
Resonant multiscalar production in the generic complex singlet model
in the multi-TeV region

Samuel D. Lane,1,2,3,* Ian M. Lewis ,3,† and Matthew Sullivan 4,‡

1Division of Math and Natural Sciences, University of Pikeville, Pikeville, Kentucky 41501, USA
2Department of Physics, KAIST, Daejeon 34141, Korea

3Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
4Physics Department, High Energy Theory Group, Brookhaven National Laboratory,

Upton, New York 11973, USA

(Received 1 April 2024; accepted 9 August 2024; published 10 September 2024)

We develop benchmarks for resonant discalar production in the generic complex singlet scalar extension
of the Standard Model (SM) with no additional symmetries, which contains two new scalars. These
benchmarks maximize discalar resonant production modes at future pp colliders: pp → h2 → h1h1,
pp → h2 → h1h3, and pp → h2 → h3h3, where h1 is the observed SM-like Higgs boson and h2;3 are new
scalars. The decays h2 → h1h3 and h2 → h3h3 may be the only way to discover h3, leading to a discovery
of two new scalars at once. Current LHC and projected future collider (HL-LHC, FCC-eeþ HL-LHC,
ILC500þ HL-LHC) constraints on this model are used to produce benchmarks at the HL-LHC for h2
masses between 250 GeVand 1 TeVand a future pp collider (FCC-hh) for h2 masses between 250 GeVand
12 TeV.We update the current LHC bounds on the singlet-Higgs boson mixing angle for these benchmarks.
As the mass of h2 approaches the multi-TeV region, certain limiting behaviors of the maximum rates are
uncovered due to theoretical constraints on the parameters. These limits, which can be derived analytically,
are BRðh2 → h1h1Þ → 0.25, BRðh2 → h3h3Þ → 0.5, and BRðh2 → h1h3Þ → 0. It can also be shown that
the maximum rates of pp → h2 → h1h1 and pp → h2 → h3h3 approach the same value. Hence, all three
h2 → hihj decays are promising discovery modes for h2 masses at and below Oð1 TeVÞ, while above
Oð1 TeVÞ the decays h2 → h1h1 and h2 → h3h3 are more encouraging. We choose benchmark masses for
h3 to produce a large range of decay signatures including multi-b, multivector boson, and multi-SM-like
Higgs production. As we will show, the behavior of the maximum rates leads to the surprising conclusion
that in the multi-TeV region this model may be discovered in the Higgs quartet production mode via
h2 → h3h3 → 4h1 decays before Higgs triple production is observed. The maximum di- and four Higgs
production rates are similar in the multi-TeV range.

DOI: 10.1103/PhysRevD.110.055017

I. INTRODUCTION

Measuring and understanding the properties of the
Higgs boson is one the long term goals of the LHC and
future collider programs [1]. One of the biggest questions is
the exact form of the scalar potential and the nature of
electroweak symmetry breaking (EWSB). In the Standard
Model (SM), there are only two parameters in the Higgs
potential. Hence, once the Higgs vacuum expectation value

(VEV) is set,vEW ¼ 246 GeV, and theHiggsmass is known,
mh ¼ 125 GeV [2,3], the potential parameters can be solved
for and the SM is completely predictive. Since EWSB
originates from the Higgs potential, to determine that EWSB
is SM-like the shape of the scalar potential must be probed.
So far, only the quadraticmass termof theHiggs potential has
beenmeasured directly. The self-couplings of theHiggsmust
be determined to more fully explore the shape of the scalar
potential. At hadron colliders, di-Higgs production [4–9],
which depends on the Higgs trilinear coupling, is the most
direct method to measure the Higgs self-couplings and test
the SM predictions about the nature of EWSB.
In the SM, the di-Higgs production from gluon fusion at

the
ffiffiffi
S

p ¼ 13 TeV LHC is predicted to be σ ¼ 31.05 fb
[1,9–13]. Because of its small rate, double Higgs produc-
tion can be quite sensitive to new physics contributions [8].
Of particular interest are scalar extensions of the SM
that can change the nature of EWSB and the Higgs
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self-couplings. Indeed, there has been interest investigating
scenarios in which the first evidence of new physics
could be through variations of the Higgs trilinear couplings
[14–17]. Another spectacular signature of additional scalars
could be resonant di-Higgs production. Such a signal is
much studied and appears in even the simplest of all
possible extensions: a real scalar that is a singlet under the
SM gauge group [18–42].
There has been recent interest in moving beyond di-

Higgs production and studying more generic discalar
production. For example, nonresonant production of two
new scalars can provide insight into the early Universe
electroweak phase transition [43,44]. A more spectacular
signal is asymmetric resonant production of the SM
Higgsþ a new scalar or symmetric resonant production
of two new scalars [45–51]. In this paper, we develop
benchmark points for such signals in the SM extended by a
complex scalar that is a singlet under the SM gauge group
[47–62]. Beyond providing interesting collider signatures
of new scalars, the complex singlet extension can also
help provide a strong first order electroweak phase tran-
sition necessary to generate the baryon asymmetry of the
Universe via electroweak baryogenesis [60,63–73]. This
extension has been much studied in the scenarios where
there are additional Z2 or Uð1Þ symmetries [49–60,74,75].
We will focus on the scenario in which there is no
additional symmetry beyond the SM gauge group [47,48].
The complex singlet scalar extension with no additional

symmetries is equivalent to the SM extended by two real
singlet scalars [48]. Hence, it is in some sense a next-to-
minimal extension of the SM in terms of field content and
symmetry. There are then three real scalars: h1, h2, and h3,
where h1 is identified with observed 125 GeV scalar.
Hence, when kinematically allowed, there could be reso-
nant production of multiscalar final states,

h2 → h1h1; h2 → h1h3; and h2 → h3h3: ð1Þ
If the mixing between h3 and the SM Higgs boson is
minuscule, the coupling between h3 and SM fermions and
gauge bosons will be negligible. Hence, the production rate
of h3 through gluon fusion or vector boson fusion,
σðpp → h3Þ ¼ sin2 θ1sin2 θ2σSMðpp → h3Þ, is very small.
Indeed, for mixing angles sin θ1 ≤ 0.2 and sin θ2 ≤ 0.01,
which, as we will see later, are reasonable ranges, then
σðpp → h3Þ ≤ 4 × 10−6 · σSMðpp → h3Þ. This is more
than an order of magnitude below the expected 95% CL
direct search limits of the FCC-hh [76]. In that case, the
major production mode of h3 would then be directly
through these decays. Hence, it is possible that searches
for resonant production of h2 → h1h3 and h2 → h3h3 could
provide a discovery of two new real scalars at once and
could be the only feasible mechanisms to discover h3 [48].
Our benchmark points are determined by individually

maximizing the resonant production rates of pp →
h2 → h1h1, pp → h2 → h1h3, and pp → h2 → h3h3.

The benchmarks are constructed to be relevant for the
HL-LHC as well as future higher energy hadron colliders.
As such, we will consider several scenarios for current and
projected experimental constraints:

(i) S1: Current constraints from the LHC.
(ii) S2: Projected constraints at the high luminosity LHC

(HL-LHC) [1,76].
(iii) S3: Projected constraints at the HL-LHC and a

future circular electron positron collider such as
the FCC-ee or CEPC [1,76–79].

(iv) S4: Projected constraints at the HL-LHC and a
500 GeV International Linear Collider (ILC500)
[1,76,80–82].

Since scenario S1 concerns a 13–14 TeV LHC, we consider
h2 masses up to 1 TeV. For the future collider projects,
scenarios S2–S4, we will consider h2 masses up to 12 TeV
so that they are relevant even for a 100 TeV pp collider.
In addition to the experimental constraints, we will

consider theory constraints such as the scalar potential
having the correct EWSB pattern to create the known
particle masses, the potential is bounded from below,
perturbative unitarity, and that the total width of the heavy
resonance is narrow, i.e., less than 10% of the resonance
mass. As we will show analytically and numerically, in
the multi-TeV regime these theory constraints have strong
implications. These constraints cause the maximum rates of
pp → h2 → h1h1 and pp → h2 → h3h3 to converge to the
same value at large h2 masses, even though the branching
ratios converge to different values: BRðh2 → h1h1Þ ≈ 0.25
and BRðh2 → h3h3Þ ≈ 0.5. Additionally, for h2 → h1h3,
the theory constraints, in particular, having the correct
global minimum for the scalar potential and perturbative
unitarity, result in BRðh2 → h1h3Þ → 0 as the mass of h2
increases. We derive an analytical understanding of these
results.
The structure of the paper is as follows. In Sec. II we

introduce the scalar potential and discuss the model in
detail. In Sec. III we cover the various theoretical and
experimental constraints on the model, including updated
bounds on the scalar mixing angle. We present our results
and a discussion of the collider phenomenology of multi-
Higgs signals in Sec. IV. Finally, we conclude in Sec. V.
Details of the perturbative unitarity constraints are in given
in Appendix A, theoretical bounds on cubic and quartic
potential parameters are derived in Appendix B, as well as
trilinear couplings in the mass basis and h2 branching ratios
in Appendix C, and experimental constraints and searches
are discussed in detail in Appendix D.

II. MODEL

The model under consideration consists of the SM
extended by a gauge singlet complex scalar, Sc. Many
previous studies of the complex singlet extension have
imposed a softly broken Z2 or Uð1Þ symmetry on the new
scalar singlet [47–62]. We follow Ref. [48] and use the
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most general potential with no additional symmetry beyond
the SM,

VðΦ; ScÞ ¼ −
μ2

2
Φ†Φþ λ

4
ðΦ†ΦÞ4 þ b2

2
jScj2 þ

d2
4
jScj4

þ δ2
2
Φ†ΦjScj2 þ

�
a1Sc þ

b1
4
S2c þ

e1
6
S3c

þ e2
6
ScjScj2 þ

δ1
4
Φ†ΦSc þ

δ3
4
Φ†ΦS2c

þ d1
8
S4c þ

d3
8
S2cjScj2 þ H:c:

�
; ð2Þ

where Sc ¼ ðS0 þ iAÞ= ffiffiffi
2

p
is the complex singlet scalar,

μ2; λ; b2; d2, and δ2 are real parameters, and a1; b1;
e1; e2; δ1; δ3; d1, and d3 are complex parameters. In the
most general potential, the VEVof the complex singlet can
be set to zero, hSci ¼ 0, without loss of generality [26,48].
This can be understood by noting that the VEVof Sc breaks
no symmetry and a shift Sc → Sc þ hSci introduces no new
interactions. That is, the shift is a nonphysical redefinition
of parameters and we have the freedom to set hSci ¼ 0. The
Higgs doublet is denoted as Φ and it takes the form

Φ ¼ 1ffiffiffi
2

p
� ffiffiffi

2
p

Gþ

vEW þ hþ iG0

�
; ð3Þ

where vEW ¼ 246 GeV is the Higgs VEV, h is the SM
Higgs boson,Gþ is the charged Goldstone boson, andG0 is
the neutral Goldstone boson.
The complex singlet introduces two new CP even

scalars: S0 and A. The three neutral scalars h; S0, and A
then mix into three scalar mass eigenstates via an SOð3Þ
rotation,

0
B@
h1
h2
h3

1
CA¼

0
B@

cosθ1 − sinθ1 0

sinθ1 cosθ2 cosθ1 cosθ2 sinθ2
sinθ1 sinθ2 cosθ1 sinθ2 −cosθ2

1
CA
0
B@

h

S0
A

1
CA;

ð4Þ

where the mass eigenstates are h1; h2; and h3 with masses
m1; m2; and m3, respectively. We will associate h1 with the
observed scalar and set m1 ¼ 125 GeV [2,3]. There is, in
principle, a third SOð3Þ rotation angle in Eq. (4), but it can
be removed via a phase rotation of Sc → eiθ3 Sc [48]. Such
a phase rotation is at most a redefinition of parameters in
the scalar potential [Eq. (2)]. Hence, the third rotation angle
can be removed with no physical effect. The free param-
eters of the model are then

v ¼ 246 GeV; hSci ¼ 0; m1 ¼ 125 GeV; m2; m3; θ1; θ2;

θ3 ¼ 0; δ2; δ3; d1; d2; d3; e1; e2: ð5Þ

By requiring that ðhΦ†Φi; hSciÞ ¼ ðv2EW=2; 0Þ be an
extremum of the potential and going to the scalar mass
basis, the Lagrangian parameters can be related to these
free parameters according to the following equations:

μ2 ¼ m2
1cos

2 θ1 þ ðm2
2cos

2 θ2 þm2
3sin

2 θ2Þsin2 θ1; ð6Þ

λ¼ 2ðm2
1cos

2 θ1þðm2
2cos

2 θ2þm2
3sin

2 θ2Þsin2 θ1Þ
v2EW

; ð7Þ

a1 ¼
ðm2

1 −m2
2cos

2 θ2 −m2
3sin

2 θ2ÞvEW sin 2θ1
4
ffiffiffi
2

p

þ i
ðm2

2 −m2
3ÞvEW sin θ1 sin 2θ2

4
ffiffiffi
2

p ; ð8Þ

δ1 ¼ −
ffiffiffi
2

p ðm2
1 −m2

2cos
2 θ2 −m2

3sin
2 θ2Þ sin 2θ1

vEW

− i

ffiffiffi
2

p ðm2
2 −m2

3Þ sin θ1 sin 2θ2
vEW

; ð9Þ

b1 ¼−
1

2
v2EWδ3þm2

1sin
2 θ1þm2

2ðcos2 θ1cos2 θ2 − sin2 θ2Þ
þm3ðcos2 θ1sin2 θ2− cos2 θ2Þ
þ iðm2

3 −m2
2Þcosθ1 sin2θ2; ð10Þ

b2 ¼ −
v2EWδ2
2

þm2
1sin

2 θ1 þm2
2ðcos2 θ1cos2 θ2 þ sin2 θ2Þ

þm2
3ðcos2 θ1sin2 θ2 þ cos2 θ2Þ: ð11Þ

We will be interested in the limit jθ2j ≪ 1. The mixing
matrix of Eq. (4) then becomes0
B@

h1
h2
h3

1
CA ¼

0
B@

cos θ1 − sin θ1 0

sin θ1 cos θ1 sin θ2
sin θ1 sin θ2 cos θ1 sin θ2 −1

1
CA
0
B@

h

S0
A

1
CA

þOðsin2 θ2Þ: ð12Þ
In this limit, h2 couples to fermions and gauge bosons like a
SM Higgs boson of mass m2 but suppressed by sin θ1,
independent of whether θ2 or θ1 is larger. The couplings of
h3 to fermions and gauge boson are doubly suppressed by
sin θ1 sin θ2. As a result, when kinematically allowed, we
expect h3’s main production mechanism to be via decays of
h2: h2 → h1h3 or h2 → h3h3. With these considerations, for
our benchmark points we will consider the mass order-
ing m2 > m3 > m1.
The trilinears relevant for the channels we will consider

show up in the potential as

V ⊃
1

2
λ112h21h2 þ λ123h1h2h3 þ

1

2
λ233h2h23 þ

1

2
λ113h21h3:

ð13Þ
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The partial widths of h2 to h1h1, h1h3, and h3h3 are given in
terms of the masses and trilinears by

Γðh2 → h1h1Þ ¼
λ2112

32πm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
1

m2
2

s
; ð14Þ

Γðh2 → h1h3Þ

¼ λ2123
16πm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1−
�
m1−m3

m2

�
2
��

1−
�
m1þm3

m2

�
2
�s
; ð15Þ

Γðh2 → h3h3Þ ¼
λ2233

32πm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
3

m2
2

s
: ð16Þ

Note that the coefficient of Eq. (15) differs by a factor of 2
from the other partial widths due to the two final state
scalars not being identical. The general expressions for the
trilinears in Eq. (13) are complicated, but using Eqs. (2) and
(12), the θ2 → 0 limits of the relevant trilinear couplings are

λ112 ¼ sin θ1
m2

2

vEW

�
cos2θ1

�
1þ 2

m2
1

m2
2

�

þ 1ffiffiffi
2

p cos θ1 sin θ1ðReðe1Þ þ Reðe2ÞÞ
vEW
m2

2

−
�
1 −

3

2
sin2θ1

�
v2EW
m2

2

ðδ2 þ Reðδ3ÞÞ
�

ð17Þ

λ123 ¼ −
ffiffiffi
2

p

6
cos θ1 sin θ1ð3Imðe1Þ þ Imðe2ÞÞ

þ 1

2
ðcos2θ1 − sin2θ1ÞImðδ3ÞvEW ð18Þ

λ233 ¼
ffiffiffi
2

p

6
cos θ1ðReðe2Þ − 3Reðe1ÞÞ

þ 1

2
sin θ1vEWðδ2 − Reðδ3ÞÞ: ð19Þ

When kinematically accessible, the partial width of h3 to
h1h1 is given similarly by

Γðh3 → h1h1Þ ¼
λ2113

32πm3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
1

m2
3

s
; ð20Þ

with the trilinear coupling, expanding in small θ2, being

λ113 ¼
1

6
sin θ1

� ffiffiffi
2

p
ð3Imðe1Þ þ Imðe2ÞÞ sin θ1

− 6vEW cos θ1Imðδ3Þ
�
þ 1

4

�
4cos2θ1

2m2
1 þm2

3

vEW

þ
ffiffiffi
2

p
ðReðe1Þ þ Reðe2ÞÞ sin 2θ1

− vEWð1þ 3 cos 2θ1ÞðReðδ3Þ þ δ2Þ
�
sin θ1 sin θ2

þOðsin2θ2Þ: ð21Þ

III. CONSTRAINTS

Now we give the various constraints on the parameter
space of this model. First, we will cover an overview of the
various theoretical constraints and then the current exper-
imental constraints from precision Higgs measurements
and direct searches for heavy new scalars.

A. Theoretical constraints

1. Boundedness and global minima

The scalar potential must be bounded from below to
stabilize the scalar fields against runaway directions. That
is, as the scalar fields approach infinity, the potential must
be positive. At large field values, the quartic couplings
dominate. Hence, boundedness requires

λ

4
ðΦ†ΦÞ2 þ d2

2
jScj4 þ

δ2
2
Φ†ΦjScj2

þ
�
δ3
4
Φ†ΦS2c þ

d1
8
S4c þ

d3
8
S2cjScj2 þ H:c:

�
≥ 0: ð22Þ

This condition is checked numerically for all directions in
field space. However, as discussed in Appendix B, there are
some directions that can give useful analytical bounds on
the quartic coupling. We note that, although boundedness is
checked numerically, since the generic complex scalar
extension is equivalent to two real scalars, the scalar
potential has complicated but known analytic conditions
for vacuum stability [83].
With the additional terms added to the scalar potential as

compared to the SM case, there are many potential extrema.
In Sec. II, potential parameters are chosen such that one of
the minima lies at

hΦi ¼
�

0

vEW=
ffiffiffi
2

p
�
; hSci ¼ 0: ð23Þ

Since the singlet does not contribute to W=Z or fermion
masses, the other minima cannot reproduce the measured
masses of SM particles. Hence, to have the correct EWSB
pattern, the minimum in Eq. (23) is required to be the global
minimum. As with bounded from below, this condition is
checked numerically and at tree level. It is possible to find
some necessary but not sufficient analytic conditions to
satisfy the global minimum constraint. These conditions
can place important bounds on quartic and cubic scalar
couplings, as we review in Appendixes B and C.

2. Perturbative unitarity

Enforcing perturbative unitarity [84–87] on our param-
eter space helps guarantee that the parameters we consider
are perturbative [88]. Such a requirement helps stabilize
our conclusions against higher order corrections. We
examine two-to-two scalar scattering processes in the high
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energy limit in order to derive bounds on the quartic
couplings. The partial wave expansion of each matrix
element is

M ¼ 16π
X∞
j¼0

ð2jþ 1ÞajPjðcos θÞ; ð24Þ

where Pjðcos θÞ are the Legendre polynomials. The leading
contributions in the high energy limit will be from the zero
angular momentum a0 term. We will treat both M and a0
as matrices connecting different two-to-two scattering
states. The scattering matrix between electrically neutral
initial and final states is then

M¼

0
BBBBBBBBBBBBBBBBBBBBB@

3λ
4

0 0 δ2
4
þReðδ3Þ

4
− Imðδ3Þ

2
ffiffi
2

p δ2
4
−Reðδ3Þ

4
λ
4

λ
2
ffiffi
2

p

0 δ2
2
þReðδ3Þ

2
− Imðδ3Þ

2
0 0 0 0 0

0 − Imðδ3Þ
2

δ2
2
−Reðδ3Þ

2
0 0 0 0 0

δ2
4
þReðδ3Þ

4
0 0

3Reðd1Þ
4

þ 3Reðd3Þ
4

þ 3d2
4

−3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p d2
4
− 3Reðd1Þ

4
δ2
4
þReðδ3Þ

4
δ2
2
ffiffi
2

p þReðδ3Þ
2
ffiffi
2

p

− Imðδ3Þ
2
ffiffi
2

p 0 0 −3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p d2
2
− 3Reðd1Þ

2

3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p − Imðδ3Þ
2
ffiffi
2

p − Imðδ3Þ
2

δ2
4
−Reðδ3Þ

4
0 0 d2

4
− 3Reðd1Þ

4

3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p 3Reðd1Þ
4

− 3Reðd3Þ
4

þ 3d2
4

δ2
4
−Reðδ3Þ

4
δ2
2
ffiffi
2

p −Reðδ3Þ
2
ffiffi
2

p

λ
4

0 0 δ2
4
þReðδ3Þ

4
− Imðδ3Þ

2
ffiffi
2

p δ2
4
−Reðδ3Þ

4
3λ
4

λ
2
ffiffi
2

p

λ
2
ffiffi
2

p 0 0 δ2
2
ffiffi
2

p þReðδ3Þ
2
ffiffi
2

p − Imðδ3Þ
2

δ2
2
ffiffi
2

p −Reðδ3Þ
2
ffiffi
2

p λ
2
ffiffi
2

p λ

1
CCCCCCCCCCCCCCCCCCCCCA

ð25Þ

with the (normalized [84,85]) two-particle states being, in
order, hhffiffi

2
p , hS, hA, SSffiffi

2
p , AS, AAffiffi

2
p , G

0G0ffiffi
2

p , andGþG−. There is also

a scattering matrix between electrically charged initial and
final states. However, it does not introduce any new
constraints in addition to the scattering from neutral initial
states to neutral final states.
The standard perturbative unitarity bound at tree level is

for the magnitude of the eigenvalues of a0 to be less than
1
2
.

This is equivalent to a requirement that the minimum higher
order corrections to these scattering processes be less than
or equal to 41% [88]. The upper bound on the magnitude of
the eigenvalues of a0 gives an upper bound of 8π on the
eigenvalues of the matrix M in Eq. (25). By considering
submatrices of M, we obtain conservative, necessary, but
not sufficient bounds on the quartic couplings

jλj ≤ 16π

3
;

jδ2j; jReðδ3Þj; jImðδ3Þj ≤ 8
ffiffiffi
2

p
π;

jReðd1Þj; jImðd1Þj ≤
16π

3
;

jd2j ≤ 8π;

jReðd3Þj; jImðd3Þj ≤
32π

3
: ð26Þ

Notably, the bound on λ in Eq. (26) places a constraint on
the allowed masses and mixings. For a particular choice of

mixing angles, this induces an upper limit on the allowed
heavy Higgs masses. In practice, as with the boundedness
and global minimum constraints, we check numerically that
the eigenvalues of Eq. (25) are bounded by 8π.

B. Experimental constraints

We now consider experimental constraints on this model.
First, we take Higgs precision measurements into account
[2,3,89,90]. These measurements are typically given in
terms of signal strengths, i.e., ratios of beyond SM (BSM)
and SM predictions for different Higgs production and
decay channels,

μfi ¼
σiðpp → h1Þ

σi;SMðpp → h1Þ
BRðh1 → fÞ

BRSMðh1 → fÞ ; ð27Þ

where the subscript SM indicates SM predictions, quantities
without the SM subscript are BSM predictions, i is the initial
state, and f is the final state. As can be seen from Eq. (4), the
h1 couplings to fermions and gauge bosons are the same as
the SMbut suppressed by a universal factor of cos θ1. Hence,
all h1 rates are suppressed by cos2 θ1. As a consequence, the
h1 branching ratios are unchanged from the SM predictions
and production cross sections scale as cos2 θ1,

BRðh1 → fÞ ¼ BRSMðh1 → fÞ;
σiðpp → h1Þ ¼ cos2θ1σi;SMðpp → h1Þ: ð28Þ
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The signal strengths then become

μfi ¼ cos2 θ1: ð29Þ

Note that these conclusions are independent of the choice of
the othermixing angle θ2. Themixing angle θ1 can then be fit
using a χ2 distribution,

χ2h1 ¼
X
i;f

ðμfi − μ̂fi Þ2
ðδfi Þ2

; ð30Þ

where μ̂fi is the measured signal strength and δfi is the
uncertainty in the measured signal strengths (including
systematic, statistical, and theoretical uncertainties).
The signal strength in Eq. (29) is the same for all initial

and final states. Hence, the global signal strengths that
combine all channels [2,3] can be used. In that way,
correlations between different initial and final states are
accounted for. However, since the global signal strengths
were reported [2,3], there have been updates to h →
W�W∓;� in the Wh and Zh production modes with
139 fb−1 at laboratory frame pp energy

ffiffiffi
S

p ¼ 13 TeV
from ATLAS [89]. CMS [90] updated h → bb̄ in the tt̄h
production mode with 138 fb−1 at

ffiffiffi
S

p ¼ 13 TeV. Using
the correlation matrices reported with the Higgs fit combi-
nations [2,3], we update the global signal strengths to

μATLAS ¼ 1.04� 0.06 and μCMS ¼ 0.96� 0.06 ð31Þ

for ATLAS and CMS, respectively. See Appendix D for
details on our updated combination. There were also new
searches for h → γγ þ ZZ at

ffiffiffi
S

p ¼ 13.6 TeV with 29 fb−1

from ATLAS [91],

μATLAS;13.6 TeV
γγ;ZZ ¼ 0.98� 0.15: ð32Þ

Additionally, CMS [92] has a new measurement h → bb̄
in the vector boson fusion (VBF) production channel atffiffiffi
S

p ¼ 13 TeV with 90.8 fb−1,

μVBFbb;CMS ¼ 1.01þ0.55
−0.46 : ð33Þ

The signal strengths in Eqs. (31)–(33) are used to find the
95% CL upper limit on the mixing angle from precision
Higgs measurements,

j sin θ1j ≤ 0.29: ð34Þ

This value is consistent with current results in other
literature [93–95].
In addition to Higgs signal strengths, direct searches for

heavy scalars must be considered. Indeed, these searches
are often more constraining than the Higgs signal strengths
[39,95]. From Eq. (12), we see that, in the limit jθ2j ≪ 1,

the couplings between h2 and fermions and gauge bosons
are suppressed by sin θ1. As such, the production rate and
partial widths into SM gauge bosons and fermions are
suppressed by sin2 θ1,

σðpp → h2Þ ≈ sin2θ1σSMðpp → h2Þ;
Γðh2 → fSMÞ ≈ sin2θ1ΓSMðh2 → fSMÞ; ð35Þ

where σSM and ΓSM indicate SM Higgs rates at the mass
m2, and fSM are SM gauge boson and fermion final states.
If kinematically allowed h2 may also decay into h1h1, h1h3,
or h3h3. Thus, the total width is

ΓTotðh2Þ ≈ sin2 θ1ΓSMðh2Þ þ Γðh2 → h1h1Þ
þ Γðh2 → h1h3Þ þ Γðh2 → h3h3Þ; ð36Þ

where ΓSMðh2Þ is the total SM-like width at the mass m2.
From this it can be shown that the branching ratio of h2 into
SM final states is

BRðh2 → fSMÞ ≈ BRSMðh2 → fSMÞ½1 − BRðh2 → h1h1Þ
− BRðh2 → h1h3Þ − BRðh2 → h3h3Þ�:

ð37Þ

Hence, in our fits we will treat

m2; sin2 θ1;BRðh2 → h1h1Þ;BRðh2 → h1h3Þ;
and BRðh2 → h3h3Þ ð38Þ

as free parameters. For all numerical results in this section,
SM-like rates and branching ratios are set using the LHC
Higgs Cross SectionWorking Group suggested values [96].
Traditionally, a parameter point is accepted if the

predicted cross section is lower than all of the observed
95% upper limits on cross sections reported in searches for
new particles. The point is rejected if the predicted cross
section exceeds an observed cross section limit in any
channel. For example, see Refs. [93,97]. We refer to
this as the “hard cut” method. The red dashed curves in
Figs. 1(a)–1(c) show the resulting limits on sin θ1 from
utilizing the hard cut method. The list of included exper-
imental results are given in Table I in Appendix D. Since h2
couples to SM fermions and gauge bosons like the SM
Higgs except suppressed by sin θ1, its production and decay
are similar to a SM Higgs of the same mass, except when
the additional decay to scalars is available. Therefore, its
dominate decays will be to gauge bosons or scalars and we
only consider those experimental limits.
In Fig. 1 we always consider the case when BRðh2 →

h1h3Þ ¼ BRðh2 → h2h3Þ ¼ 0. If those branching ratios
are nonzero, then direct searches for h2 → WW=ZZ=h1h1
can be evaded by setting the branching ratios into the h1h3
and/or h3h3 final states to one. In Fig. 1(a) we consider the
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case where BRðh2 → h1h1Þ ¼ 0. As can be seen, the scalar
resonance searches into WW=ZZ are more constraining
than Higgs signal strengths for m2 ≲ 800 GeV in the hard
cut scenario. We also considered a scenario in which
BRðh2 → h1h1Þ ¼ 1 and only searches for h2 → h1h1
are relevant. This is shown in Fig. 1(b). These searches
are always more constraining than the Higgs precision
observables. Finally, for the hard cut limits we also allowed
BRðh2 → h1h1Þ to float. In this case, a parameter point was
accepted if there exists a BRðh2 → h1h1Þ such that it passes
the hard cut method. The results are shown in Fig. 1(c).
Allowing the h2 → h1h1 to float weakens the scalar search
constraints which are now more stringent than precision
Higgs only when m2 ≲ 700–725 GeV. This can be under-
stood by noting that for any sin θ1 orm2 this procedure will
try to find a BRðh2 → h1h1Þ that will evade constraints.
Hence, it weakens all direct search constraints.

While typically employed, the hard cut method does not
allow for large fluctuations in individual channels that may
be allowed when all searches are considered, nor does it
account for strong constraints when signal cross sections
may uniformly increase in terms of a model parameter.
Additionally, the hard cut method is not a true 95% CL,
which would rely on a likelihood function. Once such a
likelihood function is determined, the scalar searches can
be consistently combined with Higgs precision measure-
ments to obtain a 95% CL upper bound on jsin θ1j.
Following a previous proposal from a subset of the authors
for combining scalar searches and Higgs precision data
[39], we start with a series of assumptions:

(i) All searches are consistent with SM backgrounds
and have enough events to be Gaussian. Then the
search is essentially a measurement of SM back-
grounds, and the reported 95% CL upper limits on

FIG. 1. The 95% CL upper limits on j sin θ1j for (a) BRðh2 → h1h1Þ ¼ 0, (b) BRðh2 → h1h1Þ ¼ 1, (c) BRðh2 → h1h1Þ profiled over,
and (d) a variety of BRðh2 → h1h1Þ. In all plots (black solid) the bounds from Higgs precision are shown. In (a)–(c) the bounds resulting
from the (red dashed) hard cuts on scalar searches, (magenta dot-dot-dashed) Δχ2 scalar search fits from Eq. (40), and (blue solid) Δχ2
combination of scalar searches and Higgs precision from Eq. (41). The results in (d) are from theΔχ2 combination of scalar searches and
Higgs precision.
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cross sections are 95% uncertainty bands around the
SM background measurement.

(ii) Assuming searches are consistent with SM predic-
tions, the uncertainty on a measurement is well
approximated by the expected 95% CL limit.

(iii) Any nonzero central value can be parametrized as
the difference between the observed and expected
95% CL as reported by the experiments. If there is a
downward fluctuation, we set the central value to zero
and use the observed upper limit as the uncertainty.

(iv) We use the narrow width approximation, which is
standard when applying search constraints [98–100].
For heavy scalars, the interference between signal
and background can be up to order 10% in the
resonance region [27,101–103].

With these assumptions, Ref. [39] developed a channel-by-
channel χ2 for heavy resonance searches,

ðχfi;h2Þ
2

¼

8>><
>>:
�
σiðpp→h2ÞBRðh2→fÞþσ̂fi;Exp−σ̂

f
i;Obs

σ̂fi;Exp=1.96

�2
if σ̂fi;Obs ≥ σ̂fi;Exp�

σiðpp→h2ÞBRðh2→fÞ
σ̂fi;Obs=1.96

�
2

if σ̂fi;Obs < σ̂fi;Exp;

ð39Þ

where σiðpp → h2Þ is the resonance production cross
section from initial state i, BRðh2 → fÞ is the branching
ratio into final state f, and σ̂fi;Exp (σ̂fi;Obs) is the expected
(observed) 95% CL upper limit on σði → h2ÞBRðh2 → fÞ.
It can be checked that, for an individual search, this χ2

reproduces the limit σði → h2ÞBRðh2 → fÞ < σ̂fi;Obs, con-
sistent with the hard cut method. With this definition, all
heavy scalar search channels can be consistently combined,

χ2h2 ¼
X
i;f

�
χfi;h2

�
2
: ð40Þ

Additionally, heavy scalar searches and Higgs precision
measurements can be consistently combined into a
global χ2,

χ2Tot ¼ χ2h1 þ χ2h2 : ð41Þ

The magenta dot-dot-dashed lines in Figs. 1(a)–1(c)
show the 95% CL upper limits on jsin θ1j that result from
fitting scalar searches according to Eq. (40). For all limits
we have assumed BRðh2→h1h3Þ¼BRðh2→h3h3Þ¼0.
In (a) we set BRðh2→h1h1Þ¼0, in (b) BRðh2→h1h1Þ¼1,
and in (c) we profile over BRðh2 → h1h1Þ. As can be
clearly seen, the results of Eq. (40) have similar behavior to
and are consistently stronger than the hard cuts. This can
be understood by noting that since all production cross
sections of h2 are proportional to sin2 θ1, any increase in

jsin θ1j essentially increases all signal rates in all channels,
uniformly increasing the χ2 value. Accordingly, we would
more-or-less expect to see a global upward fluctuation in
the channels listed in Table I if the scalar resonance exists.
Such a global increase should result in a stronger constraint.
Our χ2 method accounts for this, while the hard cut method
does not.
The result from combining the scalar searches and Higgs

precision data from Eq. (41) are shown as blue solid lines in
Figs. 1(a)–1(c). For BRðh2 → h1h1Þ ¼ 1, the combined
χ2Tot fit gives very similar results as the scalar search χ2h2 .
For the results with BRðh2 → h1h1Þ ¼ 0 or BRðh2 →
h1h1Þ profiled over, combining the Higgs precision con-
straints with the scalar searches strengthens the bounds in
the large mass region:m2 ≳ 800 GeV. Indeed, although the
scalar search constraints may get weaker than the Higgs
precision at very high mass, the combined Higgs and scalar
search results stay more or similarly stringent as the Higgs
measurement results.
We compare the effects of many different hypotheses for

BRðh2 → h1h1Þ in Fig. 1(d). These results are from the
combination of the Higgs precision and scalar searches in
Eq. (41). As can be seen, for all mass ranges under
consideration, either BRðh2 → h1h1Þ ¼ 0 or 1 gives the
most stringent constraints. For mass m2 ≳ 350 GeV,
BRðh2 → h1h1Þ ¼ 1 is always the most constraining.
Comparing the results for the hard cuts give similar
conclusions.
There are also constraints on the singlet mixing angle

from electroweak precision observables [48,104–106]. For
small θ2, fits to the oblique parameters [48,106] are always
weaker than the most stringent constraints in Fig. 1. The
strongest electroweak precision constraint comes from
fitting theW mass individually [104]. This is most relevant
in the high mass region where the W-mass limit is
jsin θ1j≲ 0.20–0.21 for m2 ≳ 800 GeV [48,104]. Again,
the most stringent constraints in Fig. 1 are as strong or
stronger than the W-mass limit. Hence, for the rest of the
paper we consider constraints on sin θ1 from direct searches
and Higgs precision data only.
In Fig. 2 we show 95% CL upper limits on the cross

section for production and decay pp → h2 → h1h1 in
both the (a) gluon fusion and (b) VBF channels. These
bounds are found by performing a simultaneous fit to
sin θ1 and sin2 θ1BRðh2 → h1h1Þ with BRðh2 → h1h3Þ ¼
BRðh2 → h3h3Þ ¼ 0. For the Δχ2 fits, sin θ1 is profiled
over. For the hard cut, a value of sin2 θ1BRðh2 → h1h1Þ is
accepted if there exists a sin θ1 that passes all cuts and
Higgs precision data. For comparison, the SM single h2
and double h1h1 production rates are shown. The Δχ2
and hard cut bounds produce very similar limits on
pp → h2 → h1h1. For m2 ≲ 500 GeV, the resonant gluon
fusion di-Higgs rate can still be above the SM di-Higgs
rate, up to an order of magnitude larger. For VBF, the
allowed rate is above the SM VBF di-Higgs rate for all
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masses shown. The resonant VBF rate can be up to a factor
of 20 larger than the SM VBF di-Higgs prediction.

IV. BENCHMARK POINTS

We now present the main results of this paper: finding
the maximum rates for pp → h2 → hihj, i, j ¼ 1, 3,
considering all theoretical and experimental constraints.
As mentioned in the Introduction, we consider several
possible scenarios for different Higgs precision measure-
ments and direct scalar searches:

(i) S1: We apply the current limits, described in Sec. III,
on sin θ1 to produce expected maximum rates for the
HL-LHC. The most constraining limits on sin θ1
from Fig. 1 are used. Results from both the hard cut
method for scalar searches with Higgs precision data
constraints and χ2Tot fits from Eq. (41) are considered
separately. In practice, the strongest constraints on
sin θ1 are found by considering the smallest maxi-
mum value of jsin θ1j from the BRðh2 → h1h1Þ ¼ 0
and BRðh2 → h1h1Þ ¼ 1 cases.

(ii) S2: We use the European Strategy Report (ESR)
projected constraints on jsin θ1j [76] for HL-LHC
from both Higgs precision measurements and direct
scalar searches.

(iii) S3: We use the ESR projected constraints on jsin θ1j
[76] for the HL-LHC and FCC-ee.

(iv) S4: Finally, we use the ESR projected constraints on
jsin θ1j [76] for HL-LHC and ILC500.

Scenario S1 is intended to find maximum discalar reso-
nance rates for the HL-LHC. Hence, the h2 mass range
mi þmj ≤ m2 ≤ 1 TeV is used for S1, where mi and mj

are the masses of the h2 decay products. Scenarios S2–S4
are used to project maximum rates for future pp machines,
such as the 100 TeV FCC-hh. In these scenarios we

consider a mass range of mi þmj ≤ m2 ≤ 12 TeV. For
scenarios S2–S4, we normalize to the maximum rates to the
SMHiggs production rate at the mass of h2. Hence, they are
very generic and can be applied to many future collider
proposals and many single h2 production modes.
For completeness, in Fig. 3 we show the values of

jsin θ1j used for scenarios S2–S4. The low mass region
follows constraints from direct searches for scalar produc-
tion at the HL-LHC. As m2 increases, the values of jsin θ1j
plateau and flatten out. The flat regions come from the
respective constraints from precision Higgs measurements,
which are independent ofm2. After the flat region, there is a
deep decrease in the value of jsin θ1j. This occurs from a
combination of maximizing rates and requiring a narrow
width, which will be discussed below.
While a range of m2 are considered, only certain values

of the mass of h3 are used. These masses are chosen to open
new decay channels for h3 and possibly new phenomenol-
ogy for the resonance searches. Assuming θ2 is negligible
but nonzero, h3 will have partial widths into SM gauge
bosons and fermions,

Γðh3 → fSMÞ ¼ sin2 θ1sin2 θ2ΓSMðh3 → fSMÞ; ð42Þ

where ΓSMðh3 → fSMÞ is the partial width of a SM-like
Higgs boson with mass m3 into SM fermions or gauge
bosons collectively denoted as fSM. A negligible sin θ2 will
not alter the calculations in the previous section nor the
maximized rates presented here.
Three possible masses of h3 are used: m3 ¼ 130,

m3 ¼ 200, and m3 ¼ 270 GeV. For the masses 130 and
200 GeV, h3 decays like a SM Higgs at those masses. That
is, for m3 ¼ 130 GeV the dominant decays are h3 → bb̄
and h3 → W�W∓;�. Hence, we could have multi-b and

FIG. 2. Maximum allowed resonant production rates for pp → h2 → h1h1 in (a) gluon fusion and (b) VBF channels for (red dashed)
hard cut bounds, (magenta dot-dot-dashed)Δχ2 bounds on scalar searches from Eq. (40), and (blue solid) Δχ2 bounds on scalar searches
and Higgs precision from Eq. (41). For comparison, SM predictions for (black solid) h2 production and (green dot-dash-dashed) h1h1
production are shown.
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multi-W resonances from h2 decays. The largest branching
ratio through h3 would be

h2 → h1h3=h3h3 → 2b2b̄: ð43Þ

With m3 ¼ 200 GeV, the on-shell decays h3 → W�W∓
and h3 → ZZ open up with the decay into Ws domi-
nating. In which case, the predominant decays of h2 into h3
would be

h2 → h1h3 → bb̄W�W∓ and h2 → h3h3 → 2W�2W∓:
ð44Þ

The final mass point m3 ¼ 270 GeV is above the di-Higgs
threshold. Hence, it is possible to have a resonance of three
or four SM-like Higgs bosons,

h2 → h1h3 → 3h1 and h2 → h3h3 → 4h1: ð45Þ

Whether or not these are the dominant branching ratios
depends on the Higgs trilinear coupling h1 − h1 − h3 which
in turn depends on the parameter point that maximizes the
h2 → h1h3 or h2 → h3h3 production rates. As we show
below, for all benchmark points, the branching ratio of
h3 → h1h1 is at or near 1 when kinematically allowed.
For the benchmark massesm3 ¼ 130 and 200 GeV, there

are possible decays of h3 into off-shell h1: h3 → h�1h
�
1 and

h3 → h1h�1. In principle, these decays could compete with
the on-shell decays h3 → bb and h3 → WW. The branch-
ing ratios of h3 into off-shell h1 will depend on the relevant
trilinear: λ113. Upper limits on λ113 can be found using the
bounds on scalar potential parameters in Appendix B. As
discussed below, there is a subtlety on whether or not
the rate of h2 → h1h3 or h2 → h3h3 is being maximized.

FIG. 3. Values of j sin θ1j found from maximizing rates for scenarios (a) S2, (b) S3, and (c) S4. Blue is for h2 → h1h1, red for
h2 → h1h3, and green for h2 → h3h3. Solid is for m3 ¼ 130 GeV, dotted for m3 ¼ 200 GeV, and dashed for m3 ¼ 270 GeV. The
dashed black lines show analytical upper bounds on j sin θ1j from maximizing the hihj with the narrow width constraint in Eq. (53) for
h1h3=h3h3 production and Eq. (53) for h1h1 production, with κ ¼ 0.1.
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As seen in Eqs. (18) and (21), in the small angle limit, the
leading behavior of λ113 is the same as λ123. Hence, if h2 →
h1h3 is being maximized, the relevant upper bound on the
h1 − h1 − h3 coupling is

jλ113j ≲ 4

ffiffiffiffiffiffi
2π

3

r
m1j sin θ1j

				 cos θ1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

2 −m2
1

m2
1

sin2θ1

s

þ
ffiffiffi
2

p
sin θ1

m2

m1

×

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

3

m2
2

−
m2

2 −m2
1

m2
2

sin2θ1

s
þ m3

2m2

!					
þOðsin θ2Þ: ð46Þ

The rate for h2 → h3h3 is maximized when the rate for
h2 → h1h3 is minimized, i.e., λ123 ¼ 0. This corresponds to
the first term in Eq. (21) being zero. In this case the relevant
upper bound on λ113,

jλ113j≲ jsinθ1 sinθ2j
					2m

2
1þm2

3

vEW
cos2 θ1

þ 4

ffiffiffiffiffiffi
2π

3

r
m1

"�
1−

3

2
sin2 θ1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

2−m2
1

m2
1

sin2 θ1

s

þ 3

23=2
sin2θ1

m2

m1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

m2
2−m2

1

m2
2

sin2 θ1

s #					
þOðsin2 θ2Þ: ð47Þ

For a benchmark point, we use sin θ2 ¼ 0.01. For either of
the upper bounds in Eqs. (46) and (47), we find that at
m3 ¼ 130 GeV the branching ratio of h3 → h�1h

�
1 is at least

4 orders of magnitude smaller than BRðh3 → bb̄Þ. At
m3 ¼ 200 GeV, when the bound in Eq. (46) is saturated,
the branching ratio of h3 → h1h�1 is a factor of 2–20 smaller
than h3 → WW, while for the bound in Eq. (47) h3 → h1h�1
is at least 4 orders of magnitude smaller than h3 → WW.
Hence, h3 → bb̄ is the dominate decay at m3 ¼ 130 GeV
and h3 → WW dominates at m3 ¼ 200 GeV. Note that h3
couplings to SM fermions and gauge bosons are suppressed
by the combination sin θ1 sin θ2. The bound in Eq. (46) is
suppressed by only sin θ1. Hence, whether h3 → h1h�1 or
h3 → WW are dominant atm3 ¼ 200 GeV can be sensitive
to the choice of sin θ2 when h2 → h1h3 is being maximized.
At m3 ¼ 130 GeV, h3 → bb is expected to always be
dominant due to the very large phase space and h1 coupling
constant suppression in h3 → h�1h

�
1. Finally, the bound in

Eq. (47) is suppressed by sin θ1 sin θ2 and all results derived
from that bound are robust against different choices
of sin θ2.
We now discuss the results for maximizing hihj resonant

production under the various scenarios. After these results,

we will comment on the decays of h3 and the possibility of
having three or four SM-like Higgs boson signals.

A. Results

1. Scenario S1: HL-LHC projections

We show the upper bounds [Figs. 4(a) and 4(c)] on
the maximum production rate for pp → h2 → hihj and
[Figs. 4(b) and 4(d)] the corresponding branching ratios
of h2 → hihj, i; j ¼ 1; 3, for scenario S1. Figures 4(a) and
4(b) use constraints from a χ2Tot fit and Figs. 4(c) and 4(d)
are from the hard cut method for scalar searches with
precision Higgs constraints. The maximum production
rates and branching ratios are largely independent of the
choice of m3 once kinematically allowed.
For m2 ≲ 600 GeV, the maximum branching ratios for

h2 → h1h3 and h2 → h3h3 are near 1, with the final state
h3h3 slightly larger. For h2 → h1h1 the maximum branch-
ing ratio is between 0.6 and 0.8. As can be seen in
Eqs. (17)–(19), the values of the λ123 and λ233 trilinear
couplings have much more freedom from the choices
of potential parameters than λ112. Indeed, the ratio of the
h2 → h1h1 and h2 → ZZ partial widths are

Γðh2 → h1h1Þ
Γðh2 → ZZÞ ¼ 1þO

�
sin2 θ1;

v2EW
m2

2

; sin θ1
vEW
m2

�
: ð48Þ

Hence, the partial width of h2 → h1h1 cannot be too far
from h2 → ZZ, limiting how large the branching ratio of
h2 → h1h1 can be.
Once the mass of h2 surpasses 600 GeV, all branching

ratios decrease. The partial widths of h2 into the massive
SM gauge bosons W�W∓ and ZZ grow like the cubic
power of m2, whereas the partial widths into h1h3 and h3h3
do not. Additionally, the branching ratio of h2 → h1h1
approaches the Goldstone boson equivalence theorem limit
of BRðh2 → h1h1Þ ≈ 0.25. Hence, the maximal branching
ratio into hihj decreases in general. It is worth noting that
the maximum branching ratio of the asymmetric decay
h2 → h1h3 decreases more quickly than the symmetric
decay of h2 → h3h3. In the small angle limit jθ1j ≪ 1, the
leading term of the trilinear λ123 depends on trilinear
couplings, while λ233 depends on quartic couplings. As
we show in Appendix C, the combination of requiring the
global minimum be the SM vacuum, perturbative unitarity,
and a narrow width places an upper bound on λ123 that is
more stringent than the upper bound on λ233. Indeed, as
shown in Eq. (C17), these constraints force the branching
ratio of h2 → h1h3 to approach zero as the mass of h2
increases. While these derived constraints may not be the
most stringent, they do help explain qualitatively why the
branching ratio of h2 → h1h3 decreases more quickly than
the other discalar modes as m2 increases.
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2. Scenarios S2–S4: Future collider projections

We show (a) the maximum allowed production rates
of pp → h2 → hihj as well as (b) the corresponding
branching ratios of h2 → hihj, i; j ¼ 1; 3, in Figs. 5–7
for scenarios S2–S4, respectively. The production rate is
normalized to the SM Higgs production rate at mass m2,
σSMðpp → h2Þ. There are many interesting features in
these scenarios. For h2 masses below 1 TeV, the relative
behavior of the different discalar production modes are
similar to those for the HL-LHC scenario S1, as discussed
above. Above 1 TeV, the maximum BRðh2 → h1h3Þ still
approaches zero quickly due to global minimum, pertur-
bativity, and narrow width constraints causing λ123 → 0
as m2 becomes large, as discussed for scenario S1.

The maximum branching ratio of h2 → h1h1 approaches
one quarter in the multi-TeV range due to the Goldstone
boson equivalence theorem. This is due to the possibility of
choosing parameters consistent with theoretical constraints
such that λ123 ¼ λ233 ¼ 0 and λ112 ≠ 0. Hence, when m2 is
in the multi-TeV regime, the Goldstone boson equivalence
theorem is the dominant effect, and

Γðh2 → W�W∓Þ ≈ 2Γðh2 → ZZÞ ≈ 2Γðh2 → h1h1Þ: ð49Þ

The fermionic partial widths only grow linearly with m2,
while the bosonic widths grow as m3

2. Hence, h2 → ff̄,
where f are SM fermions, can be neglected and
BRðh2 → h1h1Þ ≈ 0.25.

FIG. 4. Benchmarks for HL-LHC from scenario S1, showing (a),(c) maximum production rates for pp → h2 → hihj with the gluon
fusion and VBF modes added together at

ffiffiffi
S

p ¼ 14 TeV and (b),(d) the corresponding branching ratios to different discalar states.
Results from using the bounds from Δχ2Tot fits in Eq. (41) are shown in (a),(b) and from the hard cut method in (c),(d). Blue is for
h2 → h1h1, red for h2 → h1h3, and green for h2 → h3h3. Solid is for m3 ¼ 130 GeV, dotted for m3 ¼ 200 GeV, and dashed
for m3 ¼ 270 GeV.
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Two particularly surprising things occur when m2 is in
the multi-Tev range and above: the branching ratio of
h2 → h3h3 at its maximum rate approaches 0.5 and the
maximum rates of h2 → h1h1 and h2 → h3h3 approach the
same value. To understand BRðh2 → h3h3Þ ≈ 0.5, note that
we are maximizing the rate

σðpp → h2 → h3h3Þ=σSMðpp → h2Þ
≈ sin2 θ1BRðh2 → h3h3Þ; ð50Þ

where we have used the narrow width approximation.
Assuming the rate pp → h2 → h3h3 is maximized then
BRðh2 → h1h3Þ ¼ 0 and the fermionic branching ratios are
negligible. Equation (50) can be rewritten as

sin2 θ1BRðh2 → h3h3Þ
¼ sin2 θ1ð1 − BRðh2 → W�W∓Þ
− BRðh2 → ZZÞ − BRðh2 → h1h1ÞÞ

≈ sin2 θ1

�
1 −

4

3
sin2 θ1

ΓSMðh2Þ
ΓTotðh2Þ

�
; ð51Þ

FIG. 5. Benchmarks for future colliders, constrained by projections for HL-LHC in scenario S2, showing (a) the maximum production
times branching ratio scaled to the SM-like Higgs production rate and (b) the corresponding branching ratios. Blue is for h2 → h1h1, red
for h2 → h1h3, and green for h2 → h3h3. Solid is for m3 ¼ 130 GeV, dotted for m3 ¼ 200 GeV, and dashed for m3 ¼ 270 GeV.

FIG. 6. Benchmarks for future colliders, constrained by projections for HL-LHC and FCC-ee in scenario S3, showing (a) the
maximum production times branching ratio scaled to the SM-like Higgs production rate and (b) the corresponding branching ratios.
Blue is for h2 → h1h1, red for h2 → h1h3, and green for h2 → h3h3. Solid is for m3 ¼ 130 GeV, dotted for m3 ¼ 200 GeV, and dashed
for m3 ¼ 270 GeV.
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where in the last step the Goldstone boson equivalence
theorem is used and ΓSMðh2Þ is the total width of a SM
Higgs at the mass of h2. Since the widths intoW�W∓, ZZ,
and h1h1 are fixed by the SM results and the Goldstone
boson equivalence theorem, the total rate into h3h3 should
be maximum when the narrow width bound on the total
width is saturated,

κm2 ≥ ΓTotðh2Þ; ð52Þ

where for now we have chosen an arbitrary fraction κ of the
mass m2 for generality. Setting ΓTotðh2Þ ¼ κm2, Eq. (51)
can be maximized with respect to sin θ1 to find the value
of sin θ1 at the maximum rate, the branching ratio of
h2 → h3h3 at the maximum rate, and the maximum rate

sin2 θ1;max ¼
3

8

κm2

ΓSMðh2Þ
; ð53Þ

BRmaxðh2 → h3h3Þ ¼
1

2
; ð54Þ

sin2 θ1;maxBRmaxðh2 → h3h3Þ ¼
3

16

κm2

ΓSMðh2Þ
; ð55Þ

where the subscript “max” indicates values evaluated at the
maximum rate. This explains why BRðh2 → h3h3Þ ≈ 0.5
when the rate is maximized. Additionally, the dashed line in
Fig. 3 that agrees with the jsin θ1j that maximizes the h1h3
and h3h3 rates in the multi-TeV h2 mass range corresponds
to Eq. (53) with κ ¼ 0.1.
A similar calculation can be made for pp → h1h3, which

explains why jsin θ1j at the maximum rate agrees for h1h3

and h3h3 production (see Fig. 3). As discussed previously,
theoretical constraints force BRðh2 → h1h3Þ → 0 as m2

becomes large. Hence, branching ratios and rates in
Eqs. (54) and (55) cannot be saturated. There are con-
straints on λ233 from global minimum, perturbative unitar-
ity, and narrow width as shown in Eq. (C7). However, these
are significantly weaker than for λ123, and the pp → h2 →
h3h3 can saturate the bounds in Eqs. (54) and (55).
For h2 → h1h1, in the multi-TeV range, the maximum

rate is

sin2 θ1;maxBRmaxðh2 → h1h1Þ ≈
1

4
sin2 θ1;max; ð56Þ

where the Goldstone boson equivalence theorem result of
BRðh2 → h1h1Þ ¼ 0.25 was used. That is, the rate is
maximized at the maximum allowed sin2 θ1;max. In the
multi-TeV range, the narrow width requirement places
significant bounds on the value of sin θ1;max since the
width into bosons grows like the cubic power of m2.
Assuming Γðh2 → h1h3Þ ¼ Γðh2 → h3h3Þ ¼ 0 when
maximizing h2 → h1h1, we have

κm2 ≳ ΓTotðh2Þ ≈
4

3
sin2 θ1ΓTot;SMðh2Þ: ð57Þ

The maximum sin2 θ1 and h2 → h1h1 rates can be solved
for,

sin2θ1;max ¼
3

4

κm2

ΓSMðh2Þ
; ð58Þ

sin2θ1;maxBRmaxðh2 → h1h1Þ ¼
3

16

κm2

ΓSMðh2Þ
: ð59Þ

FIG. 7. Benchmarks for future colliders, constrained by projections for HL-LHC and ILC500 in scenario S4, showing (a) the
maximum production times branching ratio scaled to the SM-like Higgs production rate and (b) the corresponding branching ratios.
Blue is for h2 → h1h1, red for h2 → h1h3, and green for h2 → h3h3. Solid is for m3 ¼ 130 GeV, dotted for m3 ¼ 200 GeV, and dashed
for m3 ¼ 270 GeV.
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FIG. 8. BRðh3 → h1h1Þ when the discalar resonance rates for (red) h2 → h1h3 and (green) h2 → h3h3 are maximized for (a) scenario
S1 using χ2Tot fits to scalar searches and Higgs data, (b) scenario S1 using the hard cut method for scalar searches with Higgs precision
data fits, (c) scenario S2 with projected HL-LHC limits, (d) scenario S3 with projected FCC-eeþ HL-LHC limits, and (e) scenario S4
with projected ILC500þ HL-LHC limits. The mass m3 ¼ 270 GeV is used and θ2 ¼ 0.01.
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The maximum rates for pp → h2 → h3h3 in Eq. (55) and
pp → h2 → h1h1 in Eq. (59) are the same, explaining why
these maximum rates agree in scenarios S2–S4 as shown in
Figs. 5(a), 6(a), and 7(a). Additionally, for κ ¼ 0.1, Eq. (58)
is the dashed line that converges to the jsin θ1j value when
maximizing pp → h2 → h1h1 in the multi-TeV region.

B. h3 → h1h1 decays and multi-Higgs signals

When kinematically allowed, it is possible to have three
and four Higgs signals via h3 → h1h1: a three Higgs signal
from h2 → h1h3 → 3h1 and four Higgs signals from
h2 → h3h3 → 4h1. We have one benchmark mass m3 ¼
270 GeV that allows h3 → h1h1. In Fig. 8 we show the
branching ratio BRðh3 → h1h1Þ using the benchmark
points that maximize the rates (red) pp → h2 → h1h3
and (green) pp → h2 → h3h3. Note that often these two
lines overlap and appear as one line. As can be clearly seen,
the branching ratio of h3 → h1h1 is near or at 1 for the large
majority of points when the decay is allowed. The leading
behavior of λ113 in the small mixing angle θ2 limit depends
on the same combination of potential parameters as λ123
as seen in Eqs. (21) and (18), respectively. Hence, maxi-
mizing pp → h2 → h1h3 also maximizes BRðh3 → h1h1Þ.
However, maximizing the rate pp → h2 → h3h3 also
involves finding points such that λ123 ¼ 0. In this case,
the leading behavior of λ113 is zero and dependence on the
mixing angle θ2 enters. In Fig. 8, we set θ2 ¼ 0.01. Such a
small mixing angle does not impact the our previous
conclusions, and the maximum branching ratio of h3 →
h1h1 is still near 1. This leads to promising multi-Higgs
signals.
The three and four Higgs signals depend on the pro-

duction rate of h1h3 and h3h3 as well as the branching ratio
of h3 → h1h1. In all scenarios, the maximum pp → h3h3
rate is at or above the maximum pp → h2 → h1h3 rate.
This leads to the surprising conclusion that the maximum
four Higgs production rate is larger or equal to that of the
three Higgs production rate. We discuss these signals for
each of our scenarios:

(i) Scenarios S1 and S2: As seen in Figs. 4(a), 4(c), and
5(a), for m2 ≲ 600 GeV, the maximum h3h3 and
h1h3 rates are similar. Hence, the maximum triple
and quadruple Higgs rates are comparable. For h2
masses about 600 GeV, the maximum h3h3 rate is
larger than that of h1h3. In this mass range, the
maximum four Higgs rate is larger than the maxi-
mum three Higgs rate. At m2 ¼ 1 TeV, the maxi-
mum 4h1 rate is a factor of 1.6–1.8 larger than the
3h1 rate. Above 1 TeV, the maximum rate for pp →
h2 → h1h3 quickly decreases becoming much
smaller than the maximum h3h3 rate. Hence, the
maximum four Higgs rate is much larger than that of
the three Higgs, by nearly 2 orders of magnitude
for m2 ∼Oð10 TeVÞ.

(ii) Scenarios S3 and S4: Form2 ≲ 1 TeV, the maximum
h1h3 and h3h3 rates are similar, as shown in Figs. 6(a)
and 7(a). In this mass range, the maximum three
and four Higgs rates will also be similar. For h2
masses about 1 TeV, the h1h3 rates decreases quickly,
becomingmuch smaller than themaximum h3h3 rate,
as discussed previously.Hence, similar to scenarioS2,
the maximum four Higgs rate is much larger than that
of the three Higgs in the multi-TeV region.

As this discussion makes clear, in the multi-TeV h2 range,
this model may be expected to be discovered in the four
Higgs channel long before a three Higgs signal may be
observed. Indeed, this model may be discovered in the
Higgs pair and quartet production modes.

V. CONCLUSION

The complex singlet extension to the SM has many
spectacular collider signatures in the form of resonant
production of multiscalar final states with a rich phenom-
enology of decays. In this work, we have explored bench-
mark scenarios for future collider experiments that
maximize production rates of these multiscalar final states
within the complex singlet model. We considered scalar
masses of h2 between 250 GeVand 12 TeV, and h3 masses
of 130, 200, and 270 GeV.
We found the maximum resonant production rates of

pp → h2 → h1h1=h1h3=h3h3 for scenarios including (S1)
current constraints on this model and projected constraints
from the (S2) HL-LHC, (S3) FCC-eeþ HL-LHC, and (S4)
ILC500þ HL-LHC. In all scenarios, for h2 masses below
1 TeV, the various maximum rates are comparable with h3h3
having the largestmaximum rate followedbyh1h3 thenh1h1.
As m2 increases into the multi-TeV range, some surprising
behavior occurs. First, the rate for pp → h2 → h1h3 and the
corresponding branching ratio h2 → h1h3 decrease quickly,
becoming quite small at 10 TeV. The maximum rate for
pp → h2 → h1h1 and pp → h2 → h3h3 converge to the
same value, with the corresponding branching ratios
BRðh2 → h3h3Þ ≈ 0.5 and BRðh2 → h1h1Þ ≈ 0.25. We
showed that this behavior can be understood analytically
through a combination of constraints from requirements of
the global minimum, perturbative unitary, narrow width, and
Goldstone boson equivalence theorem. Indeed, analytical
formulas were developed to understand the generality of
these behaviors. All benchmark model points corresponding
to these maximum rates have been uploaded with the arXiv
version of this paper.
The different discalar production modes can lead to

different collider phenomenology. While the decays of
h1h1 are always predominantly four b quarks, the h1h3 and
h3h3 phenomenology depends on the h3 mass. The h3 mass
points m3 ¼ 130, 200, and 270 GeV were chosen to have
different collider signatures. For m3 ¼ 130 GeV, the dom-
inant decays of h3 are bb̄ and W�W∓;�. Hence, all discalar
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modes preferentially generate multi-b and multi-W
signals. For m3 ¼ 200 GeV, the dominant decay of h3 is
h3 → W�W∓. Hence, for the asymmetric production h1h3
the dominate decay is bb̄W�W∓ and for the symmetric
production h3h3 → 2W�2W∓. That is, we would expect
more multi-W signals, particularly in the multi-TeV range
where the maximum h3h3 rate is much larger the maximum
h1h3 rate.
Signals with three and four SM-like Higgs bosons in the

final state are possible when m3 ¼ 270 GeV. For the
parameter points that maximized the h1h3 or h3h3 rates
we found that BRðh3 → h1h1Þ ≈ 1 for the large majority of
points. The three Higgs signal originates from h1h3, whose
maximum production rate decreases sharply in the multi-
TeV range. Since the maximum rates for h3h3 and h1h1 are
similar, we may expect to see both Higgs pair and quartet
production when kinematically allowed. In the multi-TeV
range, this model has the surprising feature that it could be
discovered in the four Higgs and di-Higgs signals before
three Higgs.
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APPENDIX A: PERTURBATIVE UNITARITY

The perturbative unitarity matrix in Eq. (25) can be block
diagonalized by UMUT with U given by

U ¼

0
BBBBBBBBBBBBBBBB@

1
2

0 0 0 0 0 1
2

− 1ffiffi
2

p

1ffiffi
2

p 0 0 0 0 0 − 1ffiffi
2

p 0

0 1 0 0 0 0 0 0

0 0 1 0 0 0 0 0

1
2

0 0 0 0 0 1
2

1ffiffi
2

p

0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 1 0 0

1
CCCCCCCCCCCCCCCCA

: ðA1Þ

After block diagonalization, M takes the form

M ¼

0
BBBBBBBB@

λ
2

0 0 0 0

0 λ
2

0 0 0

0 0 δ2
2
þ Reðδ3Þ

2
− Imðδ3Þ

2
0

0 0 − Imðδ3Þ
2

δ2
2
− Reðδ3Þ

2
0

0 0 0 0 M4

1
CCCCCCCCA

ðA2Þ

with

M4 ¼

0
BBBBBBBB@

3λ
2

δ2
2
þ Reðδ3Þ

2
− Imðδ3Þffiffi

2
p δ2

2
− Reðδ3Þ

2

δ2
2
þ Reðδ3Þ

2
3d2
4
þ 3Reðd1Þ

4
þ 3Reðd3Þ

4
− 3Imðd1Þ

2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p d2
4
− 3Reðd1Þ

4

− Imðδ3Þffiffi
2

p − 3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p d2
2
− 3Reðd1Þ

2

3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p

δ2
2
− Reðδ3Þ

2
d2
4
− 3Reðd1Þ

4

3Imðd1Þ
2
ffiffi
2

p − 3Imðd3Þ
4
ffiffi
2

p 3d2
4
þ 3Reðd1Þ

4
− 3Reðd3Þ

4

1
CCCCCCCCA
: ðA3Þ

A useful rotation to perform on M4 is

R ¼

0
BBBBBB@

1 0 0 0

0 1
2

1ffiffi
2

p 1
2

0 − 1ffiffi
2

p 0 1ffiffi
2

p

0 1
2

− 1ffiffi
2

p 1
2

1
CCCCCCA

ðA4Þ

which yields
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M0
4 ¼

0
BBBBBB@

3λ
2

δ2
2
− Imðδ3Þ

2
− Reðδ3Þffiffi

2
p δ2

2
þ Imðδ3Þ

2

δ2
2
− Imðδ3Þ

2
3d2
4
− 3Reðd1Þ

4
− 3Imðd3Þ

4

3Imðd1Þ
2
ffiffi
2

p − 3Reðd3Þ
4
ffiffi
2

p d2
4
þ 3Reðd1Þ

4

− Reðδ3Þffiffi
2

p 3Imðd1Þ
2
ffiffi
2

p − 3Reðd3Þ
4
ffiffi
2

p d2
2
þ 3Reðd1Þ

2
− 3Imðd1Þ

2
ffiffi
2

p − 3Reðd3Þ
4
ffiffi
2

p

δ2
2
þ Imðδ3Þ

2
d2
4
þ 3Reðd1Þ

4
− 3Imðd1Þ

2
ffiffi
2

p − 3Reðd3Þ
4
ffiffi
2

p 3d2
4
− 3Reðd1Þ

4
þ 3Imðd3Þ

4

1
CCCCCCA

ðA5Þ

for M0
4 ≡ RM4RT.

APPENDIX B: BOUNDS ON CUBIC AND
QUARTIC POTENTIAL PARAMETERS

We can derive some necessary bounds on combinations
of cubics from global minimization. Global minimization
requires that the electroweak minimum has the smallest
value for the potential. In other words,

Vðð0; vEW=
ffiffiffi
2

p
ÞT; 0Þ ≤ Vðð0; x=

ffiffiffi
2

p
ÞT; yþ izÞ ðB1Þ

for all real field values x, y, z. Looking at certain simple
directions in field space can make the analysis tractable and
yield bounds on some of the cubics. For example, one can
examine the x ¼ v, z ¼ 0 direction, from which the
combination of cubics Imðe1Þ − Imðe2Þ will appear.
Evaluating the inequality of Eq. (B1) with two of x; y;
or z fixed and minimizing with respect to the third
variable yields necessary, but not sufficient, bounds in the
θ2 → 0 limit,

x ¼ v; z ¼ 0∶ jImðe1Þ − Imðe2Þj ≤ 3m3½Reðd1Þ − Reðd3Þ þ d2�12 ðB2Þ

x ¼ v; y ¼ 0∶ jReðe1Þ þ Reðe2Þj ≤ 3½ðReðd1Þ þ Reðd3Þ þ d2Þðm2
1sin

2 θ1 þm2
2cos

2 θ1Þ�12 ðB3Þ

x ¼ v; y ¼ z∶ jImðe1Þ þ Imðe2Þ þ Reðe1Þ − Reðe2Þj ≤ 3½ðd2 − Imðd3Þ − Reðd1ÞÞðm2
1sin

2 θ1 þm2
2cos

2 θ1 þm2
3Þ�

1
2 ðB4Þ

x¼ v;y¼−z∶ jImðe1Þþ Imðe2Þ−Reðe1ÞþReðe2Þj≤ 3½ðd2þ Imðd3Þ−Reðd1ÞÞðm2
1sin

2 θ1
2þm2

2cos
2 θ2þm2

3Þ�
1
2: ðB5Þ

These four inequalities constrain four independent combinations of the real and imaginary parts of e1 and e2. The
inequalities in Eqs. (B4) and (B5) can be combined, and they become

jImðe1Þþ Imðe2Þj≤
3

2

h
ðd2−Reðd1Þ− Imðd3ÞÞ1=2þðd2−Reðd1Þþ Imðd3ÞÞ1=2

i
ðm2

1sin
2 θ1þm2

2cos
2 θ1þm2

3Þ1=2; ðB6Þ

jReðe1Þ−Reðe2Þj≤
3

2

h
ðd2−Reðd1Þ− Imðd3ÞÞ1=2þðd2 −Reðd1Þþ Imðd3ÞÞ1=2

i
ðm2

1sin
2 θ1þm2

2cos
2 θ1þm2

3Þ1=2: ðB7Þ

We can remove the dependence on the di quartic terms
by using bounds on the quartics. These bounds are found
from perturbative unitarity and demanding the potential be
bounded from below. Each combination of quartics that
appear have the following bounds:

0 ≤ Reðd1Þ − Reðd3Þ þ d2 ≤
32π

3
; ðB8Þ

0 ≤ Reðd1Þ þ Reðd3Þ þ d2 ≤
32π

3
; ðB9Þ

0 ≤ −Imðd3Þ − Reðd1Þ þ d2 ≤
32π

3
; ðB10Þ

0 ≤ Imðd3Þ − Reðd1Þ þ d2 ≤
32π

3
: ðB11Þ

The upper bounds in Eqs. (B8) and (B9) are a result of
placing necessary but not sufficient perturbative unitarity
upper bounds on the diagonal terms of Eq. (A3). Similarly,
the upper bounds in Eqs. (B10) and (B11) can be obtained
from Eq. (A5). The lower bound in Eq. (B8) is found by
demanding the potential be bounded from below in the
ϕ ¼ S ¼ 0 direction. Equation (B9) is from the bounded
from below condition in the ϕ ¼ A ¼ 0 direction. Finally,
the lower bounds in Eqs. (B10) and (B11) are found by
demanding the A ¼ �S with ϕ ¼ 0 directions are bounded
from below.
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The perturbative upper bounds here can be combined
with the global minimum constraints in Eqs. (B2), (B3),
(B6), and (B7) to obtain a series of upper bounds on the
scalar trilinear terms in the potential,

jImðe1Þ − Imðe2Þj ≤
ffiffiffiffiffiffiffiffi
96π

p
m3; ðB12Þ

jImðe1Þþ Imðe2Þj≤
ffiffiffiffiffiffiffiffi
96π

p
ðm2

1sin
2 θ1þm2

2cos
2θ1þm2

3Þ1=2;
ðB13Þ

jReðe1Þ−Reðe2Þj≤
ffiffiffiffiffiffiffiffi
96π

p
ðm2

1sin
2 θ1þm2

2cos
2θ1þm2

3Þ1=2;
ðB14Þ

jReðe1Þ þ Reðe2Þj ≤
ffiffiffiffiffiffiffiffi
96π

p
ðm2

1sin
2 θ1 þm2

2cos
2θ1Þ1=2:

ðB15Þ
These can be further combined to find

jImðe1;2Þj≤
ffiffiffiffiffiffiffiffi
96π

p h
m3þðm2

1 sin θ
2
1þm2

2cos
2 θ1þm2

3Þ1=2
i

ðB16Þ

jReðe1;2Þj ≤
ffiffiffiffiffiffiffiffi
96π

p h
ðm2

1sin
2 θ1 þm2

2cos
2 θ1 þm2

3Þ1=2

ðB17Þ

þðm2
1sin

2 θ1 þm2
2cos

2 θ1Þ1=2
i
: ðB18Þ

Additional useful lower bounds from vacuum stability
can be found by considering different field directions:

z ¼ 0∶ 0 ≤ λðd2 þ Reðd1Þ þ Reðd3ÞÞ − ðδ2 þ Reðδ3ÞÞ2;
ðB19Þ

y ¼ 0∶ 0 ≤ λðd2 þ Reðd1Þ − Reðd3ÞÞ − ðδ2 − Reðδ3ÞÞ2;
ðB20Þ

y¼�z∶ 0≤ λðd2−Reðd1Þ∓ Imðd3ÞÞ− ðδ2 ∓ Imðδ3ÞÞ2;
ðB21Þ

x ¼ y ¼ �z∶ 0 ≤ λþ 4ðd2 − Reðd1Þ ∓ Imðd3ÞÞ
þ 4ðδ2 ∓ Imðδ3ÞÞ: ðB22Þ

Adding together the z ¼ ð1� ffiffiffi
2

p Þy directions yields vac-
uum stability constraints,

x ¼ 0∶ 0 ≤ 3ðd2 þ Imðd1ÞÞ − 2ðImðd3Þ þ Reðd3ÞÞ;
ðB23Þ

x ≠ 0∶ 0 ≤ 6λðd2 þ Imðd1ÞÞ − 4λðImðd3Þ þ Reðd3ÞÞ
− ðImðδ3Þ þ Reðδ3Þ − 2δ2Þ2: ðB24Þ

The vacuum stability bounds in Eqs. (B19)–(B21) can
be combined with the perturbative unitarity bounds in
Eqs. (B8)–(B11) to find

jδ2 � Reðδ3Þj ≤
ffiffiffiffiffiffiffiffiffiffiffi
λ
32π

3

r
; ðB25Þ

jδ2 � Imðδ3Þj ≤
ffiffiffiffiffiffiffiffiffiffiffi
λ
32π

3

r
: ðB26Þ

Those can be further combined to find

jδ2j ≤
ffiffiffiffiffiffiffiffiffiffiffi
λ
32π

3

r

¼ 8

vEW

ffiffiffi
π

3

r
ðm2

1cos
2 θ1 þm2

2sin
2 θ1Þ1=2; ðB27Þ

jReðδ3Þj ≤
ffiffiffiffiffiffiffiffiffiffiffi
λ
32π

3

r
; ðB28Þ

jImðδ3Þj ≤
ffiffiffiffiffiffiffiffiffiffiffi
λ
32π

3

r
: ðB29Þ

Finally, there are additional useful bounds on δ2 and δ3
from perturbative unitarity. The scattering matrix in
Eq. (25) has a block diagonal submatrix,�

MðhS → hSÞ MðhS → hAÞ
MðhA → hSÞ MðhA → hAÞ

�

¼ 1

2

�
δ2 þ Reðδ3Þ −Imðδ3Þ
−Imðδ3Þ δ2 − Reðδ3Þ

�
: ðB30Þ

The eigenvalues are

M� ¼ 1

2
ðδ2 � jδ3jÞ: ðB31Þ

Perturbative unitarity then implies

16π ≥ δ2 � jδ3j ≥ −16π: ðB32Þ

APPENDIX C: BOUNDS ON BRANCHING
RATIOS IN THE MULTI-TEV REGION

We now use the results of Appendix B to derive upper
bounds on scalar trilinear couplings and the branching
ratios of h2 → hihj, where i; j ¼ 1; 3, when m2 is in the
multi-TeV region. These bounds may not be saturated when
the full constraints are taken into consideration.
Nevertheless, they can provide a qualitative understanding
of the behaviors of the trilinear couplings at high masses.
For the trilinears in Eqs. (17)–(19), we are interested in

the multi-TeV region for m2. Our bounds will relevant for
future colliders when sin θ1 is expected to be small. Hence,
we work in the limit vEW; m1; m3 ≪ m2 and jsin θ1j ≪ 1.
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First we maximize BRðh2 → h3h3Þ. To do this, we
maximize the magnitude of λ233 while minimizing the
magnitudes of λ123 and λ112. The combinations of
Reðe1Þ;Reðe2Þ and δ2;Reðδ3Þ appear with opposite signs
in λ112 and λ123. Hence, to obtain larger jλ233j while
keeping jλ112j smaller we choose Reðe1Þ ¼ −Reðe2Þ and
δ2 ¼ −Reðδ3Þ. Since λ233 is independent of Imðe1;3Þ and
Imðδ2Þ, λ123 can be eliminated with by Imðe2Þ ¼ −3Imðe1Þ
and Imðδ3Þ ¼ 0. With these parameter choices

λ233 →
2
ffiffiffi
2

p

3
cos θ1Reðe2Þ þ sin θ1 δ2 vEW; ðC1Þ

λ123 → 0; ðC2Þ

λ112 → sin θ1cos2 θ1
m2

2

vEW

�
1þ 2

m2
1

m2
2

�
: ðC3Þ

With Reðe1Þ ¼ −Reðe2Þ and δ2 ¼ −Reðδ3Þ, the inequal-
ities in Eqs. (B14) and (B25), respectively, give us bounds

jReðe1Þj ≤
ffiffiffiffiffiffiffiffi
24π

p
ðm2

1sin
2 θ1 þm2

2cos
2 θ1Þ1=2; ðC4Þ

jδ2j ≤
ffiffiffiffiffiffiffiffi
λ
8π

3

r

¼ 4

vEW

ffiffiffi
π

3

r
ðm2

1cos
2 θ1 þm2

2sin
2 θ1Þ1=2: ðC5Þ

Now, use all the inequalities above to find

jλ233j ≤ 4

ffiffiffi
π

3

r h
2j cos θ1jðm2

1sin
2 θ1 þm2

2cos
2 θ1Þ1=2

þ j sin θ1jðm2
1cos

2 θ1 þm2
2sin

2 θ1Þ1=2
i
: ðC6Þ

Expanding around small mixing angle and small mass with
the counting m2

1=m
2
2 ∼ sin θ1, we can expand and find to

Oðsin3=2 θ1Þ

jλ233j≲ 8

ffiffiffi
π

3

r
m2

�
1þ 1

2
j sin θ1j

m1

m2

�
; ðC7Þ

jλ112j ≈ j sin θ1j
m2

2

vEW
: ðC8Þ

Hence, the maximum of jλ233j is much larger than jλ112j in
this limit. This helps explain why the BRðh2 → h3h3Þ
saturate the generic bound in Eq. (54) when m2 is
multi-TeV.
The situation for BRðh2 → h1h3Þ is considerably differ-

ent. First, parameters are chosen to make λ233 small. In
particular, while λ112 is suppressed by sin θ1, λ233 has a term
that is unsuppressed by small mixing angle. Since λ233

depends on different trilinear and quartic potential terms
than λ123, λ233 can be eliminated with the choice

Reðe2Þ ¼ 3Reðe1Þ and δ2 ¼ Reðδ3Þ: ðC9Þ

This choice leaves λ123 unchanged. Now, an upper bound
on jλ123j can be found with a combination of Eqs. (B13),
(B16), (B29), and

j3Imðe1Þ þ Imðe2Þj ≤ 2jImðe1Þ þ Imðe2Þj
þ jImðe1Þ − Imðe2Þj: ðC10Þ

Then we find

jλ123j ≤ 4

ffiffiffi
π

3

r n
j cos θ1 sin θ1j

h
m3 þ 2ðm2

1sin
2 θ1

þm2
2cos

2 θ1 þm2
3Þ1=2

i
þ jcos2 θ1

− sin2 θ1jðm2
1cos

2 θ1 þm2
2sin

2 θ1Þ1=2
o
: ðC11Þ

Now, assuming m2
3 ∼m2

1 ∼ sin θ1m2
2 and jsin θ1j ≪ 1, we

expand the inequality

jλ123j≲ 4

ffiffiffi
π

3

r
ðm1 þ 2m2jsin θ1jÞ: ðC12Þ

Again, in this limit, the h1 − h1 − h2 trilinear is given
by Eq. (C8).
In the small angle and large m2 regime, we have a bound

on the partial width of h2 → h1h3

Γðh2 → h1h3Þ≲ 4m2

3

�
j sin θ1j þ

m1

2m2

�
2

ðC13Þ

and approximation for the partial width of h2 into SM final
state

Γðh2 → SMÞ ≈ Γðh2 → WþW−Þ þ Γðh2 → ZZÞ
þ Γðh2 → h1h1Þ

≈ sin2 θ1
m3

2

8πv2EW
: ðC14Þ

The upper bound on the h2 → h1h3 partial width grows as a
single power of m2 and h2 → SM grows as a cubic power
of m2. As the mass of m2 increases, the BRðh2 → h1h3Þ
will decrease for a fixed mixing angle.
To find an upper bound on the rate of pp → h2 → h1h3,

a maximum sin θ1 needs to be found. Using our narrow
width requirement

Γðh2 → SMÞ þ Γðh2 → h1h3Þ ≤
m2

10
ðC15Þ
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we find an upper bound on sin θ1,

j sin θ1j≲ 2

ffiffiffi
π

5

r
vEW
m2

: ðC16Þ

With this upper bound, the upper bound on the h2 → h1h3
rates is

BRðh2 → h1h3Þ ≲ 32π

3

�
1þ 1

4

ffiffiffi
5

π

r �2 v2EW
m2

2

≈ 0.11

�
m2

5 TeV

�
−2
: ðC17Þ

Hence, asm2 increases the upper bound on BRðh2 → h1h3Þ
while maximizing the production rate very rapidly
approaches zero like the inverse square of m2. Therefore,
BRðh2 → h1h3Þ cannot saturate the branching ratio of 0.5
in Eq. (54).

APPENDIX D: EXPERIMENTAL LIMITS

1. ATLAS Higgs signal strengths

Since the combinations of Higgs measurements in
summer 2022 [2], ATLAS has updated their results for
h → WW� in the Wh and Zh production modes [89] from
36.1 to 139 fb−1. Here, we describe our method of
including the new results.
First, we reproduce the previous ATLAS results. Since

we are updating theWW� final state, we focus on combining
the different final state signal strengths. From Ref. [2],

μbb ¼ 0.91þ0.15
−0.14 ; μWW ¼ 1.20þ0.12

−0.11 ; μττ ¼ 0.96þ0.12
−0.11 ;

μZZ ¼ 1.04þ0.11
−0.10 ; μγγ ¼ 1.09þ0.10

−0.09 ; μZγ ¼ 2.10þ0.98
−0.95 ;

μμμ ¼ 1.21þ0.62
−0.60 : ðD1Þ

The correlation matrix for these final states is found in the
auxiliary data of Ref. [2],

CorrfinATLAS

¼

0
BBBBBBBBBB@

1 0.02 0.02 0.02 0.04 0 0

0.02 1 0.12 0.19 0.22 0.02 0.02

0.02 0.12 1 0.1 0.14 0.01 0.02

0.02 0.19 0.1 1 0.24 0.02 0.04

0.04 0.22 0.14 0.24 1 0.03 0.04

0 0.02 0.01 0.02 0.03 1 0.01

0 0.02 0.02 0.04 0.04 0.01 1

1
CCCCCCCCCCA
ðD2Þ

in the basis of ðbb;WW; ττ; ZZ; γγ; Zγ; μμÞ. From here, a
covariance matrix can be defined,

Σfin;ij ¼ δiδjCovfin;ij; ðD3Þ

where δi are the symmetrized uncertainties. With this
covariance matrix, we have a χ2,

χ2 ¼ ðμ − μ̂ÞðΣfinÞ−1ðμ − μ̂Þ; ðD4Þ
where μ̂ is a vector of the signal strength central values in
Eq. (D1) and we assume a universal signal strength.
Minimizing the χ2 and finding the 1σ uncertainty results in

μ ¼ 1.05� 0.06: ðD5Þ
This reproduces the results of Ref. [2], helping to validate
this method.
We now move to updating the h → WW� signal strength

including the Wh and Zh updates. From Ref. [2] we use

μWW
ggFþbbh ¼ 1.14� 0.13; μWW

VBF ¼ 1.13þ0.19
−0.18 ;

μWW
tthþth ¼ 1.64þ0.65

−0.61 ; ðD6Þ
where ggF is gluon fusion production, bbh is production in
association with a bb̄ pair, VBF is vector boson fusion, tth
is production in association with a tt̄ pair, and th is single
top plus Higgs production. For production in association
with a vector boson, we use the results with 139 fb−1 [89],

μWW
Wh ¼ 0.45þ0.32

−0.29 ; μWW
Zh ¼ 1.64þ0.55

−0.47 : ðD7Þ
We use the h → WW� submatrix of the full correlation
matrix in the auxiliary date of Ref. [2],

CorrWW ¼

0
BBBBBB@

1 −0.1 0.01 0.01 0.02

−0.1 1 0 0 0.01

0.01 0 1 −0.05 −0.01
0.01 0 −0.05 1 0

0.02 0.01 −0.01 0 1

1
CCCCCCA
;

ðD8Þ
in the ðggFþ bbh;VBF;Wh; Zh; tthþ thÞ basis. Using
the same method as above, the new WW signal strength is

μWW ¼ 1.10� 0.09: ðD9Þ
Using this for the fit to the total signal strength, we find

μATLAS ¼ 1.04� 0.06: ðD10Þ

2. CMS Higgs signal strengths

CMS has a new measurement of h → bb̄ in the tt̄h
production mode [90] from 35.9 to 138 fb−1 since the
reported Higgs combination in summer 2022 [3]. Similar to
the ATLAS update in the previous subsection, we provide
our method of incorporating this new measurement. As
with ATLAS, we first reproduce the previous CMS results.
From Ref. [3] we have the signal strengths for different
final states,
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μZγ ¼ 2.59þ1.07
−0.96 ; μμμ ¼ 1.21þ0.45

−0.42 ; μbb ¼ 1.05þ0.22
−0.21 ;

μττ ¼ 0.85þ0.10
−0.10 ; μWW ¼ 0.97þ0.09

−0.09 ; μZZ ¼ 0.97þ0.12
−0.11 ;

μγγ ¼ 1.13þ0.09
−0.09 : ðD11Þ

In the ðZγ; μμ; bb; ττ;WW; ZZ; γγÞ basis, the correlation
matrix between the different final state signal strengths is

CorrfinCMS ¼

0
BBBBBBBBBB@

1 0 0 0.02 0.06 0.02 0.05

0 1 0 0.03 0.05 0.03 0.05

0 0 1 0.01 0.01 0 0.01

0.02 0.03 0.01 1 0.1 0.1 0.16

0.06 0.05 0.01 0.1 1 0.12 0.21

0.02 0.03 0 0.1 0.12 1 0.2

0.05 0.05 0.01 0.16 0.21 0.2 1

1
CCCCCCCCCCA
:

ðD12Þ
Using Eqs. (D3) and (D4), we find the global signal strength

μ ¼ 0.989� 0.056: ðD13Þ
This is very close to the reported result of μ ¼ 1.002�
0.057 [3].
We now update the h → bb̄ signal strength. From

Ref. [3], the h → bb̄ signal strengths for different production
modes are

μbbggF ¼ 5.31þ2.97
−2.54 ; μbbWh ¼ 1.26þ0.42

−0.41 ;

μbbZh ¼ 0.90þ0.36
−0.34 ; μbbtthþth ¼ 0.90þ0.46

−0.44 : ðD14Þ

The correlation submatrix for the bb̄ final state in the basis
of ðggF;Wh; Zh; tthþ thÞ is

Corrbb ¼

0
BBB@

1 −0.012 −0.01 0

−0.02 1 −0.04 0

−0.01 −0.04 1 0

0 0 0 1

1
CCCA: ðD15Þ

We then replace the μbbtthþth signal strength with the new
results at 138 fb−1 [90],

μbbtth ¼ 0.33� 0.26: ðD16Þ

Using Eqs. (D3) and (D4), the new bb signal strength is
found to be

μbb ¼ 0.71� 0.18: ðD17Þ

Combining this with all other final states, we find the new
CMS global signal strength

μCMS ¼ 0.96� 0.06: ðD18Þ

TABLE I. Scalar searches included in 95% CL upper limits on sin θ1. Here l ¼ e, μ. The first column gives the experiment, the second
the search channel, the third the integrated luminosity used in the search, the fourth the heavy resonance mass range, and the fifth the
reference. VBF is vector boson fusion production and ggF is gluon fusion.

Experiment Search Luminosity (fb−1) h2 mass range (GeV) Reference

ATLAS h2 → ZZ → 4l; 2l2ν in ggF and VBF 139 210–2000 [107]
ATLAS h2 → WW þ ZZ → 2l2q;lν2q in ggF and VBF 139 300–5000 [108]
ATLAS h2 → WW in ggF and VBF 139 200–3800 for ggF [109]

200–4000 for VBF
ATLAS h2 → h1h1 → 4b in VBF 126 260–1000 [110]
ATLAS h2 → h1h1 → bbWW in ggF 36 500–3000 [111]
ATLAS h2 → h1h1 → γγWW in ggF 36 260–500 [112]
ATLAS h2 → h1h1 → 4W in ggF 36 260–500 [113]
ATLAS h2 → h1h1 → 4b; bbττ; bbγγ in ggF 126–139 250–3000 [114]
CMS h2 → ZZ → 2l2q in ggF 138 450–1800 [115]
CMS h2 → ZZ → 4l; 2l2ν; 2l2q in ggF and VBF combined 36 130–3000 [116]
CMS h2 → WW → 2l2ν in ggF and VBF combined 138 180–5000 [117]
CMS h2 → WW → 2l2ν;lν2q in ggF and VBF combined 36 200–3000 [118]
CMS h2 → h1h1 → 4b in ggF 36 260–1200 [119]

750–3000 [120]
750–3000 [121]

CMS h2 → h1h1 → bbγγ in ggF 138 260–1000 [122]
CMS h2 → h1h1 → bbZZ in ggF 36 260–1000 [123]
CMS h2 → h1h1 → 4W; 4τ; 2W2τ in ggF 138 260–1000 [124]
CMS h2 → h1h1 → bbWW; bbττ in ggF 138 750–4500 [125]
CMS h2 → h1h1 → bbWW 138 250–900 [126]
CMS h2 → h1h1 → bbττ in ggF 138 280–3000 [127]

36 250–900 [128]
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3. Scalar search limits

In Table I we provide the heavy scalar searches used to
obtain the95%CLupper limits on sin θ1 as given inSec. III B.
In some cases there are overlapping searches from the same
experiment. In those cases, we use whichever result has the
strongest observed upper bound on the cross section.
We use the combined search for h2 → h1h1 → 4b;

bbττ; bγγ from ATLAS which appeared in the conference
note [114]. There are stand-alone papers for the individual
searches of4b [129],bbττ [130], andbbγγ [131]with similar
luminosity. Some of these searches appeared after the
conference note.
In Fig. 9 we compare the individual channels used in the

combination [114], those in the individual analysis papers
[129–131], and the combination [114]. First, it should be
noted that the 4b and bbττ channels have good agreement

between the conference note combination and the individ-
ual papers.
Thebbγγ analyses have some discrepancies between them

at m2 ¼ 650, 750, and 850 GeV. These points are not
included in the results reported in the combination [114].
The largest discrepancy is at 650 GeV where there is an
upward fluctuation in Ref. [131]. However, these discrep-
ancies occur in mass regions where the bbγγ channel is
subleading to the 4b and 2b2τ channel. Additionally, in the
model under consideration here, if there is a significant
excess in bbγγ there must be an excess in all di-Higgs
channels. This is because theh1 branching ratios are identical
to the SM Higgs branching ratios, hence BRðh2 → h1h1Þ
would need to be nonzero, lifting all di-Higgs channels.With
these considerations, we used the combination of these
channels in our fits.

FIG. 9. Comparison between observed upper bounds on σðpp → h2 → h1h1Þ reported by ATLAS from the combination [114] and
individual analysis papers for (a) 4b [129], (b) bbττ [130], and (c) bbγγ [131] final state. Solid lines are for the individual channel results
from the combination [114], red dotted for the individual analysis papers [129–131], and the blue dotted for the combination of the
channels [114].

RESONANT MULTISCALAR PRODUCTION IN THE GENERIC … PHYS. REV. D 110, 055017 (2024)

055017-23



[1] S. Dawson et al., Report of the topical group on Higgs
physics for Snowmass 2021: The case for precision
Higgs physics, in Snowmass 2021 (2022), arXiv:2209
.07510.

[2] ATLAS Collaboration, A detailed map of Higgs boson
interactions by the ATLAS experiment ten years after
the discovery, Nature (London) 607, 52 (2022); Nature
(London) 612, E24 (2022).

[3] A. Tumasyan et al. (CMS Collaboration), A portrait of the
Higgs boson by the CMS experiment ten years after the
discovery, Nature (London) 607, 60 (2022).

[4] A. Djouadi, W. Kilian, M. Muhlleitner, and P. M. Zerwas,
Production of neutral Higgs boson pairs at LHC, Eur. Phys.
J. C 10, 45 (1999).

[5] E. W. N. Glover and J. J. van der Bij, Higgs boson pair
production via gluon fusion, Nucl. Phys. B309, 282
(1988).

[6] T. Plehn, M. Spira, and P. M. Zerwas, Pair production of
neutral Higgs particles in gluon-gluon collisions, Nucl.
Phys. B479, 46 (1996); Nucl. Phys. B531, 655(E) (1998).

[7] T. Plehn, D. L. Rainwater, and D. Zeppenfeld, Determining
the structure of Higgs couplings at the LHC, Phys. Rev.
Lett. 88, 051801 (2002).

[8] B. D. Micco, M. Gouzevitch, J. Mazzitelli, and C. Vernieri,
Higgs boson potential at colliders: Status and perspectives,
Rev. Phys. 5, 100045 (2020).

[9] S. Dawson, S. Dittmaier, and M. Spira, Neutral Higgs
boson pair production at hadron colliders: QCD correc-
tions, Phys. Rev. D 58, 115012 (1998).

[10] S. Borowka, N. Greiner, G. Heinrich, S. P. Jones,
M. Kerner, J. Schlenk, U. Schubert, and T. Zirke, Higgs
boson pair production in gluon fusion at next-to-leading
order with full top-quark mass dependence, Phys. Rev.
Lett. 117, 012001 (2016); Phys. Rev. Lett. 117, 079901(E)
(2016).

[11] J. Baglio, F. Campanario, S. Glaus, M. Mühlleitner, M.
Spira, and J. Streicher, Gluon fusion into Higgs pairs at
NLO QCD and the top mass scheme, Eur. Phys. J. C 79,
459 (2019).

[12] M. Grazzini, G. Heinrich, S. Jones, S. Kallweit, M. Kerner,
J. M. Lindert, and J. Mazzitelli, Higgs boson pair produc-
tion at NNLO with top quark mass effects, J. High Energy
Phys. 05 (2018) 059.

[13] J. Baglio, F. Campanario, S. Glaus, M. Mühlleitner, J.
Ronca, and M. Spira, gg → HH: Combined uncertainties,
Phys. Rev. D 103, 056002 (2021).

[14] L. Di Luzio, R. Gröber, and M. Spannowsky, Maxi-sizing
the trilinear Higgs self-coupling: How large could it be?,
Eur. Phys. J. C 77, 788 (2017).

[15] S. Chang and M. A. Luty, The Higgs trilinear coupling and
the scale of new physics, J. High Energy Phys. 03 (2020)
140.

[16] H. Bahl, J. Braathen, and G. Weiglein, New constraints on
extended Higgs sectors from the trilinear Higgs coupling,
Phys. Rev. Lett. 129, 231802 (2022).

[17] G. Durieux, G. Durieux, M. McCullough, M. McCullough,
E. Salvioni, and E. Salvioni, Charting the Higgs self-
coupling boundaries, J. High Energy Phys. 12 (2022) 148.

[18] V. Silveira and A. Zee, Scalar phantoms, Phys. Lett. B 161,
136 (1985).

[19] D. O’Connell, M. J. Ramsey-Musolf, and M. B. Wise,
Minimal extension of the standard model scalar sector,
Phys. Rev. D 75, 037701 (2007).

[20] V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-
Musolf, and G. Shaughnessy, LHC phenomenology of an
extended standard model with a real scalar singlet, Phys.
Rev. D 77, 035005 (2008).

[21] M. Bowen, Y. Cui, and J. D. Wells, Narrow trans-TeV
Higgs bosons and H → hh decays: Two LHC search paths
for a hidden sector Higgs boson, J. High Energy Phys. 03
(2007) 036.

[22] S. Profumo, M. J. Ramsey-Musolf, and G. Shaughnessy,
Singlet Higgs phenomenology and the electroweak phase
transition, J. High Energy Phys. 08 (2007) 010.

[23] J. M. No and M. Ramsey-Musolf, Probing the Higgs portal
at the LHC through resonant di-Higgs production, Phys.
Rev. D 89, 095031 (2014).

[24] G. M. Pruna and T. Robens, Higgs singlet extension
parameter space in the light of the LHC discovery, Phys.
Rev. D 88, 115012 (2013).

[25] S. Profumo, M. J. Ramsey-Musolf, C. L. Wainwright, and
P. Winslow, Singlet-catalyzed electroweak phase transi-
tions and precision Higgs boson studies, Phys. Rev. D 91,
035018 (2015).

[26] C.-Y. Chen, S. Dawson, and I. M. Lewis, Exploring
resonant di-Higgs boson production in the Higgs singlet
model, Phys. Rev. D 91, 035015 (2015).

[27] S. Dawson and I. M. Lewis, NLO corrections to double
Higgs boson production in the Higgs singlet model, Phys.
Rev. D 92, 094023 (2015).

[28] D. Buttazzo, F. Sala, and A. Tesi, Singlet-like Higgs
bosons at present and future colliders, J. High Energy
Phys. 11 (2015) 158.

[29] T. Robens and T. Stefaniak, Status of the Higgs singlet
extension of the standard model after LHC run 1, Eur.
Phys. J. C 75, 104 (2015).

[30] T. Robens and T. Stefaniak, LHC benchmark scenarios for
the real Higgs singlet extension of the Standard Model,
Eur. Phys. J. C 76, 268 (2016).

[31] A. V. Kotwal, M. J. Ramsey-Musolf, J. M. No, and P.
Winslow, Singlet-catalyzed electroweak phase transi-
tions in the 100 TeV frontier, Phys. Rev. D 94, 035022
(2016).

[32] I. M. Lewis andM. Sullivan, Benchmarks for double Higgs
production in the singlet extended standard model at the
LHC, Phys. Rev. D 96, 035037 (2017).

[33] T. Huang, J. M. No, L. Pernié, M. Ramsey-Musolf, A.
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