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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 — hy, — hihy,
pp — hy = hh3, and pp — h, — h3yhs, where h is the observed SM-like Higgs boson and £, ; are new
scalars. The decays h, — hih; and h, — h3h; may be the only way to discover k5, leading to a discovery
of two new scalars at once. Current LHC and projected future collider (HL-LHC, FCC-ee + HL-LHC,
ILC500 + HL-LHC) constraints on this model are used to produce benchmarks at the HL-LHC for &,
masses between 250 GeV and 1 TeV and a future p p collider (FCC-hh) for &, masses between 250 GeV and
12 TeV. We update the current LHC bounds on the singlet-Higgs boson mixing angle for these benchmarks.
As the mass of i, 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 BR(hy = hyhy) = 0.25, BR(hy — h3hs) — 0.5, and BR(h, — hyhs) — 0. It can also be shown that
the maximum rates of pp — hy, — h{h; and pp — h, — h3h; approach the same value. Hence, all three
hy = h;h; decays are promising discovery modes for /1, masses at and below O(1 TeV), while above
O(1 TeV) the decays h, — hihy and hy, — h3h; 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
h, — h3hs — 4h; 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
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(VEV)isset, vgw = 246 GeV, and the Higgs mass is known,
my, = 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 quadratic mass term of the Higgs potential has
been measured directly. The self-couplings of the Higgs must
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 v/S = 13 TeV LHC is predicted to be ¢ = 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
Higgs 4+ 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 Z, or U(1) 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: 4y, h,, and h3,
where h, is identified with observed 125 GeV scalar.
Hence, when kinematically allowed, there could be reso-
nant production of multiscalar final states,

]’lz g h]h], h2 d h]h3, and ]’lz - h3h3. (1)

If the mixing between h3; and the SM Higgs boson is
minuscule, the coupling between /3 and SM fermions and
gauge bosons will be negligible. Hence, the production rate
of hy through gluon fusion or vector boson fusion,
o(pp — h3) = sin? @, sin? @05 (pp — hs3), is very small.
Indeed, for mixing angles sind; < 0.2 and sin8, < 0.01,
which, as we will see later, are reasonable ranges, then
o(pp = h3) <4 x107% - 6gu(pp — h3). 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 /h; would then be directly
through these decays. Hence, it is possible that searches
for resonant production of 4, — h;h3 and h, — h3h; could
provide a discovery of two new real scalars at once and
could be the only feasible mechanisms to discover /3 [48].

Our benchmark points are determined by individually
maximizing the resonant production rates of pp —
hy = hihy, pp— hy, > hhs, and pp — hy, = h3hs.

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.

(i1) 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
h, masses up to 1 TeV. For the future collider projects,
scenarios S2—S4, we will consider 4, 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 = hy = hihy and pp - h, — hzhs to converge to the
same value at large /s, masses, even though the branching
ratios converge to different values: BR(h, — hyh;) ~0.25
and BR(h, — h3h3) = 0.5. Additionally, for h, — hyhs,
the theory constraints, in particular, having the correct
global minimum for the scalar potential and perturbative
unitarity, result in BR(A, — hih3) — 0 as the mass of &,
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 /4, 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, S.. Many
previous studies of the complex singlet extension have
imposed a softly broken Z, or U(1) 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,

2 A b d
V(@.5,) = ~S 00+ 2 (@) + 2|5 P+ s,
+§®T®|S‘|2+ aS +ﬁ52+253
2 C C 4 c 6 C

() 51 53 .
=SSP+ DTDS,. + = DT DS?
+ 6 c‘ c| + 4 c+ 4 c

d

d
L5 3
+8 ct

§S§|SC|2 —|—H.C.>, (2)
where S, = (S, + iA)/+/2 is the complex singlet scalar,
U2, A, by, d,, and &, are real parameters, and aq, by,
ey, e5,01,03,d;, and d; are complex parameters. In the
most general potential, the VEV of the complex singlet can
be set to zero, (S,.) = 0, without loss of generality [26,48].
This can be understood by noting that the VEV of S, breaks
no symmetry and a shift S, — S. + (S..) introduces no new
interactions. That is, the shift is a nonphysical redefinition
of parameters and we have the freedom to set (S.) = 0. The
Higgs doublet is denoted as @ and it takes the form
+
o— L ( VG ) (3)
\/j VEw + l’l + lGO

where vgyw = 246 GeV is the Higgs VEV, h is the SM
Higgs boson, G* is the charged Goldstone boson, and G° is
the neutral Goldstone boson.

The complex singlet introduces two new CP even
scalars: Sy and A. The three neutral scalars 4, Sy, and A
then mix into three scalar mass eigenstates via an SO(3)
rotation,

hy cos 6, —sind, 0 h

hy | = | sinf;cosf, cosf,cosfd, sinb, So |,

hs siné, sind, cos#;sinf, —cosH, A
(4)

where the mass eigenstates are Ay, h,, and h; with masses
my, m,, and ms, respectively. We will associate i; with the
observed scalar and set m; = 125 GeV [2,3]. There is, in
principle, a third SO(3) rotation angle in Eq. (4), but it can
be removed via a phase rotation of S, — €% S, [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 =246 GeV, <SC> = O,ml =125 GCV, mz,m3,91,92,
93 = 0, 52,53,d1,d2,d3,€1,€2. (5)

By requiring that ((®'®),(S.)) = (viw/2,0) 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:

u* = micos? 0, + (m3cos? 0, + m3sin? 0, )sin’ 6, (6)

2(m3cos? 0, + (m3cos® 0, + m3sin® 0, )sin 0, )

A= , 7
i (7)
(m?} — m3cos? O, — m3sin® 0, ) vgy sin 26,
a, =
1 4\/5
_(m3 — m3)vgy sin 0, sin 20,
+i : (8)
42
V2 (m? — m2cos? 0, — m2sin ~
5 — 2(m7 — m3cos* 0, — m3sin” 0, ) sin 20,
: VEw
V2(m3 — m2) sin 0, sin 26, ©)
—1 = s
VEwW
1
b, = _EU%W63 +m3sin® 0, +m3(cos? 0, cos® O, —sin’ )

+ m3(cos?@,sin? @, — cos> 6,)

+i(m% —m3) cos 0, sin20,, (10)
vEwS) . .

b, = -+ m?sin? 0, + m3(cos? 6,cos? 0, + sin” 6,)

+ m3(cos? 0;sin? 6, + cos® ). (11)

We will be interested in the limit |f,| < 1. The mixing
matrix of Eq. (4) then becomes

hy cos 6, —sin6, 0 h
hy | = sin 6, cos 6, sin 6, So
hs sin@,sinf, cos#;sinf, —1 A
+ O(sin 6,). (12)

In this limit, /1, couples to fermions and gauge bosons like a
SM Higgs boson of mass m, but suppressed by siné,
independent of whether 6, or 0, is larger. The couplings of
h; to fermions and gauge boson are doubly suppressed by
sin @, sin6,. As a result, when kinematically allowed, we
expect /5’s main production mechanism to be via decays of
hy: hy — hihs or hy — hyhz. With these considerations, for
our benchmark points we will consider the mass order-
ing my, > mz > m.

The trilinears relevant for the channels we will consider
show up in the potential as

1 1 1
V> E,amh%hz + Aishyhohs + 5/1233h2h§ + 5,1“3;1%;13.
(13)
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The partial widths of &, to i hy, h;hs3, and hshy are given in
terms of the masses and trilinears by

A 4m}
SV B Pl 14
32nm, m3’ (14)

[(hy = hihy) =

['(hy — hihs3)

_ A 1— (M=ms 2 1— my +ms 2’ (15)
167m, my ny

1533 1 - 4_’"%

5
32xm, ms

T(hy — hyhs) = (16)

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 Egs. (2) and
(12), the 6, — 0 limits of the relevant trilinear couplings are

2 2
A1p = sin6, M [cos?&l <1 + 2m—é)
Vew m2

1
+——=cos 0, sinf; (Re(e;) + Re(e,)) e

v 2

3 2
— <] — —sin291> UE—\zV(éz + Re(«%))] (17)
2 m;
2
Moz = —\é_cos 0, sin0; (3Im(e;) + Im(e,))

+ = (cos?8, — sin?0; )Im(53) vgw (18)

1
2
V2
/1233 = ?COS 91 (Re(€2) — 3Re(el))
1
+§Sln91UEw(52 —Re(53)) (19)

When kinematically accessible, the partial width of A5 to
hihy is given similarly by

A2 4m?
r(h3—)hlhl):ﬁ1;3,/1—m—;, (20)
3

with the trilinear coupling, expanding in small 6,, being

1
/1113 = gsin 91 [\/E(fﬁlm(el) + Im(€2)) sin 91

1 2 2 2
— GVRw COS Qllm(53)} += {4005291 2my +my
4 VEwW

+ v2(Re(e;) + Re(e,)) sin 26,
— vew(l + 3 cos260,)(Re(53) + 62)} sin @, sin 0,

+ O(sin%6,). (21)

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

yl d 5
2@ D)2+ 22|S 14+ 2 pip|S, |2
5 d d
+ <Z3<I>T<DS§+§]Sﬁ+§3S3|SC|2+H.C.> >0. (22)

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

@) = <va(;&

) sa-0 e
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

where P (cos ) are the Legendre polynomials. The leading
contributions in the high energy limit will be from the zero
angular momentum qa, term. We will treat both M and a,
as matrices connecting different two-to-two scattering

- e " states. The scattering matrix between electrically neutral
M= 16”;(2] +1)a;P;(cos0). (24) initial and final states is then
) Re(6; Im(5;) &,  Re(6;
¥ 0 0 PR ~5% -t ; X
0  qReln) _Imoy) 0 0 0 0 0
_ Im(2§3) 572 _ Re(253) 0 0 0 0 0
5, | Re(d3) 3Re(d;) ( 3) | 3d 3Im(d,) _ 3Im(ds) dy _ 3Re(d)) ) Re(6 Re(d3) & Re(53)
it 0 0 T TS a4 AT e itan
M= __Im(33) 0 0 3Im(d,) _ 3Im(ds) dy, _3Re(d,) 3Im(d,) _ 3Im(ds) Im(5;) __Im(63)
2v2 2v2 42 2 2 2V2 42 2v2 2
5, Re(5y) 0 0 d, _3Re(d)) 3m(dy) _3m(d;) 3Re(d) 3Re(ds) | 3dy &y Re(d) & _ Re(ds)
4 4 4 4 22 42 4 4 4 4 4 22 2V2
2 5 | Re(d) Im(53) 5 _ Re(3s) 32 2
i 0 0 Pt N i T NG
p) 5 Re(53) __Im(53) 8 Re(8;) A
2V2 0 0 ENCREEY P VRSN 22 A

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

order, 24 2, hS, hA, \S/S-, AS, ‘:‘/4, Gf/(—;o and GTG™. 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 a; to be less than %
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 a, gives an upper bound of 8z 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

il ===

(85)] < 82,

(
167
Re(dy)],[1m(d))] < 5"

|52 5

|d2| < 871'

32

Re(dy)], [Im(dy)] <"

(26)

Notably, the bound on 4 in Eq. (26) places a constraint on
the allowed masses and mixings. For a particular choice of

(25)

|
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 8z.

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,

f_ Gi(PP - hl) BR(h1 - f) 27
i Ui,SM(PP - hl)BRSM(hl - f)’ ( )

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
h; couplings to fermions and gauge bosons are the same as
the SM but suppressed by a universal factor of cos €;. Hence,
all h, rates are suppressed by cos” 6,. As a consequence, the
h; branching ratios are unchanged from the SM predictions
and production cross sections scale as cos” 6,

BR(hl - f) = BRSM(hl - f),

oi(pp = hy) = cos’0i6, s (pp = hy).  (28)
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The signal strengths then become

! = cos? 0. (29)
Note that these conclusions are independent of the choice of
the other mixing angle 6,. The mixing angle 6, can then be fit
using a y? distribution,

2 (Mf - Af'.)z

0= (30)
i (5)

where ﬁlf is the measured signal strength and 5{ 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 —
WE*WT* in the Wh and Zh production modes with
139 fb~! at laboratory frame pp energy /S = 13 TeV
from ATLAS [89]. CMS [90] updated i — bb in the tth
production mode with 138 fb=! at /S = 13 TeV. Using
the correlation matrices reported with the Higgs fit combi-
nations [2,3], we update the global signal strengths to

HATLAS — 1.04 +0.06 and HeMms — 0.96 + 0.06 (31)

for ATLAS and CMS, respectively. See Appendix D for
details on our updated combination. There were also new
searches for i — yy + ZZ at /S = 13.6 TeV with 29 fb~!
from ATLAS [91],

up oSOV = 0,98 £0.15. (32)

Additionally, CMS [92] has a new measurement /& — bb
in the vector boson fusion (VBF) production channel at

V8 = 13 TeV with 90.8 b,
PYBE s = 1017933 (33)

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

|sin6,| <0.29. (34)

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 |60,| < 1,

the couplings between /1, and fermions and gauge bosons
are suppressed by sin 6. As such, the production rate and
partial widths into SM gauge bosons and fermions are
suppressed by sin® 6,

o(pp = hy) = sin*0,65m(pp = hy),

U(hy = fsm) ®sin*0Tsy(fy = fsm), (35)
where ogy and gy indicate SM Higgs rates at the mass
m,, and fqy are SM gauge boson and fermion final states.
If kinematically allowed £, may also decay into hhy, hyhs,
or hsyh;. Thus, the total width is

Uroi() & sin® 6 Ty (ha) +T(hy — hyhy)

+ F(hz - h1h3) + F(hz g h3h3>, (36)
where T'gy(h5) is the total SM-like width at the mass m,.
From this it can be shown that the branching ratio of /, into
SM final states is
BR(h; = fsm) ® BRgm(ho = fsm)[l = BR(hy = hihy)
- BR(hz e d ]’lll’l3) - BR(hz b d l’l3h3)]

(37)
Hence, in our fits we will treat
2
my, sin” 01, BR(hy — hyhy),BR(hy — hyhs3),

as free parameters. For all numerical results in this section,
SM-like rates and branching ratios are set using the LHC
Higgs Cross Section Working 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@; from
utilizing the hard cut method. The list of included exper-
imental results are given in Table I in Appendix D. Since #,
couples to SM fermions and gauge bosons like the SM
Higgs except suppressed by sin 6, 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 BR(h, —
hihy) = BR(hy — hyhsy) = 0. If those branching ratios
are nonzero, then direct searches for hy, - WW/ZZ/h h,
can be evaded by setting the branching ratios into the A, /5
and/or h3h5 final states to one. In Fig. 1(a) we consider the
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The 95% CL upper limits on | sin @, | for (a) BR(h, — hih;) =0, (b) BR(hy — hhy) = 1, (c) BR(h, — hyh;) profiled over,

and (d) a variety of BR(h, — hyh;). In all plots (black solid) the bounds from Higgs precision are shown. In (a)—(c) the bounds resulting
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case where BR(h, — hih;) = 0. As can be seen, the scalar
resonance searches into WW/ZZ are more constraining
than Higgs signal strengths for m, < 800 GeV in the hard
cut scenario. We also considered a scenario in which
BR(%y — hihy) =1 and only searches for h, — hh
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
BR(h, — hyh) to float. In this case, a parameter point was
accepted if there exists a BR(/, — hyh;) such that it passes
the hard cut method. The results are shown in Fig. 1(c).
Allowing the h, — hyh, to float weakens the scalar search
constraints which are now more stringent than precision
Higgs only when m, < 700-725 GeV. This can be under-
stood by noting that for any sin 8, or m, this procedure will
try to find a BR(h, — h k) 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 |sin6,]|.
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
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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 y? for heavy resonance searches,

()(l hz)

ai(pp_)h2>BR(h2_’f)+szx) Lon )2

( /1.96 - Ob) d" “ZO{"
_ lE)cp

0i(pp=1y)BR(hy~f)

( "{01;;/196 ) O{ bs OJEXP’

(39)

where o;(pp — h,) is the resonance production cross
section from initial state i, BR(h, — f) is the branching
ratio into final state f, and Uf i Exp (af ops) 15 the expected
(observed) 95% CL upper limit on 6(1 — hy)BR(hy = f).
It can be checked that, for an individual search, this y?
reproduces the limit 6(i = h,)BR(hy — f) < 5{0}75’ con-
sistent with the hard cut method. With this definition, all
heavy scalar search channels can be consistently combined,

1, = ;( ) (40)

Additionally, heavy scalar searches and Higgs precision
measurements can be consistently combined into a
global 42,
XFor = X0, + X0, (41)
The magenta dot-dot-dashed lines in Figs. 1(a)-1(c)
show the 95% CL upper limits on |sin @] that result from
fitting scalar searches according to Eq. (40). For all limits
we have assumed BR(h, — hyh3) =BR(hy — h3hs)=0.
In (a) we set BR(hy, — hyhy) =0, in (b) BR(hy = h b)) =1,
and in (c) we profile over BR(h, — hyh;). 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 /1, are proportional to sin? #;, any increase in

|sin ;| essentially increases all signal rates in all channels,
uniformly increasing the y? 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 y? 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 BR(hy, — hh;) = 1, the combined
X%, fit gives very similar results as the scalar search ;(,212.
For the results with BR(h, = hjhy) =0 or BR(h, —
hyhy) profiled over, combining the Higgs precision con-
straints with the scalar searches strengthens the bounds in
the large mass region: m, 2 800 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
BR(hy — hyh;) 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 BR(h, — h;h;) =0 or 1 gives the
most stringent constraints. For mass m, 2 350 GeV,
BR(hy — hih)) =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 ,, fits to the oblique parameters [48,100] are always
weaker than the most stringent constraints in Fig. 1. The
strongest electroweak precision constraint comes from
fitting the W mass individually [104]. This is most relevant
in the high mass region where the W-mass limit is
[sin @] < 0.20-0.21 for m, = 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 #; 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 — hy, — hih; in
both the (a) gluon fusion and (b) VBF channels. These
bounds are found by performing a simultaneous fit to
sin®@; and sin? @;BR(h, — h;h;) with BR(hy, = hih;) =
BR(h, — h3hs) = 0. For the Ay? fits, sin@, is profiled
over. For the hard cut, a value of sin> @, BR(h, — h h,) is
accepted if there exists a sin@; that passes all cuts and
Higgs precision data. For comparison, the SM single #,
and double hyh; production rates are shown. The Ay?
and hard cut bounds produce very similar limits on
pp — hy = hih;. For my <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 VBEF, 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 — hy = h;hj, i, j=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:

(1) S1: We apply the current limits, described in Sec. 111,
on sin #; to produce expected maximum rates for the
HL-LHC. The most constraining limits on sin®,
from Fig. 1 are used. Results from both the hard cut
method for scalar searches with Higgs precision data
constraints and y2, fits from Eq. (41) are considered
separately. In practice, the strongest constraints on
sin @, are found by considering the smallest maxi-
mum value of [sin ;| from the BR(h, — hh) =0
and BR(h, — h;h;) =1 cases.

S2: We use the European Strategy Report (ESR)
projected constraints on |sin 6| [76] for HL-LHC
from both Higgs precision measurements and direct
scalar searches.
S3: We use the ESR projected constraints on |sin 6|
[76] for the HL-LHC and FCC-ee.

(iv) S4: Finally, we use the ESR projected constraints on

|sin@;| [76] for HL-LHC and ILC500.

Scenario S1 is intended to find maximum discalar reso-
nance rates for the HL-LHC. Hence, the h, mass range
m; +mj; <m, <1 TeV is used for S1, where m; and m;
are the masses of the h, decay products. Scenarios S2-S4
are used to project maximum rates for future p p machines,
such as the 100 TeV FCC-hh. In these scenarios we

(i)

(iif)

consider a mass range of m; + mj <my < 12 TeV. For
scenarios S2—S4, we normalize to the maximum rates to the
SM Higgs production rate at the mass of /,. Hence, they are
very generic and can be applied to many future collider
proposals and many single s, production modes.

For completeness, in Fig. 3 we show the values of
|sin®@| used for scenarios S2-S4. The low mass region
follows constraints from direct searches for scalar produc-
tion at the HL-LHC. As m, increases, the values of |sin 6, |
plateau and flatten out. The flat regions come from the
respective constraints from precision Higgs measurements,
which are independent of m,. After the flat region, there is a
deep decrease in the value of |sin@,|. This occurs from a
combination of maximizing rates and requiring a narrow
width, which will be discussed below.

While a range of m, are considered, only certain values
of the mass of /5 are used. These masses are chosen to open
new decay channels for ;3 and possibly new phenomenol-
ogy for the resonance searches. Assuming 0, is negligible
but nonzero, k53 will have partial widths into SM gauge
bosons and fermions,

[(hy = fsm) = sin® @;sin* O,y (hs = fsm),  (42)
where T'gyi(h3 = fgv) is the partial width of a SM-like
Higgs boson with mass m3 into SM fermions or gauge
bosons collectively denoted as fqy;. A negligible sin 8, will
not alter the calculations in the previous section nor the
maximized rates presented here.

Three possible masses of hs are used: m3 = 130,
my = 200, and m; = 270 GeV. For the masses 130 and
200 GeV, h; decays like a SM Higgs at those masses. That
is, for my = 130 GeV the dominant decays are h; — bb
and hy; — WEWF*. Hence, we could have multi-b and
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(c)

Values of |sin®,| found from maximizing rates for scenarios (a) S2, (b) S3, and (c) S4. Blue is for s, — hjhy, red for

h, — hihs, and green for h, — h3h;. Solid is for my = 130 GeV, dotted for m; = 200 GeV, and dashed for m; = 270 GeV. The
dashed black lines show analytical upper bounds on | sin &, | from maximizing the 4;; with the narrow width constraint in Eq. (53) for
hyhs/hsyhy production and Eq. (53) for & h; production, with x = 0.1.

multi-W resonances from /4, decays. The largest branching
ratio through /53 would be

hy = hyhy/hyhy — 2b2D. (43)

With m; = 200 GeV, the on-shell decays h; — WEWT
and hy; — ZZ open up with the decay into Ws domi-
nating. In which case, the predominant decays of /4, into /3
would be

h2 - h1h3 d bBWiW¥ and h2 g l’l3h3 d 2Wi2W:F

(44)
The final mass point m; = 270 GeV is above the di-Higgs

threshold. Hence, it is possible to have a resonance of three
or four SM-like Higgs bosons,

hy = hihy — 3h; and hy, — h3hy — 4h,. (45)
Whether or not these are the dominant branching ratios
depends on the Higgs trilinear coupling /; — h; — h; which
in turn depends on the parameter point that maximizes the
h, — hyhy or h, — hzhs production rates. As we show
below, for all benchmark points, the branching ratio of
hs — h;hy is at or near 1 when kinematically allowed.
For the benchmark masses m; = 130 and 200 GeV, there
are possible decays of A3 into off-shell 4;: h; — hjh] and
h3 — hih}. In principle, these decays could compete with
the on-shell decays h; — bb and h; — WW. The branch-
ing ratios of 5 into off-shell 4, will depend on the relevant
trilinear: 1,,3. Upper limits on 1;;3 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 hy, — h;hs or hy, — h3hs is being maximized.
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As seen in Egs. (18) and (21), in the small angle limit, the
leading behavior of 4,5 is the same as 4,,3. Hence, if h, —
hihy is being maximized, the relevant upper bound on the
hy — h; — hs coupling is

2 .
|A113] < 4/ ?m1| sin 6, |

2 2
m5 — my .
COS@l \/1 =+ 27215111261

my
+V2sing, 2
m
2 2 0
x <\/1 + 25T T M G2, +m3>‘
mj mj 2m,
+ O(sin 6,). (46)

The rate for h, — h3h; is maximized when the rate for
hy — h;hs is minimized, i.e., 1,3 = 0. This corresponds to
the first term in Eq. (21) being zero. In this case the relevant
upper bound on 43,

24 2
2mi +mj3

|A113] < |sin, sin ;| cos? 6,

VEw

2 3 2 m?
+4 ?ﬂm]l<1—§sin29])\/1+m2 2m1sin29]
my

3 . my ms—m?} .,
+W5m291m—1\/1—T§Sln 91

+O(sin?6,). (47)

For a benchmark point, we use sin @, = 0.01. For either of
the upper bounds in Egs. (46) and (47), we find that at
m3 = 130 GeV the branching ratio of 43 — hjhj is at least
4 orders of magnitude smaller than BR(h; — bb). At
m3 = 200 GeV, when the bound in Eq. (46) is saturated,
the branching ratio of i3 — A hj is a factor of 2-20 smaller
than 7; — WW, while for the bound in Eq. (47) h; — hyh]
is at least 4 orders of magnitude smaller than h; — WW.
Hence, h; — bb is the dominate decay at m; = 130 GeV
and h; — WW dominates at m3; = 200 GeV. Note that /5
couplings to SM fermions and gauge bosons are suppressed
by the combination sin 6, sin #,. The bound in Eq. (46) is
suppressed by only sin@,. Hence, whether h; — h A} or
hy — WW are dominant at m3; = 200 GeV can be sensitive
to the choice of sin 6, when h, — hyh5 is being maximized.
At m3; = 130 GeV, hy; — bb is expected to always be
dominant due to the very large phase space and 4, coupling
constant suppression in h3 — hjh}. Finally, the bound in
Eq. (47) is suppressed by sin 8, sin 8, and all results derived
from that bound are robust against different choices
of sin6,.

We now discuss the results for maximizing h;h; resonant
production under the various scenarios. After these results,

we will comment on the decays of /5 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 — h, — h;h; and
[Figs. 4(b) and 4(d)] the corresponding branching ratios
of hy = h;hj, i, j = 1,3, for scenario S1. Figures 4(a) and
4(b) use constraints from a )(%ot 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 mj once kinematically allowed.

For m, < 600 GeV, the maximum branching ratios for
hy — h;hy and h, — h3h; are near 1, with the final state
h3hs slightly larger. For h, — hyh; the maximum branch-
ing ratio is between 0.6 and 0.8. As can be seen in
Egs. (17)—(19), the values of the 4,3 and A,3; trilinear
couplings have much more freedom from the choices
of potential parameters than A;;,. Indeed, the ratio of the
hy, = h hy and h, — ZZ partial widths are

C(hy = hyhy)

2
_ .2, VEw . VEw
T = 77) 1+ (9<sm 91,—m2 ,sin 6 —m2>. (48)

2

Hence, the partial width of h, — h;h; cannot be too far
from h, — ZZ, limiting how large the branching ratio of
h, = h;h; can be.

Once the mass of &, surpasses 600 GeV, all branching
ratios decrease. The partial widths of 4, into the massive
SM gauge bosons WEWT and ZZ grow like the cubic
power of m,, whereas the partial widths into 4, k5 and h3h;
do not. Additionally, the branching ratio of h, — hih
approaches the Goldstone boson equivalence theorem limit
of BR(h, — h h;) ~ 0.25. Hence, the maximal branching
ratio into h;h; decreases in general. It is worth noting that
the maximum branching ratio of the asymmetric decay
hy, — hyhy decreases more quickly than the symmetric
decay of h, — hshs. In the small angle limit |0, | < 1, the
leading term of the trilinear 1,,3 depends on trilinear
couplings, while 4,33 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 1,3 that is
more stringent than the upper bound on A,35. Indeed, as
shown in Eq. (C17), these constraints force the branching
ratio of h, — hyhy to approach zero as the mass of h,
increases. While these derived constraints may not be the
most stringent, they do help explain qualitatively why the
branching ratio of h, — hh; decreases more quickly than
the other discalar modes as m, increases.
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FIG. 4. Benchmarks for HL-LHC from scenario S1, showing (a),(c) maximum production rates for pp — h, — h;h; with the gluon
fusion and VBF modes added together at VS = 14 TeV and (b),(d) the corresponding branching ratios to different discalar states.
Results from using the bounds from A;(%m fits in Eq. (41) are shown in (a),(b) and from the hard cut method in (c),(d). Blue is for
hy — hihy, red for hy — hih;, and green for h, — h3hs. Solid is for m; = 130 GeV, dotted for m; = 200 GeV, and dashed

for m3 = 270 GeV.

2. Scenarios S2-S4: Future collider projections

We show (a) the maximum allowed production rates
of pp— hy, > hjh; as well as (b) the corresponding
branching ratios of h, — h;h;, i,j = 1,3, in Figs. 5-7
for scenarios S2-S4, respectively. The production rate is
normalized to the SM Higgs production rate at mass m,,
osm(pp = hy). There are many interesting features in
these scenarios. For /i, 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 BR(h, — h h3) still
approaches zero quickly due to global minimum, pertur-
bativity, and narrow width constraints causing A;,3 — 0
as m, becomes large, as discussed for scenario S1.

The maximum branching ratio of #, — h;h; 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 4153 = 433 = 0 and 41, # 0. Hence, when m, is
in the multi-TeV regime, the Goldstone boson equivalence
theorem is the dominant effect, and

The fermionic partial widths only grow linearly with m,,
while the bosonic widths grow as m3. Hence, hy — ff
where f are SM fermions, can be neglected and
BR(hy — hihy) ~0.25.
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Two particularly surprising things occur when m, is in
the multi-Tev range and above: the branching ratio of
h, — hshy at its maximum rate approaches 0.5 and the
maximum rates of 4, — hh; and hy, — h3h; approach the
same value. To understand BR(h, — h3h3) ~ 0.5, note that
we are maximizing the rate

o(pp = hy = hshs)/osm(pp — ha)

~ Sin2 QIBR(hz - ]’l3h3), (50)
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where we have used the narrow width approximation.
Assuming the rate pp — h, — h3h; is maximized then
BR(h, — hyhs) = 0 and the fermionic branching ratios are
negligible. Equation (50) can be rewritten as
Sin2 ngR(hz - h3h3)
= Sin2 91(1 — BR<h2 g WiW:F)
—BR(hy = ZZ) — BR(hy = hihy))
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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 hy, — hyhy, red for h, — hhs, and green for h, — h3hs. Solid is for m3; = 130 GeV, dotted for m; = 200 GeV, and dashed

for my = 270 GeV.
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ILC + HL LHC Projected Limits
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100 L

101}
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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 hy, — hyhy, red for h, — hhs, and green for h, — h3hs. Solid is for m3; = 130 GeV, dotted for m; = 200 GeV, and dashed

for my = 270 GeV.

where in the last step the Goldstone boson equivalence
theorem is used and T'gy(h,) is the total width of a SM
Higgs at the mass of h,. Since the widths into W=W¥, ZZ,
and h,h, are fixed by the SM results and the Goldstone
boson equivalence theorem, the total rate into /345 should
be maximum when the narrow width bound on the total
width is saturated,

kmy 2 o (hy), (52)
where for now we have chosen an arbitrary fraction « of the
mass m, for generality. Setting I'po(hy) = km,, Eq. (51)
can be maximized with respect to sin@; to find the value
of sinf; at the maximum rate, the branching ratio of
h, — hzhs at the maximum rate, and the maximum rate

3 kmy

in2o =——= 53
S P max 8Tsm(h2) 53)
1
BRmax(hZ - h3h3) = E’ (54)
sin? 01 maxBRmax(hZ - h3h3) = i o ’ (55)
' 16 Tspm(f12)

where the subscript “max” indicates values evaluated at the
maximum rate. This explains why BR(h, — hs3h3) = 0.5
when the rate is maximized. Additionally, the dashed line in
Fig. 3 that agrees with the |sin 6| that maximizes the i, /5
and /i3 k4 rates in the multi-TeV £, mass range corresponds
to Eq. (53) with « = 0.1.

A similar calculation can be made for pp — hh3, which
explains why |sin 6;| at the maximum rate agrees for /3

and /3 h5 production (see Fig. 3). As discussed previously,
theoretical constraints force BR(h, — hih3) = 0 as m,
becomes large. Hence, branching ratios and rates in
Egs. (54) and (55) cannot be saturated. There are con-
straints on A,33 from global minimum, perturbative unitar-
ity, and narrow width as shown in Eq. (C7). However, these
are significantly weaker than for 4,3, and the pp — h, —
h3hs can saturate the bounds in Eqgs. (54) and (55).
For h, — h;h,, in the multi-TeV range, the maximum
rate is
. 5 .,
sin el,maxBRmax(hZ - hlhl) ~ ZSIH el,max’ (56)
where the Goldstone boson equivalence theorem result of
BR(hy — hihy) = 0.25 was used. That is, the rate is
maximized at the maximum allowed sin? 01 max- In the
multi-TeV range, the narrow width requirement places
significant bounds on the value of sinf ;,, since the
width into bosons grows like the cubic power of m,.

Assuming  T'(hy = hihy) =T(hy > hyh;) =0  when
maximizing h, — hh;, we have
4
kmy 2 Uro(hy) & 3 sin® 6 Crogsm (h2)- (57)

The maximum sin” @, and h, — h,h, rates can be solved
for,

3 km
S R — 2 58
o = 3 E ) Y
Sin%0, - BRo(hy = hihy) = ——"2  (50)
1, max max \/¢2 171 _16FSM(h2)
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X4.: Direct Search + Higgs Fits Limits

Hard Cut: Direct Searches Limits
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FIG. 8.

BR(h3 — hyhy) when the discalar resonance rates for (red) 7, — hh3 and (green) h, — h3hs are maximized for (a) scenario

S1 using ;(%Ut 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-ee + HL-LHC limits, and (e) scenario S4
with projected ILC500 4+ HL-LHC limits. The mass m3 = 270 GeV is used and 6, = 0.01.
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The maximum rates for pp — h, — hsyh; in Eq. (55) and
pp — hy, = hyhy 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 « = 0.1, Eq. (58)
is the dashed line that converges to the |sin 6, | value when
maximizing pp — h, — hyh; in the multi-TeV region.

B. h3 — h{h; decays and multi-Higgs signals

When kinematically allowed, it is possible to have three
and four Higgs signals via h; — h hy: a three Higgs signal
from h, — hyhy — 3h; and four Higgs signals from
hy — h3yhy — 4h;. We have one benchmark mass ms; =
270 GeV that allows hy — hih;. In Fig. 8 we show the
branching ratio BR(h3; — hih;) using the benchmark
points that maximize the rates (red) pp — h, — hihy
and (green) pp — h, — h3hs. Note that often these two
lines overlap and appear as one line. As can be clearly seen,
the branching ratio of i3 — hhy is near or at 1 for the large
majority of points when the decay is allowed. The leading
behavior of 4,5 in the small mixing angle 6, limit depends
on the same combination of potential parameters as A;,3
as seen in Eqgs. (21) and (18), respectively. Hence, maxi-
mizing pp — h, — h hs also maximizes BR(h3 — hih;).
However, maximizing the rate pp — h, — h3h; also
involves finding points such that 4,53 = 0. In this case,
the leading behavior of ;3 is zero and dependence on the
mixing angle 6, enters. In Fig. 8, we set 0, = 0.01. Such a
small mixing angle does not impact the our previous
conclusions, and the maximum branching ratio of h; —
hyh, is still near 1. This leads to promising multi-Higgs
signals.

The three and four Higgs signals depend on the pro-
duction rate of i, h;y and h3hy as well as the branching ratio
of h3 — hyhy. In all scenarios, the maximum pp — h3h;
rate is at or above the maximum pp — h, — h h; 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 m, <600 GeV, the maximum hsh; and
hyhy rates are similar. Hence, the maximum triple
and quadruple Higgs rates are comparable. For /i,
masses about 600 GeV, the maximum h3h; rate is
larger than that of h;h;. In this mass range, the
maximum four Higgs rate is larger than the maxi-
mum three Higgs rate. At m, = 1 TeV, the maxi-
mum 4h, rate is a factor of 1.6—1.8 larger than the
3h, rate. Above 1 TeV, the maximum rate for pp —
hy — h;hy quickly decreases becoming much
smaller than the maximum #h3h; rate. Hence, the
maximum four Higgs rate is much larger than that of
the three Higgs, by nearly 2 orders of magnitude
for m, ~ O(10 TeV).

(i1) Scenarios S3 and S4: For m, < 1 TeV, the maximum
hyihs and h3hj 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 7,
masses about 1 TeV, the i, h; rates decreases quickly,
becoming much smaller than the maximum /3 /15 rate,
as discussed previously. Hence, similar to scenario S2,
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 5, 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 /1, between 250 GeV and 12 TeV, and /5 masses
of 130, 200, and 270 GeV.

We found the maximum resonant production rates of
pp — hy — hih;/hyhsy/hyhs for scenarios including (S1)
current constraints on this model and projected constraints
from the (S2) HL-LHC, (S3) FCC-ee + HL-LHC, and (S4)
ILC500 + HL-LHC. In all scenarios, for &, masses below
1 TeV, the various maximum rates are comparable with /375
having the largest maximum rate followed by 4, 5 then a1 h;.
As mj increases into the multi-TeV range, some surprising
behavior occurs. First, the rate for pp — h, — h;h; and the
corresponding branching ratio s, — h;h; decrease quickly,
becoming quite small at 10 TeV. The maximum rate for
pp = hy = hihy and pp — h, - h3h; converge to the
same value, with the corresponding branching ratios
BR(hy — h3h3) ~#0.5 and BR(h, — hihy) ~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
hyh, are always predominantly four b quarks, the 4,5 and
h3h; phenomenology depends on the /3 mass. The /3 mass
points my = 130, 200, and 270 GeV were chosen to have
different collider signatures. For m; = 130 GeV, the dom-
inant decays of &3 are bb and WEWT*. Hence, all discalar
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modes preferentially generate multi-6 and multi-W
signals. For m3; = 200 GeV, the dominant decay of A5 is
hy — WEWT. Hence, for the asymmetric production 4,/
the dominate decay is bAW*WT and for the symmetric
production hsh; — 2WE2WT. That is, we would expect
more multi-W signals, particularly in the multi-TeV range
where the maximum /3 /5 rate is much larger the maximum
hyhy rate.

Signals with three and four SM-like Higgs bosons in the
final state are possible when ms; =270 GeV. For the
parameter points that maximized the h;hs or hihs rates
we found that BR(A3 — hh) =~ 1 for the large majority of
points. The three Higgs signal originates from /, i;, whose
maximum production rate decreases sharply in the multi-
TeV range. Since the maximum rates for s345 and hh; 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

(e o
Sk

(A1)

I R N ==l T
o o~ o0 o o o
O — o oo o © o
— 0O 0 © O o © ©
== S =) ol—
Sk

S O O O = O O O

©c oo oo ~
©c o oo o o

After block diagonalization, M takes the form

o
o

o o o O

Il

S O O O N
S O O v

|

EX )

>

[SINg

=

2

>

with

Im(53)
/2 2
__ 3Im(d,) _ 3Im(ds) d, _ 3Re(d))

My

A useful rotation to perform on M, is

S O O =
|

which yields

22 2 47 4
dy _ 3Re(d) 3Im(d;) _ 3Im(ds)
2 2v2 42
3m(d,) _ 3Im(dy)  3dy | 3Re(d)) _ 3Re(dy)
2V2 42 4 4 4

(A3)

o - O
G- S
I— §|~ pI—- O
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34 8, _ Im(s)
2 2 2
S Im(5;) 3dy 3Re(d,) _ 3Im(ds)
, 2 2 3 2 7
My = _ Re(y) 3Im(d,) _ 3Re(ds)
V2 2V2 42
5 | Im(5) d %Re(d )
72 _|_ 5 3 2 _|_ 1
for M’, = RM,RT.

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,

V((0, UEW/\/E)T,

0) < V((0,x/V2)T,y+iz) (BI)

__Re(d3) 2 Im(53)
V2 2
3Im(d,) _ 3Re(ds) + 3Re(d)
2v2 W2 4 (AS)
dz 4 3Re(d1) _ 3Im(d]) _ 3Re(ds)
2V2 42
_3Im(d) _ 3Re(dy) 3dy _ 3Re(ds) | 3lm(dy)

202 42 4 4 4

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 = v, z =0 direction, from which the
combination of cubics Im(e;) —Im(e,) 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
0, — 0 limit,

x=v,2=0: [Im(e;)—Im(e,)| < 3ms[Re(d;) — Re(ds) + do)2 (B2)
x=v,y=0: [Re(e;) +Re(e,)| < 3[(Re(d,) + Re(ds) + dy)(misin> 6 + micos® 0,)]} (B3)
x=v,y=2z: [Im(e;)+Im(e,) +Re(e;) —Re(ey)| < 3[(d, — Im(d3) — Re(d;))(m3sin 0, + m3cos® 0, +m})]|:  (B4)
x=v,y=-z: [Im(e,)+Im(e;) —Re(e,) +Re(ey)| <3[(dy +Im(ds) —Re(d,))(misin’6,> + m3cos? 0, + m3)5.  (BS)

These four inequalities constrain four independent combinations of the real and imaginary parts of e¢; and e,. The
inequalities in Eqgs. (B4) and (B5) can be combined, and they become

Im(e;) +1Im(ey)| < 5 [(dz —Re(d;) —Im(d3))"/* + (d, —Re(d,) + Im(d3))1/2} (misin® 0, +micos* 6, +m3)'/?,  (B6)
3 .
|Re(e;) —Re(e,)| < <3 [(dz —Re(d;) —Im(d;))"/? + (d, —Re(d,) + Im(d3))1/2} (m3sin? @) +m3cos? 0, + m3)'/2.  (B7)
We can remove the dependence on the d; quartic terms 327
by using bounds on the quartics. These bounds are found 0 <Im(d;) —Re(d;) + d; < 3 (B11)

from perturbative unitarity and demanding the potential be
bounded from below. Each combination of quartics that
appear have the following bounds:

32

0 <Re(d) - Re(ds) + dy < = (BS)
32

0 <Re(d)) + Re(ds) +dy <227 (B9)
32

0 < —Im(ds) — Re(d,) + d, < Tﬂ (B10)

The upper bounds in Egs. (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
¢ = S = 0 direction. Equation (B9) is from the bounded
from below condition in the ¢ = A = 0 direction. Finally,
the lower bounds in Egs. (B10) and (B11) are found by
demanding the A = £S5 with ¢ = 0 directions are bounded
from below.
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The perturbative upper bounds here can be combined
with the global minimum constraints in Egs. (B2), (B3),
(B6), and (B7) to obtain a series of upper bounds on the
scalar trilinear terms in the potential,

[Im(e;) — Im(ey)| < v/96ms, (B12)

Im(e;) +1Im(e,)| < V96x(m?sin® @, + m3cos’0, +m3)'/2,
1 2 3
(B13)
|Re(e;) —Re(e,)| < V96r(misin® 0, + micos?0; +m3)'/2,
(B14)
Re(e;) + Re(e,)| < V96r(m?sin 0, + m3cos?6,)'/2.
1 2
(B15)
These can be further combined to find
lIm(e; )| < V96x {m3 + (m?sin 63 + m3cos? 6, + m%)l/z}
(B16)
|Re(e;,)] < V96x [(m%sin2 0, + micos® 0, + m3)'/?

(B17)
+ (misin® 0, + m3cos® 91)‘/2} . (B18)

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

z=0: 0<2(d,+Re(d)) +Re(d3)) = (8, +Re(83))*,
(B19)
y=0: 0<A(d; +Re(d;) —Re(ds)) — (5, — Re(53))?,
(B20)
y==z: 0<A(dy —Re(d)) F Im(d3)) — (8, F Im(63))*,
(B21)
x=y==z: 0<1+4(d, —Re(d)) F Im(d3))
+4(8, F Im(53)). (B22)

Adding together the z = (1 4 /2)y directions yields vac-
uum stability constraints,

x=0: 0<3(d,+Im(d))) - 2(Im(ds) + Re(ds)).

(B23)

x#0: 0<6A(dy+Im(d,)) —4A(Im(d;) + Re(ds))

— (Im(83) + Re(83) — 26,)°. (B24)

The vacuum stability bounds in Eqgs. (B19)-(B21) can
be combined with the perturbative unitarity bounds in
Egs. (B8)—(B11) to find

32

Bl

|6, £ Re(83)| < AT, (B25)
32
16, + Im(85)] < ,17”. (B26)
Those can be further combined to find
327
0| <A JA—
5l <15
8 T oo 2 2in2 0 \1/2
. g(mlcos 0, + m3sin” 6,)/2, (B27)
32
[Re(8)] < /477 (B28)
32
IIm(85)] < \/AT”. (B29)

Finally, there are additional useful bounds on J, and &5
from perturbative unitarity. The scattering matrix in
Eq. (25) has a block diagonal submatrix,

M(hS - hS) M(hS - hA)
<M(hA — hS) M(hA - hA)>

1 (52 T Re(8y)  —Im(s) )

2\ -Im(8;) & —Re(5;) (B30)

The eigenvalues are

1
My =5(8, +[53)).

5 (B31)

Perturbative unitarity then implies

167 > 8, + |85 > —16x. (B32)
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 h, — h;h;, where i, j = 1,3, when m, 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 Egs. (17)—-(19), we are interested in
the multi-TeV region for m,. Our bounds will relevant for
future colliders when sin @ is expected to be small. Hence,
we work in the limit vgy, m;, m3 < m, and |sin 6| < 1.
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First we maximize BR(h, — hs3h3). To do this, we
maximize the magnitude of 1,33 while minimizing the
magnitudes of A;,;3 and A4;;,. The combinations of
Re(e;),Re(e,) and &,,Re(83) appear with opposite signs
in A1, and Aj,3. Hence, to obtain larger |1,33] while
keeping |A;1,| smaller we choose Re(e;) = —Re(e,) and
8, = —Re(83). Since 4,33 is independent of Im(e; 3) and
Im(5,), 4123 can be eliminated with by Im(e,) = —3Im(e;)
and Im(6;) = 0. With these parameter choices

2v/2
1233 - T\/_C0591Re(€2) —+ sinHl 52 VEW » (Cl)
Az = 0, (C2)
m2 m2
Mo — sin9100s291—2<1 +2—;). (C3)
Vgw m2

With Re(e;) = —Re(e,) and 8, = —Re(53), the inequal-
ities in Eqgs. (B14) and (B25), respectively, give us bounds

|Re(e;)| < V24x(misin® 0, + micos? 6,)'/2,

| 8x
Oy <A/ A—

4

Vgw 3

(C4)

(m3cos? 0, + m3sin® 6,)'/2.  (C5)

Now, use all the inequalities above to find

|Aa33] < 4\/§ [2| cos @, |(m3sin” @, + m3cos? 0,)'/?

+ | sin @, |(m3cos? @, + m3sin’ 61)1/2} ) (C6)
Expanding around small mixing angle and small mass with
the counting m?/m3 ~ sin@;, we can expand and find to
O(sin*? 6,)

T 1, . m
33| < 8\/%’”2 <1 ) | sin 6, | m—;> (C7)
o m3
|Ai2| = | sin €| —. (C8)
VEw

Hence, the maximum of |1,33| is much larger than |4,,] in
this limit. This helps explain why the BR(h, — h3h3)
saturate the generic bound in Eq. (54) when m, is
multi-TeV.

The situation for BR(h, — h h3) is considerably differ-
ent. First, parameters are chosen to make A,3; small. In
particular, while 4,5 is suppressed by sin 6, 1,35 has a term
that is unsuppressed by small mixing angle. Since 1,33

depends on different trilinear and quartic potential terms
than 1,3, 4»33 can be eliminated with the choice

Re(e;) =3Re(e;) and &, =Re(d;). (C9)
This choice leaves 4,3 unchanged. Now, an upper bound
on |4;y3] can be found with a combination of Eqgs. (B13),
(B16), (B29), and

[3Im(ey) + Im(e;)| < 2[Im(e,) + Im(ey)|

+ [Im(e;) — Im(e,)|. (C10)
Then we find
[123] < 4\/§{| cos @, sin 4, | {m3 + 2(m3sin? 6,
+ mcos? 0, + m%)l/z} + |cos? 6,
— sin? @,|(m?cos? O, + m3sin’ 01)1/2}. (C11)

Now, assuming m3 ~ m} ~ sinf;m3 and [sin6,| < 1, we
expand the inequality

r )
|A123] S 4\/;(’”1 + 2my|sin 0, ]). (C12)

Again, in this limit, the h; — h; — h, trilinear is given
by Eq. (C8).

In the small angle and large m, regime, we have a bound
on the partial width of h, — h hs

4m ) my 2
F(hz - h]h3) s TZ <| Sln91| +2n112> (C13)

and approximation for the partial width of /4, into SM final
state

T(hy — SM) ~ T(hy » WW~) +T(hy — ZZ)

+T(hy = hyhy)
3

m;
. Cl4
8rviy (C14)

~ sin’ 0,

The upper bound on the i, — h; ks partial width grows as a
single power of m, and h, — SM grows as a cubic power
of m,. As the mass of m, increases, the BR(h, — h h3)
will decrease for a fixed mixing angle.

To find an upper bound on the rate of pp — hy — hh3,
a maximum sin @, needs to be found. Using our narrow
width requirement

T(hy = SM) + T(hy — hyhs) < ’T—é (C15)
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we find an upper bound on sin 9,

|sind,| <2 %”E—W

(C16)
ny

With this upper bound, the upper bound on the h, — h;h,
rates is

327 1 /5\%?
BR(hy = hihy) S—= (1 4+-4/=) ¥
(hy — 13)~3(+4 ﬂ) 3

nmy;
my -2
~0.11 .
<5 TeV)

Hence, as m, increases the upper bound on BR (4, — h h3)
while maximizing the production rate very rapidly
approaches zero like the inverse square of m,. Therefore,
BR(%h, — hyh3) cannot saturate the branching ratio of 0.5
in Eq. (54).

(C17)

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~!. Here, we describe our method of
including the new results.

First, we reproduce the previous ATLAS results. Since
we are updating the WW* final state, we focus on combining
the different final state signal strengths. From Ref. [2],

0.15
ub? =0.9177,

— 0.11
pu# = 1.04151.

0.62
= 1217082

w1205

_ 0.10
W =1.09009,

b= 09601,
W =2.10°03%,
(D1)

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

Corrly as
1 002 002 002 004 O 0
002 1 012 0.19 0.22 0.02 0.02
0.02 0.12 1 0.1 0.14 0.01 0.02
=1002 019 0.1 1 024 0.02 0.04
0.04 022 014 024 1 0.03 0.04
0 0.02 001 002 003 1 0.01
0 0.02 002 004 004 0.01 1

(D2)

in the basis of (bb, WW, 17, ZZ,yy, Zy, up). From here, a
covariance matrix can be defined,

Efin,ij — 5i5jc0vfin,ij7 (D3)

where &' are the symmetrized uncertainties. With this
covariance matrix, we have a y?,

= p-p)E") " (- p).

where j1 is a vector of the signal strength central values in
Eq. (D1) and we assume a universal signal strength.
Minimizing the y? and finding the 16 uncertainty results in

(D4)

4= 1.05 =+ 0.06. (D5)

This reproduces the results of Ref. [2], helping to validate
this method.

We now move to updating the 7 — WW* signal strength
including the Wh and Zh updates. From Ref. [2] we use

poeten = 1142013, plf = L1370,

Hitn'on = 1647087 (D6)
where ggF is gluon fusion production, bbh is production in
association with a bb pair, VBF is vector boson fusion, rth
is production in association with a #7 pair, and ¢4 is single
top plus Higgs production. For production in association
with a vector boson, we use the results with 139 fb~! [89],

i =0451055, !’ = 164753, (D7)
We use the h > WW* submatrix of the full correlation
matrix in the auxiliary date of Ref. [2],

1 —-0.1 0.01 0.01 0.02
—0.1 1 0 0 0.01
Cort" = [ 0.01 0 1 —-0.05 -0.01 |,
0.01 0 —0.05 1 0
0.02 0.01 -0.01 0 1

(D8)

in the (ggF + bbh, VBF, Wh, Zh, tth + th) basis. Using
the same method as above, the new WW signal strength is

p"W = 1.10 = 0.09. (D9)

Using this for the fit to the total signal strength, we find

HATLAS — 1.04 £ 0.06. (DIO)

2. CMS Higgs signal strengths

CMS has a new measurement of i — bb in the fth
production mode [90] from 35.9 to 138 fb~! 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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P =2.595000, Wt =1.21200,
pT =085, p"V =0.97100.

0.09
W= 1137999

W' = 1051551,
W = 0975341,
(D11)

In the (Zy, up, bb, 7, WW,ZZ,yy) basis, the correlation
matrix between the different final state signal strengths is

1 0 0 0.02 0.06 0.02 0.05
0 1 0 0.03 0.05 0.03 0.05
0 0 1 001 001 0 001

0.02 0.03 001 1 01 0.1 0.16

0.06 0.05 001 01 1 0.12 0.21

002 003 0 01 012 1 02

0.05 0.05 0.01 0.16 021 02 1

(D12)

fin __
Corrdys =

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

4 = 0.989 + 0.056. (D13)

This is very close to the reported result of y = 1.002 +
0.057 [3].

We now update the h — bb signal strength. From
Ref. [3], the & — bb signal strengths for different production
modes are

TABLE L.

bb +2.97
Hoor = 53155,

bb _ +0.36
Hz;, = 0.90155,,

bb 1+0.42
My = 1.26Z547,

Hinan = 0902035 (D14)

The correlation submatrix for the bb final state in the basis
of (ggF, Wh, Zh, tth + th) is

1 -0.012 -0.01 O
—0.02 1 -0.04 0
Corr?? = (D15)
-0.01 —-0.04 1 0
0 0 0 1

We then replace the ub? . signal strength with the new
results at 138 fb~! [90],

kb = 0.33 +0.26. (D16)

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

ubt =0.71 +0.18. (D17)

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

fiems = 0.96 £ 0.06. (D18)

Scalar searches included in 95% CL upper limits on sin @;. Here £ = e, u. 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~!)  h, mass range (GeV)  Reference
ATLAS hy, > ZZ — 4¢,2¢2v in ggF and VBF 139 210-2000 [107]
ATLAS hy > WW 4+ ZZ — 262q,¢12q in ggF and VBF 139 300-5000 [108]
ATLAS h, > WW in ggF and VBF 139 200-3800 for ggF [109]

200-4000 for VBF

ATLAS hy = hihy — 4b in VBF 126 260-1000 [110]
ATLAS hy = hihy - bbWW in ggF 36 500-3000 [111]
ATLAS hy = hihy - yyWW in ggF 36 260-500 [112]
ATLAS hy = hyhy — 4W in ggF 36 260-500 [113]
ATLAS hy = hih; = 4b, bbzt, bbyy in ggF 126-139 250-3000 [114]
CMS hy > ZZ — 2¢2q in ggF 138 450-1800 [115]
CMS hy > ZZ — 47,2¢2v,2¢2q in ggF and VBF combined 36 130-3000 [116]
CMS hy, = WW — 272y in ggF and VBF combined 138 180-5000 [117]
CMS hy = WW — 202v,¢12q in ggF and VBF combined 36 200-3000 [118]
CMS hy = hyhy = 4b in ggF 36 260-1200 [119]
750-3000 [120]
750-3000 [121]
CMS hy — hihy — bbyy in ggF 138 260-1000 [122]
CMS hy = hyhy - bbZZ in ggF 36 260-1000 [123]
CMS hy = hihy — 4W,47,2W27 in ggF 138 260-1000 [124]
CMS hy = hihy - bbWW, bbrr in ggF 138 750-4500 [125]
CMS hy = hyhy - bbWW 138 250-900 [126]
CMS hy = hyh; — bbrt 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 the 95% CL upper limits on sin €, as given in Sec. I1I 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 h, — h hy — 4b,
bbrz, byy from ATLAS which appeared in the conference
note [114]. There are stand-alone papers for the individual
searches of 4b [129], bbzz [130], and bbyy [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 bbzr channels have good agreement

h,h, —bbbb

\S=13TeV, L= 139 b, gluon fusion
10—+

between the conference note combination and the individ-
ual papers.

The bbyy analyses have some discrepancies between them
at m, = 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 bbyy channel is
subleading to the 4b and 2527 channel. Additionally, in the
model under consideration here, if there is a significant
excess in bbyy there must be an excess in all di-Higgs
channels. This is because the /; branching ratios are identical
to the SM Higgs branching ratios, hence BR(h, — hh)
would need to be nonzero, lifting all di-Higgs channels. With
these considerations, we used the combination of these
channels in our fits.

h1h1—>bbrr

VS=13TeV, L= 139 b, gluon fusion

—— ATLAS-CONF-2021-052
—-- ATLAS-CONF-2021-052 Combination
-+ arXiv:2202.07288

6(pp—h,—hh) (pb)

.ty
300 400 500 600 700 800 900

1000

6(pp—h,—hh) (pb)

10

—— ATLAS-CONF-2021-052
—-- ATLAS-CONF-2021-052 Combination
-+ arXiv:2209.10910

L.ty 1y M
300 400 500 0 900 1000

m, (GeV)

(a)

h h,—bbyy

VS=13 TeV, L= 139 fb”, gluon fusion

G(pp—h,—h ) (pb)

10 e

— ATLAS-CONF-2021-052
——- ATLAS-CONF-2021-052 Combination
<o arXivi2112.11876

I R R R
300 400 500

‘ 600‘ ‘
m, (GeV)

P EPEEI BRURT
700 800 900 1000

(c)

FIG. 9. Comparison between observed upper bounds on ¢(pp — h, — h h;) reported by ATLAS from the combination [114] and
individual analysis papers for (a) 4b [129], (b) bbzz [130], and (c) bbyy [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].

055017-23



LANE, LEWIS, and SULLIVAN

PHYS. REV. D 110, 055017 (2024)

[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]1 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 §8, 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. Miihlleitner, 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. Miihlleitner, J.
Ronca, and M. Spira, gg — HH: Combined uncertainties,
Phys. Rev. D 103, 056002 (2021).

[14] L. Di Luzio, R. Grober, 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 and M. 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.
Safonov, M. Spannowsky, and P. Winslow, Resonant di-
Higgs boson production in the bAWW channel: Probing
the electroweak phase transition at the LHC, Phys. Rev. D
96, 035007 (2017).

[34] S. Dawson, C. Englert, and T. Plehn, Higgs physics: It ain’t
over till it’s over, Phys. Rep. 816, 1 (2019).

[35] H.-L. Li, M. Ramsey-Musolf, and S. Willocq, Probing a
scalar singlet-catalyzed electroweak phase transition with
resonant di-Higgs boson production in the 4b channel,
Phys. Rev. D 100, 075035 (2019).

[36] A. Alves, D. Gongalves, T. Ghosh, H.-K. Guo, and K.
Sinha, Di-Higgs blind spots in gravitational wave signals,
Phys. Lett. B 818, 136377 (2021).

055017-24


https://arXiv.org/abs/2209.07510
https://arXiv.org/abs/2209.07510
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1007/s100529900083
https://doi.org/10.1007/s100529900083
https://doi.org/10.1016/0550-3213(88)90083-1
https://doi.org/10.1016/0550-3213(88)90083-1
https://doi.org/10.1016/0550-3213(96)00418-X
https://doi.org/10.1016/0550-3213(96)00418-X
https://doi.org/10.1016/S0550-3213(98)00406-4
https://doi.org/10.1103/PhysRevLett.88.051801
https://doi.org/10.1103/PhysRevLett.88.051801
https://doi.org/10.1016/j.revip.2020.100045
https://doi.org/10.1103/PhysRevD.58.115012
https://doi.org/10.1103/PhysRevLett.117.012001
https://doi.org/10.1103/PhysRevLett.117.012001
https://doi.org/10.1103/PhysRevLett.117.079901
https://doi.org/10.1103/PhysRevLett.117.079901
https://doi.org/10.1140/epjc/s10052-019-6973-3
https://doi.org/10.1140/epjc/s10052-019-6973-3
https://doi.org/10.1007/JHEP05(2018)059
https://doi.org/10.1007/JHEP05(2018)059
https://doi.org/10.1103/PhysRevD.103.056002
https://doi.org/10.1140/epjc/s10052-017-5361-0
https://doi.org/10.1007/JHEP03(2020)140
https://doi.org/10.1007/JHEP03(2020)140
https://doi.org/10.1103/PhysRevLett.129.231802
https://doi.org/10.1007/JHEP12(2022)148
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1103/PhysRevD.75.037701
https://doi.org/10.1103/PhysRevD.77.035005
https://doi.org/10.1103/PhysRevD.77.035005
https://doi.org/10.1088/1126-6708/2007/03/036
https://doi.org/10.1088/1126-6708/2007/03/036
https://doi.org/10.1088/1126-6708/2007/08/010
https://doi.org/10.1103/PhysRevD.89.095031
https://doi.org/10.1103/PhysRevD.89.095031
https://doi.org/10.1103/PhysRevD.88.115012
https://doi.org/10.1103/PhysRevD.88.115012
https://doi.org/10.1103/PhysRevD.91.035018
https://doi.org/10.1103/PhysRevD.91.035018
https://doi.org/10.1103/PhysRevD.91.035015
https://doi.org/10.1103/PhysRevD.92.094023
https://doi.org/10.1103/PhysRevD.92.094023
https://doi.org/10.1007/JHEP11(2015)158
https://doi.org/10.1007/JHEP11(2015)158
https://doi.org/10.1140/epjc/s10052-015-3323-y
https://doi.org/10.1140/epjc/s10052-015-3323-y
https://doi.org/10.1140/epjc/s10052-016-4115-8
https://doi.org/10.1103/PhysRevD.94.035022
https://doi.org/10.1103/PhysRevD.94.035022
https://doi.org/10.1103/PhysRevD.96.035037
https://doi.org/10.1103/PhysRevD.96.035007
https://doi.org/10.1103/PhysRevD.96.035007
https://doi.org/10.1016/j.physrep.2019.05.001
https://doi.org/10.1103/PhysRevD.100.075035
https://doi.org/10.1016/j.physletb.2021.136377

RESONANT MULTISCALAR PRODUCTION IN THE GENERIC ...

PHYS. REV. D 110, 055017 (2024)

[37] A. Papaefstathiou and G. White, The electro-weak phase
transition at colliders: Confronting theoretical uncertainties
and complementary channels, J. High Energy Phys. 05
(2021) 099.

[38] S. Dawson, S. Homiller, and S. D. Lane, Putting Standard
Model EFT fits to work, Phys. Rev. D 102, 055012 (2020).

[39] S. Adhikari, I. M. Lewis, and M. Sullivan, Beyond the
Standard Model effective field theory: The singlet ex-
tended Standard Model, Phys. Rev. D 103, 075027 (2021).

[40] A. Papaefstathiou and G. White, The electro-weak phase
transition at colliders: Discovery post-mortem, J. High
Energy Phys. 02 (2022) 185.

[41] S. Dawson, P. P. Giardino, and S. Homiller, Uncovering the
high scale Higgs singlet model, Phys. Rev. D 103, 075016
(2021).

[42] A. Hammad, S. Moretti, and M. Nojiri, Multi-scale cross-
attention transformer encoder for event classification,
J. High Energy Phys. 03 (2024) 144.

[43] D. Curtin, P. Meade, and C.-T. Yu, Testing electroweak
baryogenesis with future colliders, J. High Energy Phys.
11 (2014) 127.

[44] C.-Y. Chen, J. Kozaczuk, and 1. M. Lewis, Non-resonant
collider signatures of a singlet-driven electroweak phase
transition, J. High Energy Phys. 08 (2017) 096.

[45] P. Basler, S. Dawson, C. Englert, and M. Miihlleitner,
Showcasing HH production: Benchmarks for the LHC and
HL-LHC, Phys. Rev. D 99, 055048 (2019).

[46] H. Abouabid, A. Arhrib, D. Azevedo, J. E. Falaki, P. M.
Ferreira, M. Miihlleitner, and R. Santos, Benchmarking di-
Higgs production in various extended Higgs sector models,
J. High Energy Phys. 09 (2022) 011.

[47] S. Adhikari, S.D. Lane, I. M. Lewis, and M. Sullivan,
Complex scalar singlet model benchmarks for Snowmass,
in Snowmass 2021 (2022), arXiv:2203.07455.

[48] S. Dawson and M. Sullivan, Enhanced di-Higgs boson
production in the complex Higgs singlet model, Phys. Rev.
D 97, 015022 (2018).

[49] R. Costa, M. Miihlleitner, M. O.P. Sampaio, and R.
Santos, Singlet extensions of the Standard Model at
LHC run 2: Benchmarks and comparison with the
NMSSM, J. High Energy Phys. 06 (2016) 034.

[50] T. Robens, T. Stefaniak, and J. Wittbrodt, Two-real-scalar-
singlet extension of the SM: LHC phenomenology and
benchmark scenarios, Eur. Phys. J. C 80, 151 (2020).

[51] A. Papaefstathiou, T. Robens, and G. Tetlalmatzi-
Xolocotzi, Triple Higgs boson production at the Large
Hadron Collider with two real singlet scalars, J. High
Energy Phys. 05 (2021) 193.

[52] R. Coimbra, M. O. P. Sampaio, and R. Santos, ScannerS:
Constraining the phase diagram of a complex scalar singlet
at the LHC, Eur. Phys. J. C 73, 2428 (2013).

[53] R. Costa, A.P. Morais, M. O. P. Sampaio, and R. Santos,
Two-loop stability of a complex singlet extended Standard
Model, Phys. Rev. D 92, 025024 (2015).

[54] P. M. Ferreira, The vacuum structure of the Higgs complex
singlet-doublet model, Phys. Rev. D 94, 096011 (2016).

[55] M. Miihlleitner, M. O.P. Sampaio, R. Santos, and J.
Wittbrodt, Phenomenological comparison of models with
extended Higgs sectors, J. High Energy Phys. 08 (2017)
132.

[56] P. Basler, S. Dawson, C. Englert, and M. Miihlleitner, Di-
Higgs boson peaks and top valleys: Interference effects in
Higgs sector extensions, Phys. Rev. D 101, 015019 (2020).

[57] M. Miihlleitner, M. O.P. Sampaio, R. Santos, and J.
Wittbrodt, ScannerS: Parameter scans in extended scalar
sectors, Eur. Phys. J. C 82, 198 (2022).

[58] F. Egle, M. Miihlleitner, R. Santos, and J. a. Viana, One-
loop corrections to the Higgs boson invisible decay in a
complex singlet extension of the SM, Phys. Rev. D 106,
095030 (2022).

[59] F. Egle, M. Miihlleitner, R. Santos, and J.a. Viana,
Electroweak corrections to Higgs boson decays in a
complex singlet extension of the SM and their phenom-
enological impact, J. High Energy Phys. 11 (2023) 116.

[60] V. Barger, P. Langacker, M. McCaskey, M. Ramsey-
Musolf, and G. Shaughnessy, Complex singlet extension
of the Standard Model, Phys. Rev. D 79, 015018 (2009).

[61] L. Alexander-Nunneley and A. Pilaftsis, The minimal scale
invariant extension of the Standard Model, J. High Energy
Phys. 09 (2010) 021.

[62] S. Dawson, D. Fontes, C. Quezada-Calonge, and J. J. Sanz-
Cillero, Is the HEFT matching unique?, Phys. Rev. D 109,
055037 (2024).

[63] W. Chao, First order electroweak phase transition triggered
by the Higgs portal vector dark matter, Phys. Rev. D 92,
015025 (2015).

[64] M. Jiang, L. Bian, W. Huang, and J. Shu, Impact of a
complex singlet: Electroweak baryogenesis and dark
matter, Phys. Rev. D 93, 065032 (2016).

[65] C.-W. Chiang, M.J. Ramsey-Musolf, and E. Senaha,
Standard model with a complex scalar singlet: Cosmo-
logical implications and theoretical considerations, Phys.
Rev. D 97, 015005 (2018).

[66] W. Cheng and L. Bian, From inflation to cosmological
electroweak phase transition with a complex scalar singlet,
Phys. Rev. D 98, 023524 (2018).

[67] B. Grzadkowski and D. Huang, Spontaneous CP-violating
electroweak baryogenesis and dark matter from a complex
singlet scalar, J. High Energy Phys. 08 (2018) 135.

[68] N. Chen, T. Li, Y. Wu, and L. Bian, Complementarity of
the future e™e™ colliders and gravitational waves in the
probe of complex singlet extension to the standard model,
Phys. Rev. D 101, 075047 (2020).

[69] C.-W. Chiang and B.-Q. Lu, First-order electroweak phase
transition in a complex singlet model with Z; symmetry,
J. High Energy Phys. 07 (2020) 082.

[70] G.-C. Cho, C. Idegawa, and E. Senaha, Electroweak phase
transition in a complex singlet extension of the Standard
Model with degenerate scalars, Phys. Lett. B 823, 136787
(2021).

[71] G.-C. Cho, C. Idegawa, and E. Senaha, CP-violating
effects on gravitational waves in a complex singlet ex-
tension of the Standard Model with degenerate scalars,
Phys. Rev. D 106, 115012 (2022).

[72] G.-C. Cho, C. Idegawa, and R. Sugihara, A complex
singlet extension of the Standard Model and multi-critical
point principle, Phys. Lett. B 839, 137757 (2023).

[73] W. Zhang, Y. Cai, M. J. Ramsey-Musolf, and L. Zhang,
Testing complex singlet scalar cosmology at the Large
Hadron Collider, J. High Energy Phys. 01 (2024) 051.

055017-25


https://doi.org/10.1007/JHEP05(2021)099
https://doi.org/10.1007/JHEP05(2021)099
https://doi.org/10.1103/PhysRevD.102.055012
https://doi.org/10.1103/PhysRevD.103.075027
https://doi.org/10.1007/JHEP02(2022)185
https://doi.org/10.1007/JHEP02(2022)185
https://doi.org/10.1103/PhysRevD.103.075016
https://doi.org/10.1103/PhysRevD.103.075016
https://doi.org/10.1007/JHEP03(2024)144
https://doi.org/10.1007/JHEP11(2014)127
https://doi.org/10.1007/JHEP11(2014)127
https://doi.org/10.1007/JHEP08(2017)096
https://doi.org/10.1103/PhysRevD.99.055048
https://doi.org/10.1007/JHEP09(2022)011
https://arXiv.org/abs/2203.07455
https://doi.org/10.1103/PhysRevD.97.015022
https://doi.org/10.1103/PhysRevD.97.015022
https://doi.org/10.1007/JHEP06(2016)034
https://doi.org/10.1140/epjc/s10052-020-7655-x
https://doi.org/10.1007/JHEP05(2021)193
https://doi.org/10.1007/JHEP05(2021)193
https://doi.org/10.1140/epjc/s10052-013-2428-4
https://doi.org/10.1103/PhysRevD.92.025024
https://doi.org/10.1103/PhysRevD.94.096011
https://doi.org/10.1007/JHEP08(2017)132
https://doi.org/10.1007/JHEP08(2017)132
https://doi.org/10.1103/PhysRevD.101.015019
https://doi.org/10.1140/epjc/s10052-022-10139-w
https://doi.org/10.1103/PhysRevD.106.095030
https://doi.org/10.1103/PhysRevD.106.095030
https://doi.org/10.1007/JHEP11(2023)116
https://doi.org/10.1103/PhysRevD.79.015018
https://doi.org/10.1007/JHEP09(2010)021
https://doi.org/10.1007/JHEP09(2010)021
https://doi.org/10.1103/PhysRevD.109.055037
https://doi.org/10.1103/PhysRevD.109.055037
https://doi.org/10.1103/PhysRevD.92.015025
https://doi.org/10.1103/PhysRevD.92.015025
https://doi.org/10.1103/PhysRevD.93.065032
https://doi.org/10.1103/PhysRevD.97.015005
https://doi.org/10.1103/PhysRevD.97.015005
https://doi.org/10.1103/PhysRevD.98.023524
https://doi.org/10.1007/JHEP08(2018)135
https://doi.org/10.1103/PhysRevD.101.075047
https://doi.org/10.1007/JHEP07(2020)082
https://doi.org/10.1016/j.physletb.2021.136787
https://doi.org/10.1016/j.physletb.2021.136787
https://doi.org/10.1103/PhysRevD.106.115012
https://doi.org/10.1016/j.physletb.2023.137757
https://doi.org/10.1007/JHEP01(2024)051

LANE, LEWIS, and SULLIVAN

PHYS. REV. D 110, 055017 (2024)

[74] J. McDonald, Gauge singlet scalars as cold dark matter,
Phys. Rev. D 50, 3637 (1994).

[75] D.G. Cerdeno, A. Dedes, and T.E.J. Underwood, The
minimal phantom sector of the Standard Model: Higgs
phenomenology and Dirac leptogenesis, J. High Energy
Phys. 09 (2006) 067.

[76] R.K. Ellis et al., Physics briefing book: Input for the
European strategy for particle physics update 2020,
arXiv:1910.11775.

[77] A. Abada et al. (FCC Collaboration), FCC-ee: The lepton
collider: Future circular collider conceptual design report
volume 2, Eur. Phys. J. Spec. Top. 228, 261 (2019).

[78] CEPC Study Group Collaboration, CEPC conceptual
design report: Volume 1—accelerator, arXiv:1809.00285.

[79] M. Dong et al. (CEPC Study Group), CEPC conceptual
design report: Volume 2—physics & detector, arXiv:
1811.10545.

[80] T. Behnke et al., The international linear collider technical
design report—Volume 1: Executive summary, arXiv:1306
.6327.

[81] ILC Collaboration, The international linear collider tech-
nical design report—Volume 2: Physics, arXiv:1306.6352.

[82] C. Adolphsen et al, the international linear collider
technical design report—Volume 3. I: Accelerator \& in
the technical design phase, arXiv:1306.6353.

[83] K. Kannike, Vacuum stability of a general scalar potential
of a few fields, Eur. Phys. J. C 76, 324 (2016); Eur. Phys.
J. C 178, 355(E) (2018).

[84] B. W. Lee, C. Quigg, and H. B. Thacker, Weak interactions
at very high-energies: The role of the Higgs boson mass,
Phys. Rev. D 16, 1519 (1977).

[85] B. W. Lee, C. Quigg, and H. B. Thacker, The strength of
weak interactions at very high-energies and the Higgs
boson mass, Phys. Rev. Lett. 38, 883 (1977).

[86] M. S. Chanowitz, M. A. Furman, and 1. Hinchliffe, Weak
interactions of ultraheavy fermions, Phys. Lett. 78B, 285
(1978).

[87] M. S. Chanowitz, M. A. Furman, and I. Hinchliffe, Weak
interactions of ultraheavy fermions. 2., Nucl. Phys. B153,
402 (1979).

[88] A. Schuessler and D. Zeppenfeld, Unitarity constraints on
MSSM trilinear couplings, in Proceedings of the 15th
International Conference on Supersymmetry and the Uni-
fication of Fundamental Interactions (SUSY07) (2007),
pp. 236-239, arXiv:0710.5175.

[89] ATLAS Collaboration, Measurement of the Higgs boson
production cross section in association with a vector
boson and decaying into WW* with the ATLAS detector
at /s = 13 TeV, Technical Report No. ATLAS-CONF-
2022-067, CERN, Geneva, 2022, https://cds.cern.ch/
record/2842519.

[90] CMS Collaboration, Measurement of the ttH and tH
production rates in the H — bb decay channel with
138 tb~! of proton-proton collision data at /s = 13 TeV,
Technical Report No. CMS-PAS-HIG-19-011, CERN,
Geneva, 2023, http://cds.cern.ch/record/2868175.

[91] G. Aad et al. (ATLAS Collaboration), Measurement of the
H — yy and H —» ZZ* — 4¢ cross-sections in pp colli-
sions at /s = 13.6 TeV with the ATLAS detector, Eur.
Phys. J. C 84, 78 (2024).

[92] A. Hayrapetyan et al. (CMS Collaboration), Measurement
of the Higgs boson production via vector boson fusion and
its decay into bottom quarks in proton-proton collisions at
/s = 13 TeV, J. High Energy Phys. 01 (2024) 173.

[93] P. Bechtle, S. Heinemeyer, T. Klingl, T. Stefaniak, G.
Weiglein, and J. Wittbrodt, HiggsSignals-2: Probing new
physics with precision Higgs measurements in the LHC
13 TeV era, Eur. Phys. J. C 81, 145 (2021).

[94] H. Bahl, T. Biekétter, S. Heinemeyer, C. Li, S. Paasch,
G. Weiglein, and J. Wittbrodt, HiggsTools: BSM scalar
phenomenology with new versions of HiggsBounds and
HiggsSignals, Comput. Phys. Commun. 291, 108803
(2023).

[95] T. Robens, More doublets and singlets, in Proceedings
of the 56th Rencontres de Moriond on Electroweak
Interactions and Unified Theories (2022), arXiv:2205
.06295.

[96] D. de Florian e al. (LHC Higgs Cross Section Working
Group Collaboration), Handbook of LHC Higgs cross
sections: 4. Deciphering the nature of the Higgs sector,
arXiv:1610.07922.

[97] P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, and
G. Weiglein, HiggsSignals: Confronting arbitrary Higgs
sectors with measurements at the Tevatron and the LHC,
Eur. Phys. J. C 74, 2711 (2014).

[98] P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, and
K. E. Williams, HiggsBounds 2.0.0: Confronting neutral
and charged Higgs sector predictions with exclusion
bounds from LEP and the tevatron, Comput. Phys.
Commun. 182, 2605 (2011).

[99] P. Bechtle, O. Brein, S. Heinemeyer, O. Stal, T. Stefaniak,
G. Weiglein, and K.E. Williams, HiggsBounds — 4:
Improved tests of extended Higgs sectors against exclusion
bounds from LEP, the tevatron and the LHC, Eur. Phys.
J. C 74, 2693 (2014).

[100] P. Bechtle, D. Dercks, S. Heinemeyer, T. Klingl, T.
Stefaniak, G. Weiglein, and J. Wittbrodt, HiggsBounds-5:
Testing Higgs sectors in the LHC 13 TeVera, Eur. Phys. J. C
80, 1211 (2020).

[101] N. Kauer and C. O’Brien, Heavy Higgs signal-background
interference in gg — V'V in the Standard Model plus real
singlet, Eur. Phys. J. C 75, 374 (2015).

[102] N. Greiner, S. Liebler, and G. Weiglein, Interference
contributions to gluon initiated heavy Higgs production
in the two-Higgs-doublet model, Eur. Phys. J. C 76, 118
(2016).

[103] M. Carena, Z. Liu, and M. Riembau, Probing the electro-
weak phase transition via enhanced di-Higgs boson pro-
duction, Phys. Rev. D 97, 095032 (2018).

[104] D. Lépez-Val and T. Robens, Ar and the W-boson mass in
the singlet extension of the standard model, Phys. Rev. D
90, 114018 (2014).

[105] J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini,
L. Reina, and L. Silvestrini, Electroweak precision ob-
servables and Higgs-boson signal strengths in the Standard
Model and beyond: Present and future, J. High Energy
Phys. 12 (2016) 135.

[106] A. Ilnicka, T. Robens, and T. Stefaniak, Constraining
extended scalar sectors at the LHC and beyond, Mod.
Phys. Lett. A 33, 1830007 (2018).

055017-26


https://doi.org/10.1103/PhysRevD.50.3637
https://doi.org/10.1088/1126-6708/2006/09/067
https://doi.org/10.1088/1126-6708/2006/09/067
https://arXiv.org/abs/1910.11775
https://doi.org/10.1140/epjst/e2019-900045-4
https://arXiv.org/abs/1809.00285
https://arXiv.org/abs/1811.10545
https://arXiv.org/abs/1811.10545
https://arXiv.org/abs/1306.6327
https://arXiv.org/abs/1306.6327
https://arXiv.org/abs/1306.6352
https://arXiv.org/abs/1306.6353
https://doi.org/10.1140/epjc/s10052-016-4160-3
https://doi.org/10.1140/epjc/s10052-018-5837-6
https://doi.org/10.1140/epjc/s10052-018-5837-6
https://doi.org/10.1103/PhysRevD.16.1519
https://doi.org/10.1103/PhysRevLett.38.883
https://doi.org/10.1016/0370-2693(78)90024-2
https://doi.org/10.1016/0370-2693(78)90024-2
https://doi.org/10.1016/0550-3213(79)90606-0
https://doi.org/10.1016/0550-3213(79)90606-0
https://arXiv.org/abs/0710.5175
https://cds.cern.ch/record/2842519
https://cds.cern.ch/record/2842519
https://cds.cern.ch/record/2842519
https://cds.cern.ch/record/2842519
http://cds.cern.ch/record/2868175
http://cds.cern.ch/record/2868175
http://cds.cern.ch/record/2868175
https://doi.org/10.1140/epjc/s10052-023-12130-5
https://doi.org/10.1140/epjc/s10052-023-12130-5
https://doi.org/10.1007/JHEP01(2024)173
https://doi.org/10.1140/epjc/s10052-021-08942-y
https://doi.org/10.1016/j.cpc.2023.108803
https://doi.org/10.1016/j.cpc.2023.108803
https://arXiv.org/abs/2205.06295
https://arXiv.org/abs/2205.06295
https://arXiv.org/abs/1610.07922
https://doi.org/10.1140/epjc/s10052-013-2711-4
https://doi.org/10.1016/j.cpc.2011.07.015
https://doi.org/10.1016/j.cpc.2011.07.015
https://doi.org/10.1140/epjc/s10052-013-2693-2
https://doi.org/10.1140/epjc/s10052-013-2693-2
https://doi.org/10.1140/epjc/s10052-020-08557-9
https://doi.org/10.1140/epjc/s10052-020-08557-9
https://doi.org/10.1140/epjc/s10052-015-3586-3
https://doi.org/10.1140/epjc/s10052-016-3965-4
https://doi.org/10.1140/epjc/s10052-016-3965-4
https://doi.org/10.1103/PhysRevD.97.095032
https://doi.org/10.1103/PhysRevD.90.114018
https://doi.org/10.1103/PhysRevD.90.114018
https://doi.org/10.1007/JHEP12(2016)135
https://doi.org/10.1007/JHEP12(2016)135
https://doi.org/10.1142/S0217732318300070
https://doi.org/10.1142/S0217732318300070

RESONANT MULTISCALAR PRODUCTION IN THE GENERIC ...

PHYS. REV. D 110, 055017 (2024)

[107] G. Aad et al. (ATLAS Collaboration), Search for heavy
resonances decaying into a pair of Z bosons in the
£~ ¢~ and ¢+ ¢ v final states using 139 fb~! of
proton—proton collisions at /s = 13 TeV with the ATLAS
detector, Eur. Phys. J. C 81, 332 (2021).

[108] G. Aad et al. (ATLAS Collaboration), Search for heavy
diboson resonances in semileptonic final states in pp
collisions at /s = 13 TeV with the ATLAS detector,
Eur. Phys. J. C 80, 1165 (2020).

[109] ATLAS Collaboration, Search for heavy resonances in the
decay channel W + W— — evuv in pp collisions at VS =
13 TeV using 139 fb~! of data with the ATLAS detector,
Technical Report No. ATLAS-CONF-2022-066, CERN,
Geneva, 2022, http://cds.cern.ch/record/2842518.

[110] G. Aad er al. (ATLAS Collaboration), Search for the
HH — bbbb process via vector-boson fusion production
using proton-proton collisions at /s = 13 TeV with the
ATLAS detector, J. High Energy Phys. 07 (2020) 108;
J. High Energy Phys. 01 (2021) 145(E); 05 (2021) 207(E).

[111] M. Aaboud et al. (ATLAS Collaboration), Search for
Higgs boson pair production in the bAWW?* decay mode
at /s = 13 TeV with the ATLAS detector, J. High Energy
Phys. 04 (2019) 092.

[112] M. Aaboud er al. (ATLAS Collaboration), Search for
Higgs boson pair production in the yyWW* channel using
pp collision data recorded at /s = 13 TeV with the
ATLAS detector, Eur. Phys. J. C 78, 1007 (2018).

[113] M. Aaboud et al. (ATLAS Collaboration), Search for
Higgs boson pair production in the WW®)WW) decay
channel using ATLAS data recorded at /s = 13 TeV,
J. High Energy Phys. 05 (2019) 124.

[114] ATLAS Collaboration, Combination of searches for non-
resonant and resonant Higgs boson pair production in the
bbyy, bbrtr and bbbb decay channels using pp colli-
sions at /s = 13 TeV with the ATLAS detector, Technical
Report No. ATLAS-CONF-2021-052, CERN, Geneva,
2021, http://cds.cern.ch/record/2786865.

[115] A. Tumasyan et al. (CMS Collaboration), Search for
heavy resonances decaying to ZZ or ZW and axion-like
particles mediating nonresonant ZZ or ZH production at
/s = 13 TeV, J. High Energy Phys. 04 (2022) 087.

[116] A.M. Sirunyan et al. (CMS Collaboration), Search for a
new scalar resonance decaying to a pair of Z bosons in
proton-proton collisions at /s = 13 TeV, J. High Energy
Phys. 06 (2018) 127; J. High Energy Phys. 03 (2019)
128(E).

[117] CMS Collaboration, Search for high mass resonances
decaying into W*W~ in the dileptonic final state with
138 fb~! of proton-proton collisions at /s = 13 TeV,
Technical Report No. CMS-PAS-HIG-20-016, CERN,
Geneva, 2022, http://cds.cern.ch/record/2803723.

[118] A.M. Sirunyan et al. (CMS Collaboration), Search for a
heavy Higgs boson decaying to a pair of W bosons in
proton-proton collisions at /s = 13 TeV, J. High Energy
Phys. 03 (2020) 034.

[119] A.M. Sirunyan et al. (CMS Collaboration), Search for
resonant pair production of Higgs bosons decaying to
bottom quark-antiquark pairs in proton-proton collisions at
13 TeV, J. High Energy Phys. 08 (2018) 152.

[120] A.M. Sirunyan et al. (CMS Collaboration), Search for a
massive resonance decaying to a pair of Higgs bosons in
the four b quark final state in proton-proton collisions at
/s = 13 TeV, Phys. Lett. B 781, 244 (2018).

[121] A.M. Sirunyan et al. (CMS Collaboration), Search for
production of Higgs boson pairs in the four b quark final
state using large-area jets in proton-proton collisions at
/s = 13 TeV, J. High Energy Phys. 01 (2019) 040.

[122] CMS Collaboration, Search for a new resonance decaying
to two scalars in the final state with two bottom quarks and
two photons in proton-proton collisions at /s = 13 TeV,
Technical Report No. CMS-PAS-HIG-21-011, CERN,
Geneva, 2022, http://cds.cern.ch/record/2815230.

[123] A.M. Sirunyan et al. (CMS Collaboration), Search for
resonant pair production of Higgs bosons in the bbZZ
channel in proton-proton collisions at /s = 13 TeV, Phys.
Rev. D 102, 032003 (2020).

[124] A. Tumasyan et al. (CMS Collaboration), Search for Higgs
boson pairs decaying to WW*WW* WW#*zz, and 7777 in
proton-proton collisions at /s = 13 TeV, J. High Energy
Phys. 07 (2023) 095.

[125] A. Tumasyan et al. (CMS Collaboration), Search for heavy
resonances decaying to a pair of Lorentz-boosted Higgs
bosons in final states with leptons and a bottom quark pair
at /s = 13 TeV, J. High Energy Phys. 05 (2022) 005.

[126] CMS Collaboration, Search for HH production in the
bbWW decay mode, Technical Report No. CMS-PAS-
HIG-21-005, CERN, Geneva, 2023, http://cds.cern.ch/
record/2853597.

[127] A. Tumasyan et al. (CMS Collaboration), Search for a
heavy Higgs boson decaying into two lighter Higgs bosons
in the 77zbb final state at 13 TeV, J. High Energy Phys. 11
(2021) 057.

[128] A.M. Sirunyan et al. (CMS Collaboration), Search for
Higgs boson pair production in events with two bottom
quarks and two tau leptons in proton—proton collisions at
\/s = 13 TeV, Phys. Lett. B 778, 101 (2018).

[129] G. Aad et al. (ATLAS Collaboration), Search for resonant
pair production of Higgs bosons in the bbbb final state
using pp collisions at /s = 13 TeV with the ATLAS
detector, Phys. Rev. D 105, 092002 (2022).

[130] G. Aad et al. (ATLAS Collaboration), Search for resonant
and non-resonant Higgs boson pair production in the
bbrtr~ decay channel using 13 TeV pp collision data
from the ATLAS detector, J. High Energy Phys. 07 (2023)
040.

[131] G. Aad et al. (ATLAS Collaboration), Search for Higgs
boson pair production in the two bottom quarks plus
two photons final state in pp collisions at /s = 13 TeV
with the ATLAS detector, Phys. Rev. D 106, 052001
(2022).

055017-27


https://doi.org/10.1140/epjc/s10052-021-09013-y
https://doi.org/10.1140/epjc/s10052-020-08554-y
http://cds.cern.ch/record/2842518
http://cds.cern.ch/record/2842518
http://cds.cern.ch/record/2842518
https://doi.org/10.1007/JHEP07(2020)108
https://doi.org/10.1007/JHEP01(2021)145
https://doi.org/10.1007/JHEP05(2021)207
https://doi.org/10.1007/JHEP04(2019)092
https://doi.org/10.1007/JHEP04(2019)092
https://doi.org/10.1140/epjc/s10052-018-6457-x
https://doi.org/10.1007/JHEP05(2019)124
http://cds.cern.ch/record/2786865
http://cds.cern.ch/record/2786865
http://cds.cern.ch/record/2786865
https://doi.org/10.1007/JHEP04(2022)087
https://doi.org/10.1007/JHEP06(2018)127
https://doi.org/10.1007/JHEP06(2018)127
https://doi.org/10.1007/JHEP03(2019)128
https://doi.org/10.1007/JHEP03(2019)128
http://cds.cern.ch/record/2803723
http://cds.cern.ch/record/2803723
http://cds.cern.ch/record/2803723
https://doi.org/10.1007/JHEP03(2020)034
https://doi.org/10.1007/JHEP03(2020)034
https://doi.org/10.1007/JHEP08(2018)152
https://doi.org/10.1016/j.physletb.2018.03.084
https://doi.org/10.1007/JHEP01(2019)040
http://cds.cern.ch/record/2815230
http://cds.cern.ch/record/2815230
http://cds.cern.ch/record/2815230
https://doi.org/10.1103/PhysRevD.102.032003
https://doi.org/10.1103/PhysRevD.102.032003
https://doi.org/10.1007/JHEP07(2023)095
https://doi.org/10.1007/JHEP07(2023)095
https://doi.org/10.1007/JHEP05(2022)005
http://cds.cern.ch/record/2853597
http://cds.cern.ch/record/2853597
http://cds.cern.ch/record/2853597
http://cds.cern.ch/record/2853597
https://doi.org/10.1007/JHEP11(2021)057
https://doi.org/10.1007/JHEP11(2021)057
https://doi.org/10.1016/j.physletb.2018.01.001
https://doi.org/10.1103/PhysRevD.105.092002
https://doi.org/10.1007/JHEP07(2023)040
https://doi.org/10.1007/JHEP07(2023)040
https://doi.org/10.1103/PhysRevD.106.052001
https://doi.org/10.1103/PhysRevD.106.052001

