A sample of selected benchmark points obtained during the scan of ref. [120] for
the TRSM. The particle masses m2 , m3, and the widths �2 and �3 are given in GeV. The
h3 rescaling factor, 3, and the h1 ´ h2 ´ h3 and h1 ´ h1 ´ h2 scalar couplings (in GeV)
are also given. The second-to-last column indicates the leading-order rescaling factor ⇢

2

in GeV2, as defined by eq. 3.4. The last column represents the unity cross section for the
given combination of masses, �̂upm2,m3q, in pb/GeV2.

Figure 2: A comparison of the normalized mh1h1 distributions, between the full
gg Ñ h1h1h1 process and the double-resonant process gg Ñ h3 Ñ h2h1 Ñ h1h1h1 for
the benchmark points BM0 (left) and BM7 (right) given in Table 1.
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(any) two Higgs invariant mass distributions in hhh (“parton level”, all combinations)

m2 = 259 GeV, m3 = 495 GeV m2 = 283.7 GeV, m3 = 575 GeV

where �SMpmiq corresponds to the width of a scalar boson of mass mi possessing the same
decay modes as a SM Higgs boson of mass mi. The branching ratios corresponding to
hi Ñ xx, for x ‰ hj (j ‰ iq are then given by:

BRphi Ñ xxq “ 
2
i

�SM
xx pmiq
�hi

, (2.15)

where �SM
xx pmiq corresponds to the SM-like partial decay width of a scalar boson of mass

Mi for the final state xx. The scalar-to-scalar branching ratios are equivalently obtained
via

BRphi Ñ hjhkphlqq “
�hi Ñhj hkphlq

�hi

. (2.16)

The triple couplings between scalars ijk have been derived in [113], and the quartic cou-
plings between scalars ijkl have been derived in [114], both in terms of the parameters of
eq. 2.12.

3 A Simplified Approach to Double-Resonant Triple Higgs Boson Pro-

duction

h3

h2

g

g

h1

h1

h1

3 �123

�112

h3

h2

g

g

h1

h1

h1

Figure 3: Double-resonant triple SM-like Higgs boson (h1) production in a model with
two heavy scalars h3 and h2, with m3 ° m2 ` m1.

In the present study, we focus on the largest enhancement in triple Higgs boson produc-
tion via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production
gg Ñ h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy
m3 ° m2 ` m1 and m2 ° 2m1, such that all particles are produced on-shell, see fig. 3. In
this case, the cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
2
3�

2
123�

2
112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the

– 5 –
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where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
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Benchmark quantities relevant for double-resonant triple Higgs boson production

Name m2 m3 �2 �3 3 �123 �112 ⇢
2

�̂u

[ˆ106] [ˆ10´9]
BM0 259.0 495.0 0.003514 3.927 0.1854 -191.8 8.167 6.11 2.018
BM1 270.6 444.7 0.5078 2.586 0.1571 -204.3 67.52 3.574 3.408
BM2 268.6 452.7 0.3805 3.142 0.1741 -203.6 57.78 3.509 3.165
BM3 272.6 480.7 0.2009 4.758 0.2024 -224.6 41.39 3.703 2.908
BM4 269.0 409.8 0.2836 1.995 0.1713 -180.3 48.89 4.031 2.663
BM5 269.1 486.9 0.0003346 2.017 0.1527 103.3 -2.477 2.264 2.805
BM6 259.2 577.0 0.0006274 5.79 0.1908 196.3 -3.701 5.289 1.108
BM7 283.7 575.0 0.001056 5.587 0.1884 193.5 -3.578 2.885 1.711
BM8 264.3 469.3 0.3916 2.941 0.1746 -144.3 55.88 1.721 2.789
BM9 266.5 461.9 0.3092 2.042 0.1635 142.8 39.98 1.381 3.29
BM10 259.2 399.7 0.2188 0.9312 0.1463 121.2 35.41 1.936 2.159

Table 2: A sample of selected benchmark points obtained during the scan of ref. [120] for
the TRSM. The particle masses m2 , m3, and the widths �2 and �3 are given in GeV. The
h3 rescaling factor, 3, and the h1 ´ h2 ´ h3 and h1 ´ h1 ´ h2 scalar couplings (in GeV)
are also given. The second-to-last column indicates the leading-order rescaling factor ⇢

2

in GeV2, as defined by eq. 3.4. The last column represents the unity cross section for the
given combination of masses, �̂upm2,m3q, in pb/GeV2.

Figure 2: A comparison of the normalized mh1h1 distributions, between the full
gg Ñ h1h1h1 process and the double-resonant process gg Ñ h3 Ñ h2h1 Ñ h1h1h1 for
the benchmark points BM0 (left) and BM7 (right) given in Table 1.
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where �SMpmiq corresponds to the width of a scalar boson of mass mi possessing the same
decay modes as a SM Higgs boson of mass mi. The branching ratios corresponding to
hi Ñ xx, for x ‰ hj (j ‰ iq are then given by:

BRphi Ñ xxq “ 
2
i

�SM
xx pmiq
�hi

, (2.15)

where �SM
xx pmiq corresponds to the SM-like partial decay width of a scalar boson of mass

Mi for the final state xx. The scalar-to-scalar branching ratios are equivalently obtained
via

BRphi Ñ hjhkphlqq “
�hi Ñhj hkphlq

�hi

. (2.16)

The triple couplings between scalars ijk have been derived in [113], and the quartic cou-
plings between scalars ijkl have been derived in [114], both in terms of the parameters of
eq. 2.12.
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Figure 3: Double-resonant triple SM-like Higgs boson (h1) production in a model with
two heavy scalars h3 and h2, with m3 ° m2 ` m1.

In the present study, we focus on the largest enhancement in triple Higgs boson produc-
tion via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production
gg Ñ h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy
m3 ° m2 ` m1 and m2 ° 2m1, such that all particles are produced on-shell, see fig. 3. In
this case, the cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
2
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2
123�
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112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
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1 Introduction

Multi-Higgs boson production processes at colliders, such as the CERN Large Hadron
Collider (LHC), can provide further insight into the electroweak and scalar sectors of the
standard model (SM), going beyond the information harnessed by the discovery [1, 2] of
the Higgs boson [3–5] itself. The two primary multi-Higgs boson production processes, pair
production and triple production, can be used within the SM to yield a consistency check
of the triple and quartic self-interactions, respectively, verifying the “standard” shape of
the Higgs boson’s (h1) potential,

Vph1q “ 1

2
m

2
h1
h
2
1 ` m

2
h1

2v
h
3
1 ` m

2
h1

8v2
h
4
1 , (1.1)

where mh1 « 125 GeV is the Higgs boson mass, and v « 246 GeV is the Higgs vacuum
expectation value. In the realm of such self-coupling measurements, within and beyond the
SM, Higgs boson pair production has received considerable attention through experimental
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where �SMpmiq corresponds to the width of a scalar boson of mass mi possessing the same
decay modes as a SM Higgs boson of mass mi. The branching ratios corresponding to
hi Ñ xx, for x ‰ hj (j ‰ iq are then given by:

BRphi Ñ xxq “ 
2
i

�SM
xx pmiq
�hi

, (2.15)

where �SM
xx pmiq corresponds to the SM-like partial decay width of a scalar boson of mass

Mi for the final state xx. The scalar-to-scalar branching ratios are equivalently obtained
via

BRphi Ñ hjhkphlqq “
�hi Ñhj hkphlq

�hi

. (2.16)

The triple couplings between scalars ijk have been derived in [113], and the quartic cou-
plings between scalars ijkl have been derived in [114], both in terms of the parameters of
eq. 2.12.
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Figure 3: Double-resonant triple SM-like Higgs boson (h1) production in a model with
two heavy scalars h3 and h2, with m3 ° m2 ` m1.

In the present study, we focus on the largest enhancement in triple Higgs boson produc-
tion via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production
gg Ñ h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy
m3 ° m2 ` m1 and m2 ° 2m1, such that all particles are produced on-shell, see fig. 3. In
this case, the cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
2
3�

2
123�

2
112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
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1 Introduction

Multi-Higgs boson production processes at colliders, such as the CERN Large Hadron
Collider (LHC), can provide further insight into the electroweak and scalar sectors of the
standard model (SM), going beyond the information harnessed by the discovery [1, 2] of
the Higgs boson [3–5] itself. The two primary multi-Higgs boson production processes, pair
production and triple production, can be used within the SM to yield a consistency check
of the triple and quartic self-interactions, respectively, verifying the “standard” shape of
the Higgs boson’s (h1) potential,

Vph1q “ 1

2
m

2
h1
h
2
1 ` m

2
h1

2v
h
3
1 ` m

2
h1

8v2
h
4
1 , (1.1)

where mh1 « 125 GeV is the Higgs boson mass, and v « 246 GeV is the Higgs vacuum
expectation value. In the realm of such self-coupling measurements, within and beyond the
SM, Higgs boson pair production has received considerable attention through experimental
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where �SMpmiq corresponds to the width of a scalar boson of mass mi possessing the same
decay modes as a SM Higgs boson of mass mi. The branching ratios corresponding to
hi Ñ xx, for x ‰ hj (j ‰ iq are then given by:

BRphi Ñ xxq “ 
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�SM
xx pmiq
�hi

, (2.15)

where �SM
xx pmiq corresponds to the SM-like partial decay width of a scalar boson of mass

Mi for the final state xx. The scalar-to-scalar branching ratios are equivalently obtained
via

BRphi Ñ hjhkphlqq “
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�hi

. (2.16)

The triple couplings between scalars ijk have been derived in [113], and the quartic cou-
plings between scalars ijkl have been derived in [114], both in terms of the parameters of
eq. 2.12.
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In the present study, we focus on the largest enhancement in triple Higgs boson produc-
tion via gluon fusion, i.e. pp Ñ h1h1h1, coming through the double-resonant production
gg Ñ h3 Ñ ph2 Ñ h1h1qh1, in a model where the masses of the three scalars satisfy
m3 ° m2 ` m1 and m2 ° 2m1, such that all particles are produced on-shell, see fig. 3. In
this case, the cross section corresponding to this process can be written as:

�pm2,m3q “ �upm2,m3q ˆ 
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112 , (3.1)

where �upm2,m3q is the cross section for the process when the 3 parameter is set to unity,
and the couplings �123 and �112 are set to 1 GeV. Furthermore, if we assume that h2 and
h3 have narrow widths, such that �i ! Mi, then they are both produced near on-shell, and
we can replace the related Breit-Wigner factors in the cross section by �-functions via the
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Sample 6 b-jet invariant mass distributions in our analysis (all other cuts applied):

m6b [GeV] m6b [GeV]

Figure 9: A comparison of the 6 b-jet invariant mass distributions, minv
6b , obtained through

the analysis of the full process, including all non-resonant e�ects, and the double-resonant
process only. All other cuts have been applied, apart from the m

inv
6b window, shown in the

red dashed-dotted lines. The distributions indicate that the non-resonant part of the cross
section is not expected to have a large impact on our analysis.

5 Conclusions

We have developed, and applied, a simplified approach to investigating double-resonant
triple Higgs boson production, pp Ñ h3 Ñ h2h1 Ñ h1h1h1, in models with extended scalar
sectors that include at least two new, narrow, scalar resonances that mix with the SM-like
Higgs boson. The process is characterized by a single rescaling parameter, which we dub
⇢
2, that constitutes a function of all relevant parameters that determine the cross section

for the process. The kinematic distributions in this simplified approach are otherwise
independent of the scalar couplings �112, �123, the mixing parameter 3, and the widths of
the new scalars, as long as the latter are small enough compared to the scalar masses (i.e.
�2,3 ! m2,3). We have used this approach to study the parameter space of the TRSM, a
model with two new singlet scalar fields S and X, with discrete symmetries ZS

2 and ZX

2 .
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Figure 8: Frequency histogram of the fractional change in the statistical significance of our
analysis between Monte Carlo event samples for the full triple Higgs boson production pro-
cess and the double-resonant process. The analysis was performed at the high-luminosity
LHC with an integrated luminosity of 3000 fb´1, for those points that our analysis is ex-
pected to exclude at 95% C.L..

in statistical significance is shown in fig. 8 for the Op100q parameter-space points, demon-
strating that the change is expected to be marginal, with most parameter-space points
possessing a Op10%q change in the number of standard deviations. We emphasize the fact
that since no smearing was applied to simulate detector e�ects, beyond those appearing
due to the Monte Carlo simulation of hadronization, we expect any actual experimental
results to exhibit even smaller di�erences in a more realistic analysis.

5 Conclusions

We have developed a simplified approach to investigating double-resonant triple Higgs
boson production, pp Ñ h3 Ñ h2h1 Ñ h1h1h1, in models with extended scalar sectors
that include at least two new, narrow, scalar resonances that mix with the SM-like Higgs
boson. The process is characterized by a single rescaling parameter, which we dub ⇢

2,
that constitutes a function of all relevant parameters that determine the cross section
for the process. The kinematic distributions in this simplified approach are otherwise
independent of the scalar couplings �112, �123, the mixing parameter 3, and the widths
of the new scalars, as long as the latter are small enough compared to the scalar masses
(i.e. �2,3 ! m2,3). We have used this approach to study the parameter space of the TRSM,
a model with two new singlet scalar fields S and X, with discrete symmetries ZS

2 and
ZX

2 . We find, empirically, that significantly-enhanced triple Higgs boson production is
limited to the range of masses m3 À 650 GeV or m2 À 450 GeV, and that it can be
excluded for a subset of these points, while single heavy scalar production will exclude the
majority of the investigated points. We also found that some of these points will remain
viable, even at the end of the high-luminosity LHC, and that triple Higgs boson production

– 16 –
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that since no smearing was applied to simulate detector e�ects, beyond those appearing
due to the Monte Carlo simulation of hadronization, we expect any actual experimental
results to exhibit even smaller di�erences in a more realistic analysis.
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that include at least two new, narrow, scalar resonances that mix with the SM-like Higgs
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(i.e. �2,3 ! m2,3). We have used this approach to study the parameter space of the TRSM,
a model with two new singlet scalar fields S and X, with discrete symmetries ZS

2 and
ZX

2 . We find, empirically, that significantly-enhanced triple Higgs boson production is
limited to the range of masses m3 À 650 GeV or m2 À 450 GeV, and that it can be
excluded for a subset of these points, while single heavy scalar production will exclude the
majority of the investigated points. We also found that some of these points will remain
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The Narrow Width Approximation: An Example
• Pick a parameter space point, fix: 

,  and scalar coupling .

• Rescale:   and 
.

• Plot: ,  and  versus . 

• Red star = true parameter point 
value. 

• Plot pheno analysis limits (dashed: 
300 fb , dotted: 3000 fb ). 

• For both limits, NWA 
approximation is valid! 

m2 m3 λ113

λ112 = yλtrue
112

λ123 = yλtrue
123

ρ2 Γ2/m2 Γ3/m3 y

−1 −1
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TRSM Monte Carlo Event Generation
• We have implemented a MadGraph5_aMC@NLO (MG5_aMC) “loop” model for the TRSM:

• MG5_aMC input parameters: the three mixing angles, two masses/widths and all the 
scalar couplings (only 7 are independent in TRSM).

• Comes with a Python script that:

•  allows conversion of  + three mixing angles + two VEVs to the MG5_aMC model 
input, 

• calculates several single-production cross sections, branching ratios, widths,

• and writes associated MG5_aMC parameter card (param_card.dat) automatically.

• Get it at: https://gitlab.com/apapaefs/twosinglet.

[AP, Tania Robens, Gilberto Tetlalmatzi-Xolocotzi, arXiv:2101.00037]

M2, M3

https://gitlab.com/apapaefs/twosinglet
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Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.
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Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.
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Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple

production in the Standard Model.

d3 -0.786 0.181

cg1 -0.386 0.0412 0.150

cg2 0.971 -0.123 -0.715 0.853

ct1 4.86 -1.87 -1.02 2.56 5.91

ct2 -5.57 1.70 2.08 -5.06 -13.9 10.0

cb1 -0.0900 -0.0656 0.224 -0.526 -0.298 1.17 0.0964

cb2 0.0629 0.0668 -0.199 0.468 0.224 -1.01 -0.174 0.0786

1 d3 cg1 cg2 ct1 ct2 cb1 cb2

Table 1: Fit coe�cients for leading-order Higgs boson pair production, in the form �{�SM´
1 “ Aici ` Bijcicj , where ci P td3, cg1, cg2, ct1, ct2, cb1, cb2, u, at ECM “ 13.6 TeV.

d3 -0.750 0.292

d4 -0.158 -0.0703 0.0340

cg1 -0.278 0.0426 0.0484 0.0256

cg2 1.39 -0.704 -0.0312 -0.156 0.538

ct1 6.94 -3.17 -0.309 -0.850 5.16 12.6

ct2 -3.61 4.05 -0.872 -0.0482 -4.15 -17.6 15.3

ct3 -2.72 -1.57 1.33 0.906 -0.316 -4.64 -18.2 13.0

cb1 -0.125 0.177 -0.0457 -0.00903 -0.166 -0.675 1.38 -0.941 0.0317

cb2 0.106 -0.0752 0.00692 -0.00740 0.0949 0.433 -0.509 0.162 -0.0219 0.00489

cb3 0.161 -0.0809 -0.00396 -0.0182 0.124 0.598 -0.474 -0.0434 -0.0189 0.0109 0.00719

1 d3 d4 cg1 cg2 ct1 ct2 ct3 cb1 cb2 cb3

Table 2: Fit coe�cients for leading-order Higgs boson triple production, in the form

�{�SM ´ 1 “ Aici ` Bijcicj , where ci P td3, d4, cg1, cg2, ct1, ct2, ct3, cb1, cb2, cb3u, at ECM “
13.6 TeV.
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[AP, Sakurai, 1508.06524]

→ AP, Sakurai, 1508.06524, Chen, 
Yan, Zhao, Zhao, Zhong, 
1510.04013, Fuks, Kim, Lee, 
1510.07697.

→ Fuks, Kim, Lee, 1510.07697, 
Fuks, Kim, Lee, 1704.04298.

hhh ! final state BR (%) N20ab�1

(bb̄)(bb̄)(bb̄) 19.21 22207
(bb̄)(bb̄)(WW1`) 7.20 8328
(bb̄)(bb̄)(⌧ ⌧̄) 6.31 7297
(bb̄)(⌧ ⌧̄)(WW1`) 1.58 1824
(bb̄)(bb̄)(WW2`) 0.98 1128
(bb̄)(WW1`)(WW1`) 0.90 1041
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.69 799
(bb̄)(bb̄)(��) 0.23 263

<latexit sha1_base64="52WWdFCKGlM6tATxx2syqO95Ank="></latexit>

→Kilian, Sun, Yan, Zhao, Zhao, 
1702.03554.

Assume: K-factor = 2.
[Maltoni, Vryonidou, Zaro, 1408.6542 ]
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The 6b final state, analysis [AP, Gilberto Tetlalmatzi-Xolocotzi, Marco Zaro, 
arXiv:1909.09166]

• What can we learn about the anomalous couplings via hhh at 13.6 TeV? 

• Begin by using the 6 b-jet final state!

1. Require 6 tagged b-jets.

1
2
3
4
5
6

2. Consider all possible pairings:
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4

2.4 Analysis details

We give here the details of the phenomenological hadron-
level analysis that are common between the different new
physics scenarios that we consider.

We ask for the events to contain exactly six identified
b-jets with transverse momentum pT > 45 GeV. We ask for
these jets to lie within a pseudo-rapidity of |h | < 3.2 and
we also ask for the distance between any two b-jets to sat-
isfy DR > 0.3. The latter choice is simply to bring all pro-
cesses on equal footing, given that the backgrounds that con-
tain QCD-initiated b-quarks also obey a generation-level cut
of DR > 0.2. We consider the potential impact of reducing
the pseudo-rapidity coverage for the identified b-jets on our
conclusions in Appendix A. For each of the 15 possible ar-
rangements I = {i j,kl,mn} of the six b-jets into pairs we
construct the observable:

c2 = Â
qr2pairings I

(Mqr �m2
h)

2 , (2)

where Mqr is the invariant mass of the b-jet pairing qr in the
arrangement of pairings I and mh is the Higgs boson mass.
Given that it is challenging to determine experimentally the
charge of the b-quarks that initiated the b-jets, we consider
the minimisation of the c2 observable over all the possible
pairings. The arrangement of pairings I that gives the min-
imum of c2, which we call c2

min, defines the three “recon-
structed Higgs bosons”, hi

r, for i = {1,2,3}. For this spe-
cific combination we calculate the absolute difference with
the Higgs mass and order from smallest to larger: (Dmmin,
Dmmid, Dmmax). We impose cuts on the observables

q
c2

min,
Dmmin, Dmmid and Dmmax. Furthermore, we impose cuts on
the transverse momentum of the hardest, second hardest and
softest reconstructed Higgs boson, pT (hi

r) for i = {1,2,3}.
We also impose cuts on the distances between the recon-
structed Higgs bosons, DR(hi

r,h
j
r). Finally, we ask for the

distances between the two b-jets that comprise the recon-
structed Higgs bosons, DRbb(hi), to satisfy certain upper
bounds. The values of the cuts on these observables are sum-
marised in table 2.6

3 Standard Model-like triple Higgs boson production

3.1 Anomalous self-couplings

We first consider a scenario in which the triple and quar-
tic couplings are modified independently of each other. This

6We note that the invariant masses Mhh and Mhhh, presented in sub-
section 2.2 for the SM case, could also prove useful in discriminating
the signal from the backgrounds. However, they would also provide a
method of distinguishing between different new physics scenarios and
hence we chose not to impose any cuts in our analysis.

Table 2: The cuts that comprise the phenomenological anal-
ysis at hadron level.

observable cut

pT,b > 45 GeV
|hb| < 3.2
DRb,b > 0.3
pT (hi) > [170,120,0] GeV, i = 1,2,3
c2

min < 17 GeV
Dmmin, mid, max < 8,8,11 GeV
DR(hi

r,h
j
r) < [3.5,3.5,3.5], (i, j) = [(1,2),(1,3),(2,3)]

DRbb(hi) < [3.5,3.5,3.5], i = 1,2,3

“agnostic” anomalous coupling approach does not necessar-
ily represent a physically viable theory, but allows for an
investigation of the possible constraints that can be obtained
for SM-like triple Higgs boson production. We thus consider
interactions of the form:

V (h) =
1
2

m2
hh2 +lSM(1+ c3)v0h3 +

1
4

lSM(1+d4)h4 , (3)

where the coefficients c3 and d4 represent the modifications
of the triple and quartic Higgs boson self-interactions re-
spectively. Assuming that the Yukawa couplings to the top
and bottom quarks remain unchanged, these interactions will
induce changes to the main production channel for triple
Higgs boson production, that proceeds through gluon fu-
sion, mediated by heavy quark loops. Example Feynman di-
agrams are shown in fig. 3, together with their scaling with
the coefficients c3 and d4.

In fig. 4 we show a variation of the cross section at a 100
TeV proton collider, normalised to the SM value. Evidently,
variations of the triple self-coupling via c3 produce larger
changes than equivalent variations with d4. A fit of the cross
section on this plane yields a polynomial in c3 and d4 which
is quartic in c3 and quadratic in d4. This is because there
exist diagrams with two insertions of the triple self-coupling
c3 in triple Higgs boson production (diagram 3d), whereas
there are only diagrams with at most a single insertion of
d4 (diagram 3c) at this order. The dependence of the cross
section on c3 and d4, normalised to the SM cross section,
was fitted as:

s(c3,d4)hhh

s(SM)hhh
�1 = 0.0309⇥ c4

3 �0.2079⇥ c3
3

+ 0.0407⇥ c2
3d4 +0.7384⇥ c2

3

+ 0.0156⇥d2
4 �0.1450⇥ c3d4

� 0.1078⇥d4 �0.6887⇥ c3 . (4)

The formula above can be used to estimate the cross sec-
tion in any model with SM-like Higgs boson triple produc-
tion. For example, in the context of the SM effective field

3. For each pairing construct:

≡ sum of squared differences from Higgs mass (~125 GeV)
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• What can we learn about the anomalous couplings via hhh at 13.6 TeV? 

• Begin by using the 6 b-jet final state!

1. Require 6 tagged b-jets.

1
2
3
4
5
6

2. Consider all possible pairings:

⇒ 4. Pairing that gives minimum χ2 determines “reconstructed Higgs boson”.

�2
min
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2. Consider pairings of the b-jets.
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where Mqr is the invariant mass of the b-jet pairing qr in the
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Given that it is challenging to determine experimentally the
charge of the b-quarks that initiated the b-jets, we consider
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pairings. The arrangement of pairings I that gives the min-
imum of c2, which we call c2
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investigation of the possible constraints that can be obtained
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V (h) =
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1
4
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where the coefficients c3 and d4 represent the modifications
of the triple and quartic Higgs boson self-interactions re-
spectively. Assuming that the Yukawa couplings to the top
and bottom quarks remain unchanged, these interactions will
induce changes to the main production channel for triple
Higgs boson production, that proceeds through gluon fu-
sion, mediated by heavy quark loops. Example Feynman di-
agrams are shown in fig. 3, together with their scaling with
the coefficients c3 and d4.

In fig. 4 we show a variation of the cross section at a 100
TeV proton collider, normalised to the SM value. Evidently,
variations of the triple self-coupling via c3 produce larger
changes than equivalent variations with d4. A fit of the cross
section on this plane yields a polynomial in c3 and d4 which
is quartic in c3 and quadratic in d4. This is because there
exist diagrams with two insertions of the triple self-coupling
c3 in triple Higgs boson production (diagram 3d), whereas
there are only diagrams with at most a single insertion of
d4 (diagram 3c) at this order. The dependence of the cross
section on c3 and d4, normalised to the SM cross section,
was fitted as:

s(c3,d4)hhh

s(SM)hhh
�1 = 0.0309⇥ c4

3 �0.2079⇥ c3
3

+ 0.0407⇥ c2
3d4 +0.7384⇥ c2

3

+ 0.0156⇥d2
4 �0.1450⇥ c3d4

� 0.1078⇥d4 �0.6887⇥ c3 . (4)

The formula above can be used to estimate the cross sec-
tion in any model with SM-like Higgs boson triple produc-
tion. For example, in the context of the SM effective field

the three terms in χ2min.

r
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Table 3: The processes considered in the six b-jet analysis, for the Standard Model. The second column shows the generation-
level cross sections with the cuts (if any) as given in the main text. The Z bosons were decayed at generation level and hence
the cross section is given with the Z branching ratios applied. The third column shows the starting cross section for the
analysis, including the branching ratio to (bb̄)(bb̄)(bb̄), with a flat K-factor of K = 2.0 applied to all tree-level processes as
an estimate of the expected increase in cross section from leading order to next-to-leading order. The fourth column gives
the analysis efficiency and the final column gives the expected number of events at 20 ab�1 of integrated luminosity at 100
TeV. The results are given for perfect b-jet tagging efficiency. The label “ggF” implies that it is gluon-fusion initiated.

Process sGEN (pb) sNLO ⇥BR (pb) eanalysis Ncuts
20 ab�1

hhh (SM) 2.88⇥10�3 1.06⇥10�3 0.0131 278

QCD (bb̄)(bb̄)(bb̄) 26.15 52.30 2.6⇥10�5 27116
qq̄ ! hZZ ! h(bb̄)(bb̄) 8.77⇥10�4 4.99⇥10�4 1.8⇥10�4 ⇠ 2
qq̄ ! ZZZ ! (bb̄)(bb̄) 7.95⇥10�4 7.95⇥10�4 1.2⇥10�5 < 1
ggF hZZ ! h(bb̄)(bb̄) 1.08⇥10�4 1.23⇥10�4

O(10�3) ⇠ 2
ggF ZZZ ! (bb̄)(bb̄) 1.36⇥10�5 2.73⇥10�5 2⇥10�5 ⌧ 1
h(bb̄)(bb̄) 1.46⇥10�2 1.66⇥10�2 5.4⇥10�4 179
hh(bb̄) 1.40⇥10�4 9.11⇥10�5 2.8⇥10�4 ⇠ 1
hhZ ! hh(bb̄) 4.99⇥10�3 1.61⇥10�3 7.2⇥10�4 23
hZ(bb̄) ! h(bb̄)(bb̄) 9.08⇥10�3 1.03⇥10�2 1.4⇥10�4 29
ZZ(bb̄) ! (bb̄)(bb̄)(bb̄) 2.87⇥10�2 5.74⇥10�2 1⇥10�5 11
Z(bb̄)(bb̄) ! (bb̄)(bb̄)(bb̄) 0.93 1.87 3⇥10�5 1121

Â backgrounds 2.8⇥104

Table 4: The reducible background processes considered
in the six b-jet analysis. The second column shows the
generation-level cross sections with the cuts identical to the
ones applied to the irreducible processes (table 2). The third
column shows the cross section after the mis-tagging rates
have been applied. We only consider processes equivalent
to QCD 6 b-jet production. We do not consider process that
contain mis-tagged light and charm jets at the same time.

process sGEN (pb) sGEN ⇥P(6 b� jets) (pb)

(bb̄)(bb̄)(cc̄) 76.8 0.768
(bb̄)(cc̄)(cc̄) 75.6 0.00756
(cc̄)(cc̄)(cc̄) 22.5 22.5⇥10�5

(bb̄)(bb̄)( j j) 1.32⇥104 1.32
(bb̄)( j j)( j j) 9.79⇥195 0.00979
( j j)( j j)( j j) 1.37⇥106 1.37⇥10�6

our analysis cuts are applied (see results of table 3). There-
fore we do not consider these variations in our analysis, in-
stead only considering their SM counterparts as an order-of-
magnitude estimate.

It is also evident that in table 3 we have only included
irreducible processes, those that are identical at parton level
in flavour content to the signal: (bb̄)(bb̄)(bb̄). As discussed
previously, the degree of the contamination from reducible
backgrounds, those that come from the mis-identification of
light jets or charm-jets to b-jets, can be estimated by assum-
ing that the efficiency of the analysis is identical to that of
the equivalent irreducible ones. Explicitly, we will assume
e.g. that the probability of a (bb̄)(bb̄)(cc̄) event passing the

analysis cuts is identical to (bb̄)(bb̄)(bb̄), multiplied by the
probability that two charm jets are mis-identified as b-jets.
We will assume that the probability of a charm-jet being
mis-identified as b-jet is Pc!b = 0.1 and that of light jets is
P j!b = 0.01, and that these values are independent of the b-
tagging efficiency which we will take to range from perfect
(100%) to the “worst-case scenario” of 80%, see Appendix
A.8 Table 4 shows the starting cross sections of the main re-
ducible processes and the estimated contribution to the total
cross section of the equivalent irreducible process, QCD six
b-jet production by taking into account appropriate rescaling
with powers of Pc!b and P j!b. Given our results, the re-
ducible six-jet QCD backgrounds are expected to contribute
O(10%) to O(30%) of the total tagged six b-jet background,
for perfect b-tagging to Pb!b = 0.8, respectively. Therefore
it is clear that the contributions are sub-dominant with re-
spect to the irreducible process and from here on we absorb
them in the overall uncertainty of the cross section estimates,
the effect of which is also examined in Appendix A.

3.3 Results for anomalous triple Higgs boson production

As a result of the analysis described in subsection 2.4, we
show in fig. 6 the expected significance that would be ob-
tained on the (d4,c3)-plane for an integrated luminosity of
20 ab�1 and assuming perfect b-tagging. This result demon-
strates that the six b-jet final state could constitute a signif-

8We note that these rejection rates are close to those used in the self-
coupling studies of Ref. [4]. They are also not far from what is currently
achievable with the ATLAS and CMS experiments, see e.g. [64, 65].
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Reducible backgrounds
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Table 3: The processes considered in the six b-jet analysis, for the Standard Model. The second column shows the generation-
level cross sections with the cuts (if any) as given in the main text. The Z bosons were decayed at generation level and hence
the cross section is given with the Z branching ratios applied. The third column shows the starting cross section for the
analysis, including the branching ratio to (bb̄)(bb̄)(bb̄), with a flat K-factor of K = 2.0 applied to all tree-level processes as
an estimate of the expected increase in cross section from leading order to next-to-leading order. The fourth column gives
the analysis efficiency and the final column gives the expected number of events at 20 ab�1 of integrated luminosity at 100
TeV. The results are given for perfect b-jet tagging efficiency. The label “ggF” implies that it is gluon-fusion initiated.
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Table 4: The reducible background processes considered
in the six b-jet analysis. The second column shows the
generation-level cross sections with the cuts identical to the
ones applied to the irreducible processes (table 2). The third
column shows the cross section after the mis-tagging rates
have been applied. We only consider processes equivalent
to QCD 6 b-jet production. We do not consider process that
contain mis-tagged light and charm jets at the same time.

process sGEN (pb) sGEN ⇥P(6 b� jets) (pb)

(bb̄)(bb̄)(cc̄) 76.8 0.768
(bb̄)(cc̄)(cc̄) 75.6 0.00756
(cc̄)(cc̄)(cc̄) 22.5 22.5⇥10�5

(bb̄)(bb̄)( j j) 1.32⇥104 1.32
(bb̄)( j j)( j j) 9.79⇥195 0.00979
( j j)( j j)( j j) 1.37⇥106 1.37⇥10�6

our analysis cuts are applied (see results of table 3). There-
fore we do not consider these variations in our analysis, in-
stead only considering their SM counterparts as an order-of-
magnitude estimate.

It is also evident that in table 3 we have only included
irreducible processes, those that are identical at parton level
in flavour content to the signal: (bb̄)(bb̄)(bb̄). As discussed
previously, the degree of the contamination from reducible
backgrounds, those that come from the mis-identification of
light jets or charm-jets to b-jets, can be estimated by assum-
ing that the efficiency of the analysis is identical to that of
the equivalent irreducible ones. Explicitly, we will assume
e.g. that the probability of a (bb̄)(bb̄)(cc̄) event passing the

analysis cuts is identical to (bb̄)(bb̄)(bb̄), multiplied by the
probability that two charm jets are mis-identified as b-jets.
We will assume that the probability of a charm-jet being
mis-identified as b-jet is Pc!b = 0.1 and that of light jets is
P j!b = 0.01, and that these values are independent of the b-
tagging efficiency which we will take to range from perfect
(100%) to the “worst-case scenario” of 80%, see Appendix
A.8 Table 4 shows the starting cross sections of the main re-
ducible processes and the estimated contribution to the total
cross section of the equivalent irreducible process, QCD six
b-jet production by taking into account appropriate rescaling
with powers of Pc!b and P j!b. Given our results, the re-
ducible six-jet QCD backgrounds are expected to contribute
O(10%) to O(30%) of the total tagged six b-jet background,
for perfect b-tagging to Pb!b = 0.8, respectively. Therefore
it is clear that the contributions are sub-dominant with re-
spect to the irreducible process and from here on we absorb
them in the overall uncertainty of the cross section estimates,
the effect of which is also examined in Appendix A.

3.3 Results for anomalous triple Higgs boson production

As a result of the analysis described in subsection 2.4, we
show in fig. 6 the expected significance that would be ob-
tained on the (d4,c3)-plane for an integrated luminosity of
20 ab�1 and assuming perfect b-tagging. This result demon-
strates that the six b-jet final state could constitute a signif-

8We note that these rejection rates are close to those used in the self-
coupling studies of Ref. [4]. They are also not far from what is currently
achievable with the ATLAS and CMS experiments, see e.g. [64, 65].
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applied:c.f. σGEN(6b)= 26.15 pb 

⇒ Assuming perfect b-tagging + 

identical analysis efficiency to QCD 6b:

→~10% contribution from reducible 
backgrounds.

for P(b-tagging) = 0.8:

→~30% contribution.
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TRSM hhh → 6b analysis details
Introduce two observables:  χ2,(4) = ∑

qr∈I
(Mqr − M1)

2

50

χ2,(6) = ∑
qr∈J

(Mqr − M1)
2

→ constructed from different pairings of 4 and 6 b-tagged jets,  is the 
invariant mass of the pairing qr.

Mqr



Andreas Papaefstathiou51

Monte Carlo Implementation of Anomalous Couplings
• Get the MG5_aMC model at: https://gitlab.com/apapaefs/multihiggs_loop_sm.

• [A patch to MG5_aMC to enable Loop  Tree is included].

• Can generate events either at:

• SM^2 + interference of [SM  One-Insertion diagrams], i.e.:
 

or

• SM^2 + interference of [SM  One or Two insertion diagrams] + [One 
Insertion]^2, i.e.: 

×

×
|ℳ |2 = |ℳSM |2 + 2Re{ℳ*SMℳ1−ins.} ∝ 1 + ci

×

|ℳ |2 = |ℳSM |2 + 2Re{ℳ*SMℳ1−ins.} + 2Re{ℳ*SMℳ2−ins.} + |ℳ1−ins. |
2

∝ 1 + ci + cjck + c2
ℓ
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Monte Carlo Implementation of Anomalous Couplings
• We have implemented a MadGraph5_aMC@NLO “loop” model for .

• Includes Loop  Tree level interference between the various diagrams. 

[see: Hirschi, https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/LoopInducedTimesTree].

• e.g.: 

ℒPhenoExp

×
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Figure 8: Example Feynman diagrams with one EFT operator insertion contributing to

Higgs boson triple production.
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Figure 9: Example Feynman diagrams with two EFT operator insertions contributing to

Higgs boson triple production.
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Figure 2: Example Feynman diagrams for leading-order gluon-fusion Higgs boson triple

production in the Standard Model.

d3 -0.786 0.181

cg1 -0.386 0.0412 0.150

cg2 0.971 -0.123 -0.715 0.853

ct1 4.86 -1.87 -1.02 2.56 5.91

ct2 -5.57 1.70 2.08 -5.06 -13.9 10.0

cb1 -0.0900 -0.0656 0.224 -0.526 -0.298 1.17 0.0964

cb2 0.0629 0.0668 -0.199 0.468 0.224 -1.01 -0.174 0.0786

1 d3 cg1 cg2 ct1 ct2 cb1 cb2

Table 1: Fit coe�cients for leading-order Higgs boson pair production, in the form �{�SM´
1 “ Aici ` Bijcicj , where ci P td3, cg1, cg2, ct1, ct2, cb1, cb2, u, at ECM “ 13.6 TeV.

d3 -0.750 0.292

d4 -0.158 -0.0703 0.0340

cg1 -0.278 0.0426 0.0484 0.0256

cg2 1.39 -0.704 -0.0312 -0.156 0.538

ct1 6.94 -3.17 -0.309 -0.850 5.16 12.6

ct2 -3.61 4.05 -0.872 -0.0482 -4.15 -17.6 15.3

ct3 -2.72 -1.57 1.33 0.906 -0.316 -4.64 -18.2 13.0

cb1 -0.125 0.177 -0.0457 -0.00903 -0.166 -0.675 1.38 -0.941 0.0317

cb2 0.106 -0.0752 0.00692 -0.00740 0.0949 0.433 -0.509 0.162 -0.0219 0.00489

cb3 0.161 -0.0809 -0.00396 -0.0182 0.124 0.598 -0.474 -0.0434 -0.0189 0.0109 0.00719

1 d3 d4 cg1 cg2 ct1 ct2 ct3 cb1 cb2 cb3

Table 2: Fit coe�cients for leading-order Higgs boson triple production, in the form

�{�SM ´ 1 “ Aici ` Bijcicj , where ci P td3, d4, cg1, cg2, ct1, ct2, ct3, cb1, cb2, cb3u, at ECM “
13.6 TeV.
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×
[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562] [Get model at: https://gitlab.com/apapaefs/multihiggs_loop_sm]

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/LoopInducedTimesTree%5D
https://gitlab.com/apapaefs/multihiggs_loop_sm%5D
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Model Validation
• Most couplings validated vs. a Herwig 7  implementation, e.g.:

• The one “new” non-trivial coupling that appears,  has been validated 
via an “EFT” limit, in the  process: 

pp → hh

∝ ct3tt̄h3

tt̄ → hhh

H

t̄

t

h

h

h

t̄

t

h

h

h

Figure 5: The tt̄ Ñ hhh process used to validate the implementation of the tt̄hhh vertex.

Figure 6: The ratio of cross sections between for tt̄ Ñ hhh between the anomalous

interaction (HEFT) and the heavy scalar (H) descriptions. See main text for further

details.

in the HEFT and in a model with a heavy scalar (H) that couples to tt̄ and hhh only.

This implies taking the limit of the e↵ective field theory directly and checking whether

the e↵ective vertex functions as expected. The matching of the coe�cient of Eq. 2.2 with

the singlet model, e.g. of [5], implies that ct3 “ 2v2{M2
H
, when the the quartic coupling

between the heavy scalar and the three Higgs bosons is set to �1112 “ 1 and the mixing

angle ✓ “ ⇡{2 such that the SM Higgs boson is decoupled. Figure 6 shows the ratio of the

anomalous tt̄hhh interaction cross section over the heavy scalar cross section for various

masses of the heavy scalar, chosen to be much higher than the center-of-mass energy.

C Feynman Diagrams

Figures 7 and 8 represent the Feynman diagrams for either one or two insertions of the

operators used in the present article in Higgs boson pair production. Figures 9 and 10

represent the Feynman diagrams for either one or two insertions in the context of Higgs

boson triple production.
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C Feynman Diagrams
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operators used in the present article in Higgs boson pair production. Figures 9 and 10

represent the Feynman diagrams for either one or two insertions in the context of Higgs
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MH ≫ ̂s

[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
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Figure 3: Fit of the cross section for triple Higgs boson production at 13.6 TeV, normal-

ized to the SM value. For each combination of couplings, the other couplings have been set

to zero for simplicity. Each change of color in the contours represents a shift of a factor of

0.5ˆ the SM value.

is ´0.0703, i.e. read o↵ the second row, third column. Using these coe�cients, one can

construct the cross section for any given value of the anomalous couplings.

All the fits for the signal processes, and subsequent simulations, have been performed

using the MSHT20nlo_as118 PDF set [144] and the default dynamical scale choice (option

3) in MG5 aMC, which corresponds to the sum of the transverse mass divided by 2.

We note here that the expected contribution of bottom-quark loops in the SM, both at

LHC energies and at 100 TeV, is expected to be Op0.1%q. Therefore, anomalous couplings

of the Higgs boson to the bottom quark are included merely for completeness, and further-

more, this ensures that we can safely neglect charm quark contributions in our analysis.

– 7 –

54

hhh Cross Sections @ 13.6 TeV

• Cross section as a multiple of 
the SM 

• (  ~ 0.04 fb at LO@13.6 TeV).

• In each 2D panel shown: all 
other coefficients set to zero! 

σSM

[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
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Anomalous Couplings Constraints

d3 -0.750 0.292

d4 -0.158 -0.0703 0.0340

cg1 -0.278 0.0426 0.0484 0.0256

cg2 1.39 -0.704 -0.0312 -0.156 0.538

ct1 6.94 -3.17 -0.309 -0.850 5.16 12.6

ct2 -3.61 4.05 -0.872 -0.0482 -4.15 -17.6 15.3

ct3 -2.72 -1.57 1.33 0.906 -0.316 -4.64 -18.2 13.0

cb1 -0.125 0.177 -0.0457 -0.00903 -0.166 -0.675 1.38 -0.941 0.0317

cb2 0.106 -0.0752 0.00692 -0.00740 0.0949 0.433 -0.509 0.162 -0.0219 0.00489

cb3 0.161 -0.0809 -0.00396 -0.0182 0.124 0.598 -0.474 -0.0434 -0.0189 0.0109 0.00719

1 d3 d4 cg1 cg2 ct1 ct2 ct3 cb1 cb2 cb3

Table 1: Polynomial coe�cients, Ai (second column only) and Bij , relevant for the de-

termination of the cross section for leading-order Higgs boson triple production, in the

form �{�SM ´ 1 “ ∞
i
Aici ` ∞

i,j
Bijcicj , where ci P td3, cg1, cg2, ct1, ct2, cb1, cb2, u, at

ECM “ 13.6 TeV.

4.2 Other Constraints on Anomalous Couplings

The majority of the anomalous couplings that appear in the phenomenological Lagrangian

of eq. 2.2 are already tightly constrained by other processes that involve the interactions

of gluons, top and bottom quarks with the Higgs boson. The two exceptions that are not

presently constrained are the anomalous interactions of three Higgs bosons and two top or

bottom quarks, with relevant coe�cients ct3 and cb3, as well as the anomalous modification

to the Higgs boson’s quartic interaction, related to the d4 coe�cient. While it is beyond the

scope of the present study to perform a full fit, involving several processes and constraints,

with their associated correlations, it is important to provide order-of-magnitude estimates

for the two scenarios that we examine: the 13.6 TeV high-luminosity LHC, and the 100 TeV

FCC-hh at the end of its lifetime.

Percentage uncertainties

HL-LHC FCC-hh Ref.

�pd3q 50 5 [145] (table 12)

�pcg1q 2.3 0.49 [145] (table 3)

�pcg2q 5 1 [140] (Figure 12, right)

�pct1q 3.3 1.0 [145] (table 3)

�pct2q 30 10 [140] (Figure 12, right)

�pcb1q 3.6 0.43 [145] (table 3)

�pcb2q 30 10 assumed same as ct2

Table 2: Estimates of percentage uncertainties (%) obtained on the subset of anomalous

couplings that appear in other processes at the HL-LHC and FCC-hh. The last column

provides the source for these numbers.

We consider the constraints on ct1, cb1 and cg1 that would arise within the “kappa-

0” scenario, as they are defined in [145] (table 3). For the HL-LHC we consider those

labeled “HL-LHC”, and for the 100 TeV FCC-hh, we consider those projected after the
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• Other processes constrain (at LO) all coefficients except  (only in hhh).

• Projected constraints:

{ct3, d4}

[See AP, Tetlalmatzi-
Xolocotzi, 

arXiv:2312.13562 for the 
references]
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Digression: Non-Resonant hhh @ LHC
• Anomalous couplings can enhance hhh! e.g. , but also others!κ3 ≠ 1,κ4 ≠ 1

56

ℒPhenoExp ⊃ −λSMv (1+c3) h3 −
λSM

4 (1+d4) h4

+
αs

12π (cg1
h
v

−cg2
h2

2v2 ) Ga
μνG

μν
a

−[ mt

v (1+ct1) t̄LtRh +
mb

v (1+cb1) b̄LbRh + h.c.]
−[ mt

v2
ct2t̄LtRh2 +

mb

v2
cb2b̄LbRh2 + h.c.]

−[ mt

v3 ( ct3

2 ) t̄LtRh3 +
mb

v3 ( cb3

2 ) b̄LbRh3 + h.c.]
[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

➡ Here: Examine models with new scalar resonances!
MadGraph5_aMC model at: https://gitlab.com/apapaefs/multihiggs_loop_sm
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Anomalous Couplings Constraints
• Focusing on a model with non-zero :{ct2, d3, ct3, d4}
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Anomalous Couplings Constraints
• Focusing on a model with only ,

• Using the 6 b-jet final state, and marginalizing over  within projected 
constraints:  

{ct2, d3, ct3, d4}

{ct2, d3}

Figure 5: The 68% C.L. (1�, black solid) and 95% C.L (2�, red dashed) limit on

the pct3, d4q-plane for triple Higgs boson production at 13 TeV/3000 fb´1 (left), and

100 TeV/20 ab´1 (right), marginalized over the ct2 and d3 anomalous couplings. Note

the di↵erences in the axes ranges at each collider.

HL-LHC 3� HL-LHC 5� FCC-hh 3� FCC-hh 5�

d4 r´28.0, 41.7s r´99.5, 152.9s r´24.9, 20.8s r´40.8, 23.1s
ct3 r´2.1, 5.5s r´7.1, 11.3s r´0.8, 0.6s r´1.2, 0.7s

Table 5: The 3� evidence and 5� discovery limits on for triple Higgs boson production,

for the ct3 and d4 coe�cients at 13 TeV/3000 fb´1, and 100 TeV/20 ab´1, marginalized

over ct2, d3 and either d4, or ct3.

HL-LHC 68% HL-LHC 95% FCC-hh 68% FCC-hh 95%

d4 r´6.6, 12.4s r´10.0, 21.3s r´3.9, 10.5s r´10.6, 18.8s
ct3 r´0.6, 1.1s r´0.9, 3.6s r´0.1, 0.3s r´0.4, 0.6s

Table 6: The 68% C.L. (1�) and 95% C.L (2�) limits on ct3 and d4 for triple Higgs boson

production at 13 TeV/3000 fb´1, and 100 TeV/20 ab´1, marginalized over ct2, d3 and

either d4, or ct3.

d4 „ 125 for ct3 „ ´8, to d4 „ ˘40 for ct3 „ 0 and then down to d4 „ ´200 for ct3 „ 12.

The situation is greatly improved, as expected, at the FCC-hh, where the range of d4 is

reduced to d4 „ 40 for ct3 „ ´1.5, and to d4 „ ´20 for ct3 „ 1.0. It is interesting to note

that the whole of the parameter space with ct3 Á 1.0, or with ct3 À ´1.5 is discoverable, at

the FCC-hh at 5�. For the potential 68% (1�) and 95% C.L. (2�) constraints of fig. 5, the

situation is slightly more encouraging for the HL-LHC, with the whole region of d4 Á 40

or d4 À ´60 excluded at 95% C.L.. The corresponding region at 68% C.L. is d4 Á 20 and

d4 À ´30. For ct3, it is evident that all the region ct3 À ´2 and ct3 Á 5 will be excluded at

95% C.L. and ct3 À ´1, ct3 Á 4 at 68% C.L.. On the other hand, the FCC-hh will almost

– 16 –

HL-LHC FCC-hh

[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
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⇒ ct3 ∼ 𝒪(0.1 − 1)
d4 ∼ 𝒪(10)

[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]


