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SM Multi-Higgs Boson Production “Fun” Facts
• ∃ factor of  each time you “draw” an extra Higgs boson @ pp colliders. 𝒪(10−3)

6

σ(h) ∼ 50 pb

SM, 14 TeV
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SM Multi-Higgs Boson Production “Fun” Facts
• ∃ factor of  each time you “draw” an extra Higgs boson @ pp colliders. 𝒪(10−3)

6

σ(h) ∼ 50 pb
σ(hh) ∼ 40 fb

× 𝒪(10−3)
SM, 14 TeV

σ(hhh) ∼ 0.1 fb

× 𝒪(10−3)
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• Cranking up the pp energy could help!

7

~ ×60 increase in 
cross section

14 TeV → 100 TeV.

SM hhh

SM Multi-Higgs Boson Production “Fun” Facts
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• Cranking up the pp energy could help!

7

~ ×60 increase in 
cross section

14 TeV → 100 TeV.

SM hhh

☠
~300 events @ HL-LHC

🤔
~100k events @ FCC-hh

SM Multi-Higgs Boson Production “Fun” Facts
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New Physics
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New Physics

Explicit, UV-Complete models,

Simplified models

Effective Field Theories

Anomalous Couplings
[e.g. AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
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New Physics

Explicit, UV-Complete models,

Simplified models

Significant enhancement in 
hhh possible through 

double-resonant scalar 
processes!

First proposed in: 
[Robens, Stefaniak, Wittbrodt, 

arXiv:1908.08554]
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2 ➜ Enhanced (Double-Res.) hhh 
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Double-Resonant Triple Higgs Boson Production
• Significant enhancement possible in models with at least two additional 

scalars  and , with  the SM-like Higgs boson.

• that satisfy:  and .

• This occurs through a double-resonant process :

h2 h3 h1

m2 > 2m1 m3 > m2 + m1

gg → h3 → h2h1 → h1h1h1

such that gi ” i g
SM. For example, in a factorised approach, this leads to predictions for

production cross sections of the form

� ppp Ñ hiq “ 
2
i �

SM ppp Ñ hSMq pMiq , (2.13)

where �
SM pMiq denotes the production cross section of an SM-like Higgs boson of mass

Mi.
Furthermore, the total width of the hi scalars (i “ 1, 2, 3) is given by:

�hi “ 
2
i �SMpMiq `

ÿ

j,k‰i

�hiÑhjhk
, (2.14)

where �SMpMiq corresponds to the width of a scalar boson of mass Mi possessing the same
decay modes as a SM Higgs 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 hjhkq “ �hi Ñhj hl

�hi

. (2.16)

The triple couplings between scalars ijk have been derived in [109], and the quartic cou-
plings between scalars ijkl have been derived in [110].

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

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.

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. 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)

– 4 –

resonant

resonant
First proposed in: 

[Robens, Stefaniak, Wittbrodt, 
arXiv:1908.08554]
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Double-Resonant Triple Higgs Boson Production
• First proposed in [Robens, Stefaniak, Wittbrodt, arXiv:1908.08554]. 

• And shown to be observable at the LHC in  in [AP, 
Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037] for the case of the TRSM (= 
SM + Two Real Singlets). 

• I will discuss the TRSM again later. 

h1h1h1 → (bb̄)(bb̄)(bb̄)

such that gi ” i g
SM. For example, in a factorised approach, this leads to predictions for
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123�
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General Features of Double-Resonant hhh

• For now let’s just assume we have a model which satisfies the condition for 
the existence of the double-resonant process:

• at least two additional scalars  and , with  the SM-like Higgs boson.

• that satisfy:  and ,

• Generally speaking, we also require non-zero couplings:

• - - : 

• - - : 

h2 h3 h1

m2 > 2m1 m3 > m2 + m1

h3 h2 h1 ⟶ λ123

h2 h1 h1 ⟶ λ112
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Narrow Widths through Constraints

• For the analysis presented here to work, we also need narrow widths:

•  and . 

• Should be satisfied if couplings of new scalars are inherited from Higgs 
couplings through mixing: e.g. as in the TRSM, since:

,

• Since the  are constrained by experiment to be small (through Higgs boson 
signal strength measurements), this limits how large the widths can be 
[TBC!]. 

Γ2 ≪ m2 Γ3 ≪ m3

Γi = κ2
i ΓSM(mi) + ∑

j,k≠i

Γhi→hjhk

κi
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3 ➜ A “Simplified” Approach 
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Simplifying Double-Resonant hhh
• Let’s make the preceding assumptions for double-resonant hhh. Keep in mind: 

these are satisfied by parts of TRSM parameter space!

• Narrow-width approximation (at cross section level):  

such that gi ” i g
SM. For example, in a factorised approach, this leads to predictions for

production cross sections of the form

� ppp Ñ hiq “ 
2
i �

SM ppp Ñ hSMq pMiq , (2.13)

where �
SM pMiq denotes the production cross section of an SM-like Higgs boson of mass

Mi.
Furthermore, the total width of the hi scalars (i “ 1, 2, 3) is given by:

�hi “ 
2
i �SMpMiq `
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where �SMpMiq corresponds to the width of a scalar boson of mass Mi possessing the same
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for x ‰ hj (j ‰ iq are then given by:
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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
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�pm2,m3q “ �upm2,m3q ˆ 
2
3�

2
123�

2
112 , (3.1)

– 4 –

dq2
i

(q2
i − m2

i )2 + m2
i Γ2

i
→

π
miΓi

δ(q2
i − m2

i )
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Simplifying Double-Resonant hhh
• Narrow-width approximation:

• Factorize cross section as: 

σ(m2, m3, Γ2, Γ3, κ3, λ123, λ112) = ̂σu(m2, m3) ×
κ2

3λ2
123λ2

112

Γ2Γ3

such that gi ” i g
SM. For example, in a factorised approach, this leads to predictions for

production cross sections of the form
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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
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3�

2
123�

2
112 , (3.1)

– 4 –

dq2
i

(q2
i − m2

i )2 + m2
i Γ2

i
→

π
miΓi

δ(q2
i − m2

i )

{

 “unity cross section”≡
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Simplifying Double-Resonant hhh
• Factorize cross section as: 

• Generally: , , , ,  and  and  will be correlated, 

• but: they can be calculated given the Lagrangian parameters. The factorization 
above would remain valid in the narrow-width approximation. 

σ(m2, m3, Γ2, Γ3, κ3, λ123, λ112) = ̂σu(m2, m3) ×
κ2

3λ2
123λ2

112

Γ2Γ3
= ̂σu(m2, m3) × ρ2

κ3 λ123 λ112 Γ2 Γ3 m2 m3

{

 “unity cross section”≡

{

 rescaling factor≡
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Fitting the 
“Unity” Cross 
Section ̂σu(m1, m2)
• For “typical” values:

• we get  for 
,

• which corresponds to: 

, 
,

Γ2,3 ≃ 1 GeV

κ3 ∼ 𝒪(1)

λ123 ∼ λ112 ∼ λ111,SM ∼ 30 GeV

σ/σSM ∼ 𝒪(20)
̂σu ∼ 10−9 pb

m2 ≲ 400 GeV
m3 ≲ 750 GeV
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Fitting the 
“Unity” Cross 
Section ̂σu(m1, m2)
➡ At the LHC, we can only ever 

hope to observe: 

, 
.

within any model that can 
generate the double-resonant 
process!

m2 ≲ 400 GeV
m3 ≲ 750 GeV
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SM + Two Real Singlet Scalars [= TRSM]
• Consider adding two real singlet scalar fields  → the TRSM.

• And: 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



Andreas Papaefstathiou23

SM + Two Real Singlet Scalars [= TRSM]

• Go through EWSB: expand fields about VEVs,

• rotate to mass eigenstates: 

 Get three scalar bosons: , , ,

 Seven independent parameters:

⇒ h1 h2 h3

⇒ m2 , m3 , θ12 , θ13 , θ23 , υ2, υ3

h1

h2

h3

= R
ϕh

ϕS

ϕX

,

+ Due to constraints, widths of physical scalars are generically small [TBC!].

 Model satisfies conditions for double-resonant hhh!⇒
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Double-Resonant Contribution to total hhh in TRSM
[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, 

van de Vis, du Pree, arXiv:2404.12425]

We have studied the contribution from the channel pp Ñ h3 Ñ h2h1 Ñ h1h1h1 to the
total cross section �3h1 . The results are shown in fig. 2. The points with the largest en-
hancement for �3h1 are also those where the channel pp Ñ h3 Ñ h2h1 Ñ h1h1h1 dominates.
This is the same effect as reported in [41]. It should be noted though, that our present
scan is more comprehensive in terms of the coverage of the parameter space, whereas the
one in our previous study was restricted to the BP3 plane [41], and in addition, includes
points for which the perturbativity constraints are not satisfied. Figure 3 presents a new
version of the distribution of points in the M2 ´M3 plane which give enhanced triple Higgs
boson production as defined in eq. (3.3). Finally, we applied the perturbativity tests of
eq. (2.14), and determined the scales at which perturbativity gets violated and when we
hit the Landau pole.

Figure 2: Enhancement of the triple Higgs boson production cross section �ppp Ñ h1h1h1q
at 13.6 TeV, given in terms of multiples of the SM value, and the resonant fraction con-
tribution from pp Ñ h3 Ñ h2h1 Ñ h1h1h1. Only points with a factor 10 enhancement or
greater are shown. The density of points increases from the dark blue to yellow shade.

Moreover, we determined the energy µpole at which the RGE leads to divergent values
for the self-couplings. The theoretical correlation expected between µpert and µpole is given
in eq. (2.16). This relationship is reasonably obeyed in practice for most of our points,
although we found that for few of our benchmark scenarios µpole „ 8µpert. The full set
of BM points, including the resonance fraction and the values of µpert and µpert{µpole are
provided in the ancillary files. A sample is demonstrated in table 2.

It is interesting to note at this point, that, within the narrow width approximation,

– 10 –

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 –

Enhancement 
over SM

How much of the total cross section comes from… ?

•Updated TRSM scan with 
additional TH+EXP 
constraints.

•Enhancements 
!𝒪(100) × SM
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Points with Enhanced hhh in the TRSM
[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, 

van de Vis, du Pree, arXiv:2404.12425]

Figure 3: Scatter plot of the values of M2 and M3 for the 140 points with triple Higgs
boson production cross section over 100 times the SM value.

we expect the kinematic distributions of the double-resonant process pp Ñ h3 Ñ h2h1 Ñ
h1h1h1 to only depend on the masses and widths of the scalar particles. The couplings 123
and 112, i.e. those involving h3 ´h2 ´h1 and h2 ´h1 ´h1, respectively, merely rescale the
rate for the process. This fact could be exploited in a phenomenological analysis, potentially
allowing for a model-independent extraction of constraints. We leave this prospect to future
work.

4 Thermal history of the TRSM

It is well-known that loop corrections from particles in the plasma at finite temperature
change the shape of the scalar field potential. As a result, the zero-temperature vacuum,
in which all three scalar fields have a vev in our model, is not the vacuum state in the early
universe. To end up in today’s vacuum, one or more PT(s) had to occur. These PT(s) can
be of different types. In a FOPT the vev of one or several fields makes a discontinuous
jump, due to a barrier in the potential. Instead, when the fields move continuously from
the high-temperature phase to the zero-temperature phase, this is a second-order or cross-
over PT. The electroweak PT in the SM is a cross-over [15–17, 74–76], but in many BSM
models the transition can be of a first-order type, see e.g. [20] and references therein for
examples.

A FOPT is phenomenologically very interesting for two reasons: it can source a gravi-
tational wave signal possibly observable by LISA, and it can provide the out-of-equilibrium

– 11 –

m2 [GeV]

•Derived a set of benchmark 
points,

•All model params. varied!

•Enhancements  
@ 13.6 TeV!

𝒪(100) × SM

m
3

[G
eV

]

[140 benchmark points with  @ 13.6 TeV]𝒪(100) × SM
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Sample Benchmark Points

Benchmark points for enhanced triple Higgs production from ref. [111]

Name M2 M3 v2 v3 ✓12 ✓13 ✓23
�

�SM
R.F. ⇢

2 [ˆ106]

BM0 259.0 495.0 215.8 180.8 6.191 0.163 5.691 306.025 0.955 0.025
BM1 270.6 444.7 122.4 847.2 0.268 0.030 0.522 302.361 0.929 3.574
BM2 268.6 452.7 137.8 784.8 0.263 0.023 0.645 275.616 0.954 3.509
BM3 272.6 480.7 928.3 143.7 3.098 2.9 2.375 267.245 0.948 3.703
BM4 269.0 409.8 138.0 599.4 0.244 0.004 0.773 266.439 0.976 4.031
BM5 269.1 486.9 227.5 307.9 0.074 6.149 2.631 157.583 0.956 2.264
BM6 259.2 577.0 289.0 275.6 0.137 6.148 2.324 145.470 0.781 5.289
BM7 283.7 575.0 259.4 330.4 0.137 6.152 2.299 122.546 0.779 2.885
BM8 264.3 469.3 207.3 359.5 0.285 6.277 0.692 119.121 0.999 1.721
BM9 266.5 461.9 653.1 229.0 2.889 3.046 1.015 112.794 0.863 1.381
BM10 259.2 399.7 444.5 217.0 2.917 3.046 1.047 103.717 0.973 1.936

Table 1: A sample of selected benchmark points obtained during the scan of ref. [111] for
the TRSM. The masses M2 , M3, and the vacuum expectation values v2 and v3 are given in
GeV. The three mixing angles ✓12, ✓13 and ✓23 are also given. The second from last column
indicates the enhancement factor over the expected SM value at the 13.6 TeV LHC. The
penultimate column shows the fraction of the resonant double-resonant contribution to the
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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.
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How good is the narrow-width approximation?
gg → h3 → h2h1 → h1h1h1 versus gg → h1h1h1 [using MG5_aMC@NLO]
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How good is the narrow-width approximation?
gg → h3 → h2h1 → h1h1h1 versus gg → h1h1h1 [using MG5_aMC@NLO]

gg → h*3 → h3h1 → h1h1h1gg → h*3 → h3h1 → h1h1h1
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Next Steps! Perform analysis on 
-plane to find 

optimal set of cuts 
over whole plane.

(m2, m3)

Figure 3: Scatter plot of the values of M2 and M3 for the 140 points with triple Higgs
boson production cross section over 100 times the SM value.

we expect the kinematic distributions of the double-resonant process pp Ñ h3 Ñ h2h1 Ñ
h1h1h1 to only depend on the masses and widths of the scalar particles. The couplings 123
and 112, i.e. those involving h3 ´h2 ´h1 and h2 ´h1 ´h1, respectively, merely rescale the
rate for the process. This fact could be exploited in a phenomenological analysis, potentially
allowing for a model-independent extraction of constraints. We leave this prospect to future
work.

4 Thermal history of the TRSM

It is well-known that loop corrections from particles in the plasma at finite temperature
change the shape of the scalar field potential. As a result, the zero-temperature vacuum,
in which all three scalar fields have a vev in our model, is not the vacuum state in the early
universe. To end up in today’s vacuum, one or more PT(s) had to occur. These PT(s) can
be of different types. In a FOPT the vev of one or several fields makes a discontinuous
jump, due to a barrier in the potential. Instead, when the fields move continuously from
the high-temperature phase to the zero-temperature phase, this is a second-order or cross-
over PT. The electroweak PT in the SM is a cross-over [15–17, 74–76], but in many BSM
models the transition can be of a first-order type, see e.g. [20] and references therein for
examples.

A FOPT is phenomenologically very interesting for two reasons: it can source a gravi-
tational wave signal possibly observable by LISA, and it can provide the out-of-equilibrium
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[140 benchmark points with  @ 13.6 TeV]𝒪(100) × SM These should be model-
independent for the double-
resonant process discussed 
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• Triple Higgs boson production can be enhanced in 
models with additional scalars!

• Particularly in models with two scalars with masses 
that can generate a double-resonant contribution to 
hhh.

• If the width is narrow enough, a factorized cross 
section approach can be used to impose limits on a 
rescaling parameter in a model-independent way. 

Summary & Outlook

Coming: 21st century
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• Triple Higgs boson production can be enhanced in 
models with additional scalars!

• Particularly in models with two scalars with masses 
that can generate a double-resonant contribution to 
hhh.

• If the width is narrow enough, a factorized cross 
section approach can be used to impose limits on a 
rescaling parameter in a model-independent way. 

Summary & Outlook

Thanks! 
Questions?

Coming: 21st century
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TRSM hhh → 6b analysis details

Introduce two observables:  χ2,(4) = ∑
qr∈I

(Mqr − M1)
2

36

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
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Label (M2,M3) < PT,b �
2,(4)

< �
2,(6)

< m
inv
4b < m

inv
6b <

[GeV] [GeV] [GeV2] [GeV2] [GeV] [GeV]

A (255, 504) 34.0 10 20 - 525

B (263, 455) 34.0 10 20 450 470

C (287, 502) 34.0 10 50 454 525

D (290, 454) 27.25 25 20 369 475

E (320, 503) 27.25 10 20 403 525

F (264, 504) 34.0 10 40 454 525

G (280, 455) 26.5 25 20 335 475

H (300, 475) 26.5 15 20 352 500

I (310, 500) 26.5 15 20 386 525

J (280, 500) 34.0 10 40 454 525

Table 3. The optimised selection cuts for each of the benchmark points within BP3 shown in table 2.

The cuts not shown above are common for all points, as follows: |⌘|b < 2.35, �mmin, med, max <

[15, 14, 20] GeV, pT (hi
1) > [50, 50, 0] GeV, �R(hi

1, h
j
1) < 3.5 and �Rbb(h1) < 3.5. For some of the

points a m
inv
4b cut is not given, as this was found to not have an impact when combined with the m

inv
6b

cut.

Label (M2,M3) "Sig. S
��
300fb�1 "Bkg. B

��
300fb�1 sig|300fb�1 sig|3000fb�1

[GeV] (syst.) (syst.)

A (255, 504) 0.025 14.12 8.50⇥ 10�4 19.16 2.92 (2.63) 9.23 (5.07)

B (263, 455) 0.019 17.03 3.60⇥ 10�5 8.12 4.78 (4.50) 15.10 (10.14)

C (287, 502) 0.030 20.71 9.13⇥ 10�5 20.60 4.01 (3.56) 12.68 (6.67)

D (290, 454) 0.044 37.32 1.96⇥ 10�4 44.19 5.02 (4.03) 15.86 (6.25)

E (320, 503) 0.051 31.74 2.73⇥ 10�4 61.55 3.76 (2.87) 11.88 (4.18)

F (264, 504) 0.028 18.18 9.13⇥ 10�5 20.60 3.56 (3.18) 11.27 (5.98)

G (280, 455) 0.044 38.70 1.96⇥ 10�4 44.19 5.18 (4.16) 16.39 (6.45)

H (300, 475) 0.054 41.27 2.95⇥ 10�4 66.46 4.64 (3.47) 14.68 (4.94)

I (310, 500) 0.063 41.43 3.97⇥ 10�4 89.59 4.09 (2.88) 12.94 (3.87)

J (280, 500) 0.029 20.67 9.14⇥ 10�5 20.60 4.00 (3.56) 12.65 (6.66)

Table 4. The resulting selection e�ciencies, "Sig. and "Bkg., number of events, S and B for the signal

and background, respectively, and statistical significances for the sets of cuts presented in table 3. A

b-tagging e�ciency of 0.7 has been assumed. The number of signal and background events are provided

at an integrated luminosity of 300 fb�1. Results for 3000 fb�1 are obtained via simple extrapolation.

The significance is given at both values of the integrated luminosity excluding (including) systematic

errors in the background according to Eq. (5.1) (or Eq. (5.2) with �b = 0.1⇥ B).
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< �
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[15, 14, 20] GeV, pT (hi
1) > [50, 50, 0] GeV, �R(hi

1, h
j
1) < 3.5 and �Rbb(h1) < 3.5. For some of the

points a m
inv
4b cut is not given, as this was found to not have an impact when combined with the m

inv
6b

cut.

Label (M2,M3) "Sig. S
��
300fb�1 "Bkg. B

��
300fb�1 sig|300fb�1 sig|3000fb�1

[GeV] (syst.) (syst.)

A (255, 504) 0.025 14.12 8.50⇥ 10�4 19.16 2.92 (2.63) 9.23 (5.07)

B (263, 455) 0.019 17.03 3.60⇥ 10�5 8.12 4.78 (4.50) 15.10 (10.14)

C (287, 502) 0.030 20.71 9.13⇥ 10�5 20.60 4.01 (3.56) 12.68 (6.67)

D (290, 454) 0.044 37.32 1.96⇥ 10�4 44.19 5.02 (4.03) 15.86 (6.25)

E (320, 503) 0.051 31.74 2.73⇥ 10�4 61.55 3.76 (2.87) 11.88 (4.18)

F (264, 504) 0.028 18.18 9.13⇥ 10�5 20.60 3.56 (3.18) 11.27 (5.98)

G (280, 455) 0.044 38.70 1.96⇥ 10�4 44.19 5.18 (4.16) 16.39 (6.45)

H (300, 475) 0.054 41.27 2.95⇥ 10�4 66.46 4.64 (3.47) 14.68 (4.94)

I (310, 500) 0.063 41.43 3.97⇥ 10�4 89.59 4.09 (2.88) 12.94 (3.87)

J (280, 500) 0.029 20.67 9.14⇥ 10�5 20.60 4.00 (3.56) 12.65 (6.66)

Table 4. The resulting selection e�ciencies, "Sig. and "Bkg., number of events, S and B for the signal

and background, respectively, and statistical significances for the sets of cuts presented in table 3. A

b-tagging e�ciency of 0.7 has been assumed. The number of signal and background events are provided

at an integrated luminosity of 300 fb�1. Results for 3000 fb�1 are obtained via simple extrapolation.

The significance is given at both values of the integrated luminosity excluding (including) systematic

errors in the background according to Eq. (5.1) (or Eq. (5.2) with �b = 0.1⇥ B).
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Parameter Value

M1 125.09 GeV

M2 [125, 500] GeV

M3 [255, 650] GeV

✓hS �0.129

✓hX 0.226

✓SX �0.899

vS 140 GeV

vX 100 GeV

1 0.966

2 0.094

3 0.239

Table 1. The numerical values for the independent parameter values of eq. (2.12) that characterise

BP3. The Higgs doublet vev, v, is fixed to 246 GeV. The i values correspond to the rescaling

parameters of the SM-like couplings for the respective scalars and are derived quantities.

3.1 Theory Constraints

We can derive constraints on the values that the massesM2 andM3 can assume by considering

the perturbative unitarity of the 2 ! 2 scalar scattering matrix in the TRSM. Moreover, we

impose an upper limit |Mi|  8⇡ on the eigenvalues Mi of the scattering matrix M.

These limits can be written in terms of the coupling constants as6

|��| < 4⇡ ,

|��S | , |��X | , |�SX | < 8⇡ ,

|a1| , |a2| , |a3| < 16⇡ , (3.1)

where a1,2,3 correspond to the roots of the following polynomial:

P (x) = x
3 + x

2(�12�� � 6�S � 6�X) + x
⇥
72��(�S + �X)� 4(�2

�S + �
2
�X)

+36�S�X � �
2
SX

⇤
+ 12���

2
SX + 24�2

�S�X + 24�2
�X�S � 8��S��X�SX � 432���S�X .

(3.2)

The potential of eq. (2.4) additionally needs to be bounded from below. This requirement

was implemented in the scan discussed in [24] using the conditions derived in [94, 95], which

6For further details on the derivation of the limits in terms of the coupling constants, see e.g. the discussion

in [93].
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B Total Widths and Branching Ratios

In table 5, we list the total widths as well as decay branching ratios between the physical

scalars of the TRSM, for the benchmark points listed in table 2. The total widths have

been calculated according to eq. (2.14), with SM-like widths taken from [125]. Note that

the e↵ective branching ratios might vary slightly, as they correspond to BRe↵ = �MG5
x! y z/�x,

where �MG5
x! y z is the respective partial decay width as calculated by MadGraph5 aMC@NLO, while

�x corresponds to the total decay width, which we here treat as an input parameter. For the

benchmark points considered here, we however found that deviations are on the sub-percent

level.

Label (M2,M3) �2 �3 BR2! 1 1 BR3! 1 1 BR3! 1 2

[GeV] [GeV] [GeV]

A (255, 504) 0.086 11 0.55 0.16 0.49

B (263, 455) 0.12 7.6 0.64 0.17 0.47

C (287, 502) 0.21 11 0.70 0.16 0.47

D (290, 454) 0.22 7.0 0.70 0.19 0.42

E (320, 503) 0.32 10 0.71 0.18 0.45

F (264, 504) 0.13 11 0.64 0.16 0.48

G (280, 455) 0.18 7.4 0.69 0.18 0.44

H (300, 475) 0.25 8.4 0.70 0.18 0.43

I (310, 500) 0.29 10 0.71 0.17 0.45

J (280, 500) 0.18 10.6 0.69 0.16 0.47

Table 5. The total widths and new scalar branching ratios for the parameter points considered in

the analysis. For the SM-like h1, we have M1 = 125GeV and �1 = 3.8MeV for all points considered.

The other input parameters are specified in table 1. The on-shell channel h3 ! h2 h2 is kinematically

forbidden for all points considered here.

C Combinatorics for Scalar Reconstruction

Here we briefly elaborate further on the scalar reconstruction based on the di↵erent arrange-

ments of the 6 b-jets with the highest transverse momentum in each event. As discussed in

section 4.3, the aim is to determine the combination of two and three pairs of b-jets which

minimise the sum

�
2,(6) + �

2,(4)
. (C.1)
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