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The observation of resonant di-Higgs production, which would strongly suggest the existence of a new
heavy neutral scalar H, has been searched for extensively at the LHC. In the two-Higgs doublet model
(2HDM) with my > m,,, where h is the Higgs boson of mass 125 GeV observed at the LHC, we show that
a direct correlation emerges between Br(H — hh) and Br(H — VV), with V = Z, W, which depends only
on my (and my). In particular, for heavy scalar masses between 500 GeV and 1 TeV, we find that
Br(H — hh)/Br(H — ZZ) ~ 9.4 + 0.25. Moreover, H — hh is a dominant decay mode over a significant
region of the parameter space and serves as the primary probe for a heavy scalar resonance at current and
future hadron colliders. The origin of these predictions is most transparent in the Higgs basis, where the

term in the scalar potential proportional to HTH, HJ[HQ (and its Hermitian conjugate) generates the leading
contributions to the Hhh and Hhhh couplings in the decoupling limit of the 2HDM. Additionally, the latter
coupling governs the resonant prompt tri-Higgs production via H — hhh, which is also directly correlated
to H — hh (and H — VV), and can yield rates large enough to be measured at the High-Luminosity LHC.

DOI: 10.1103/g6sn-bf5n

I. INTRODUCTION

With the discovery of the Higgs boson at the LHC at
CERN[1,2] (denoted by A withm;, ~ 125 GeV), the spectrum
of fundamental particles of the Standard Model (SM) is now
completely observed. Moreover, the properties of the Higgs
boson match the corresponding predictions of the SM within
the experimental accuracy of the measurements [3-6].

Nevertheless, it is striking that the scalar sector
employed by the SM is minimal, in contrast to the non-
minimal structure of the fermionic sector that exhibits a
replication of quark and lepton generations. One might
therefore anticipate a nonminimal scalar sector in which the
Higgs doublet field of the SM is replicated as well. Indeed,
there are hints for the existence of new particles in general,
and new Higgs bosons in particular, with masses of order
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1 TeV and below [7]. Importantly, even if current hints for
new physics at the LHC turn out to be statistical fluctua-
tions, there is still ample motivation to study the phenom-
enological implications of extensions of the SM scalar
sector.

A smoking-gun signature of extended Higgs sectors
containing new scalars heavier than 2m, is resonant di-
Higgs production. This process has been studied in the
context of multiple models (see Refs. [8,9] for a review),
including the scalar singlet-extended SM [10-13], the two-
Higgs doublet model (2HDM) [14-18] and more involved
setups [19-21]. Indeed, resonant di-Higgs production is
searched for extensively at the LHC in multiple channels
[22-32], with a recent combination resulting in impres-
sively strong limits on the corresponding cross section [33].
In the event of a future observation of resonant di-Higgs
production, it is imperative to develop predictions that can
distinguish among the various models.

In this article, we will examine resonant di-Higgs
production in the context of the 2HDM, which was
originally introduced in Ref. [34] and has been extensively
developed and analyzed in the literature.' In light of the

For comprehensive reviews of the 2HDM, see, e.g.,
Refs. [35-37] and Chapter 6.2 of Ref. [38].

Published by the American Physical Society


https://orcid.org/0000-0001-5761-9590
https://orcid.org/0000-0002-6449-5845
https://orcid.org/0000-0001-7338-8104
https://ror.org/04j0x0h93
https://ror.org/0371hy230
https://ror.org/03s65by71
https://ror.org/03s65by71
https://crossmark.crossref.org/dialog/?doi=10.1103/g6sn-bf5n&domain=pdf&date_stamp=2026-07-28
https://doi.org/10.1103/g6sn-bf5n
https://doi.org/10.1103/g6sn-bf5n
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

COLORETTI, CRIVELLIN, and HABER

PHYS. REV. D 114, 015044 (2026)

LHC Higgs data, which imply that the properties of & are
approximately those of the SM Higgs boson [3-6], the
parameters of the 2HDM must be consistent with the so-
called Higgs alignment limit [39-46]. The Higgs alignment
condition is naturally satisfied in the decoupling limit of
the 2HDM [40,47], where all the new scalar states are
significantly heavier than A, under the assumption of
perturbative scalar self-couplings. In our analysis, we shall
simplify the presentation by first neglecting possible new
CP-violating effects in the scalar sector, with a focus on the
production and decay of the heavy CP-even neutral scalar,
denoted by H. A brief treatment of the CP-violating case
will be given at the end of this work.

In the decoupling limit (where my > m,,), we will show
that the 2HDM exhibits direct correlations of resonant di-
Higgs production with H — VV (V = W or Z) that depend
only on myg (and my). This feature can be most easily
understood in the Higgs basis [48-53], where the Higgs
vacuum expectation value (VEV) resides entirely in one of
the two Higgs doublet fields. In the decoupling limit, the
leading contribution to the Hhh coupling arises from a
single term in the Higgs basis scalar potential, which is
proportional to a parameter denoted by Zs. Moreover, Zg
also gives rise to the leading effect in resonant prompt tri-
Higgs production (pp — H — 3h), where the first meas-
urement attempts at the LHC have recently been made
[54-56]. The cross sections for resonant di-Higgs and tri-
Higgs production may be large enough to be observable
at the High-Luminosity LHC (HL-LHC) [57,58] and
FCC-hh [59,60].

II. 2HDM FORMALISM

The 2HDM employs two SU(2), complex scalar doublet
fields @, and ®,, each with hypercharge ¥ = % In general,
the neutral components of the two doublet fields acquire
VEVs, (®)) = v,/1/2, where v, = vep and vy = vspe’s,
with v ~ 246 GeV in a convention where 0 < f < %7{ and
0 <& < 2z, resulting in the breaking of the SU(2), x
U(1), gauge group to U(1)gy.”

Without further assumptions, the choice of ®;—®, basis
is arbitrary. It is therefore convenient to introduce the Higgs
basis fields H; and H, (following Ref. [61]),

M L
Hl = HO = Cﬂq)l + Sﬁe (1)2, (1)
1

H, = H; — Lin i£
2= 0 =e (—Sﬂe (Dl + Cﬂch), (2)
H;

*We have employed the notation where s;=sinf and
cp = cos p. Without loss of generality, one i§ free to apply a
suitable U(1), transformation such that v is real and non-
negative.

where the scalar potential is minimized so that only one of
the scalar doublets acquires a nonzero VEV (i.e., (HY) =

v/v2 and (HY) =0). The complex phase factor e’
accounts for the nonuniqueness of the Higgs basis [61],
since one is always free to rephase the Higgs doublet field
whose vacuum expectation value vanishes.

In the Higgs basis, the most general renormalizable,
SU(2), x U(1)y invariant scalar potential is given by

V=Y H{H, + Y, H H, + V3¢ "H[H, + H.c]

o 1
+§Zl (HiH,)? +§Zz(H;H2)2 + Z3(HIH1 )(H;Hz)
1 .
+ Zy(H{Hy) (HH,) + {5256_2"’ (HiH,)?
+[Zoe "HIH, + Z7e "HIHL HIH, +H.c.}, (3)

where Y, Y5, and Z,, ..., Z, are real, whereas Y3, Zs, Zg,
and Z, are potentially complex parameters. The quantities
Y, and Y; are fixed by the scalar potential minimization
conditions,

1 1
Yl = —§Z11)2, Y3 = —§Z61)2. (4)

The Higgs basis fields couple to up-type and down-type
fermions via the Yukawa coupling Lagrangian,

—Ly = O(ky™, + puH,y)U + Q(IACIT)Hl +ﬁ;H2)D
+ L(kyMy +ppH2)E + Hee., (5)

where H, = ioyH; (k=1,2), and K and pp are 3 x 3
Yukawa matrices in flavor space (F = U, D, E) that are
invariant with respect to scalar field basis transformations.
The quark and lepton fields appear in left-handed SU(2),
doublets Q and L, and right-handed SU(2), singlets U, D,
and E (with the generation indices suppressed). When the

fermion mass matrices M ¢ = vkp/\/2, are diagonalized
via a singular value decomposition [62], the corresponding
transformed pp matrices are, in general, complex and
nondiagonal, which can yield dangerously large tree-level
flavor-changing neutral currents (FCNCs) mediated by
neutral scalars (e.g., see Ref. [63] for a detailed analysis).

Here, we shall avoid off-diagonal neutral scalar cou-
plings to fermions by imposing flavor alignment [64—72].
For this, we define (potentially complex) flavor-alignment
parameters ap in Eq. (5) via

2 .
ﬁp:iaF‘MF, for F = U,D,E, (6)
v
where the aj are invariant with respect to a change of the
scalar field basis. As shown in Ref. [73], Eq. (6) is not
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stable under renormalization group running except in
special cases corresponding to the existence of a Z,
symmetry that is manifestly realized in a particular scalar
field basis. This is the case of natural flavor conservation
[74,75], which is often assumed in 2HDM phenomeno-
logical studies. However, to be more general, we do not
make this assumption here, as phenomenological consid-
erations do not require it.’

In light of the form of the scalar potential [Eq. (3)] and
the flavor alignment condition [Eq. (6)], the scalar sector of
the 2HDM yields potentially new sources of CP violation
beyond the phase in the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix. To simplify the analysis presented
in this work, we assume that all new sources of CP
violation are absent. In particular, we shall assume that
the flavor alignment parameters ar defined in Eq. (6) are
real. In addition, we shall also assume the existence of a real
®;—-®, basis in which all the parameters of the scalar
potential are real, and the corresponding scalar field VEVs
are real (i.e., CP is not spontaneously broken by the scalar
potential). It then follows that a real Higgs basis exists
where the potentially complex scalar potential parameters
Y3, Zs, Zg, and Z; [cf. Eq. (3)] are all real, and siné =
siny = 0 [cf. Egs. (1) and (2)]. That is,

En=0 mod x. (7)

Since siné =0 in a real ®;—®, basis, it follows that
spe™’s = szcos & = £s. Thus, it is convenient to redefine
sp — spsgn(cos &), in which case the range of the param-
eter f3 is extended to —j7 < f <im.

In particular, Y3, Zg, Z7, and

e=e" =cosn ==+l (8)

are real quantities that transform under a real orthogonal
basis transformation, ®; — R;;®;, as

[Y3,ZG,Z7,€] —>detR[Y3,ZG,Z7,8}, (9)

with det’R = +1. In contrast, note that Zs is invariant
under ®; — R;;®;. The quantity e = +1 accounts for the
twofold nonuniqueness of the real Higgs basis. The
parameter Zg plays a critical role in our analysis, and
we shall henceforth assume that Z¢ # 0. In light of Eq. (9),
it follows that £Z is invariant under a real orthogonal basis
transformation.

The neutral Higgs sector of the 2HDM consists of two
CP-even neutral scalars, 7, and h,, with masses m; and m,,

3Flavor-aligned extended Higgs sectors can arise naturally
from symmetries of ultraviolet completions of low-energy effec-
tive theories of flavor as shown in Refs. [76-78]. In such models,
departures from exact flavor alignment due to renormalization
group running down to the electroweak scale are typically small
enough [79,80] to be consistent with all known FCNC bounds.

respectively, and a CP-odd neutral scalar, h; = V2 ImHY,
with mass my = m,, where

1
mi = Y2 +§(Z3 + Z4 - 25)1}2. (10)

The two neutral CP-even Higgs scalars are identified by
diagonalizing a 2 x 2 matrix, which is shown below [71]

with respect to the basis {\/ZRGH? -0, \/EReHg},

M= ( Zv? eZe0? >’ (an

eZsv? mi + Zsv?

with corresponding mass eigenstates

hy = (\/EReH? - U) cos 0y, — V2ReHYsin0y,, (12)

hy = (\@ReH? — v) sin 6y, + V2ReHS cos 0. (13)

and masses m; = m;, (where m; < m,) given by

1
mi, = 3 {mi +(Z) + Zs)v?

/I + (25— 20+ 4lZe2t |, (14)

in a notation where m? < m3. The mixing angle 0, is
defined modulo 7; by convention, we take cos 8, > 0 and
—%ﬂ' <0, < %7[ In particular [81],

. 826’[)2
sinf,, = , 15
ez
mz — Z,v?
01y = || 25— 16
COS U2 m%_mz ( )

That is, 6, is basis invariant and is thus independent of the
twofold nonuniqueness of the real Higgs basis.

In light of the LHC Higgs data [3-6], one of the two
neutral CP-even Higgs bosons must resemble the SM

Higgs boson. Indeed, if ¢ = \/EReH? — ¥ were a mass
eigenstate, its tree-level couplings would precisely match
those of the SM Higgs boson. The limiting case just
described is known as the Higgs alignment limit [39-46]
and corresponds to sinfj, = 0 if the lighter of the two
CP-even Higgs bosons, h, is identified with the Higgs
scalar discovered at the LHC [14]. In particular, /; then
resides entirely in the doublet H; as indicated by Eq. (12).

The notation introduced above differs from the standard
notation employed in the 2HDM literature [35,36], which
was developed starting from a real ®;—®, basis where both
the neutral components of ®; and ®, acquire a nonzero
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VEV. The diagonalization of the CP-even neutral scalar
squared-mass matrix in this basis yields a mixing angle
denoted by a. Neither a nor f has a separate physical
meaning in a general 2HDM [62]. However, after returning
to the Higgs basis, one finds [71]

(H) Choa  —Sp-a ﬂReH? - (17)
h Sp—a Chpa 8\/§R6H(2) ,
where we have introduced the notation s;_, = sin(f — a)
and cj_, = cos(f — a). Comparing the equation above
with Egs. (12) and (13), it follows that

COS 912 = Sﬁ—a’ sin 012 = —€ C/}_a, (18)
or equivalently f —a = €0, + %7[ Since 6y, is invariant
with respect to real orthogonal basis transformations, it
follows that s;_, > 0, whereas c;_, changes sign under an
improper real orthogonal basis change [cf. Eq. (9)].

Moreover, the neutral scalar mass eigenstates typically

employed in the 2HDM literature [35,36] are related to the
basis-invariant fields 4; as follows [18,71]:

h:hl, H:—Shz, A:€h3. (19)
Similarly, the charged Higgs scalar field employed in the
2HDM literature is given by H* = ¢H;. The correspond-
ing charged Higgs mass is

1 1
mzi :Y2+§Z3112:m/24—5112(24—25). (20)

The scalar sector of the CP-conserving 2HDM is
governed by the following eight independent parameters:
{v,my, mg,my,my=,Z,,7Z3,7Z7}. Note that the other Z;
are fixed:

Z\v* = my 55+ my ¢, (21)

Zyw? =my e, +my sy +my —=2my.,  (22)
Zsv? = m3 c/%_a + m, 5/25—(1 - m3, (23)
Zsv* = (m} — m3;)Cp_uSp_q- (24)

As h is identified with the SM-like Higgs boson
observed at the LHC, it then follows that |sin6,| < 1
(or equivalently |c;_,| < 1).* In light of Eq. (15), the
Higgs alignment limit can be achieved when |Z¢| < 1 and/
or when my > m;, (under the assumption that Z¢ lies in
the perturbative regime). In this paper, we propose to
examine the 2HDM where |Zg| < O(1) and Y, > 0,

*Experimental evidence for |cp_q| < 1is provided in Ref. [82].

corresponding to the decoupling limit [40,62]. In this
limit, my ~ my ~ my= > my, or more precisely

4
mi =7, vz—f—(’)(v—z), (25)
o
o
my =mj +Zsv* + O — |. (26)
My

Moreover, Egs. (15) and (18) yield Zgcy_, < 0, with
Zv? v*
Cﬂ_a = —6—2 + O <—4> . (27)
my mi

III. DECAYS OF H AND A

The Feynman rule for the HV,V,, coupling, where VV =
W*W~ or ZZ, is given by igyyyg,,, with [35]

2
Juvy = MTVCﬁ_a, for V = W, Z. (28)
As expected, the HVV couplings are suppressed close to
the Higgs alignment limit, where |cs_,| < 1. There are no
tree-level AVV couplings.

Next, we record the coupling of H to scalar final states.
The only possible kinematically allowed H decay final
states in the limit of new heavy Higgs boson masses
my ~ my ~ my=, where my > v, are hh and hhh. The
corresponding Feynman rules for the Hhh and Hhhh
interaction vertices are given by igyp, and iggun,, respec-
tively, where [18,40,83]

1
Grnn = —3v |:Zl ChaSia T Z345Cpa (g - S;Z;_a>

- Z6Sﬂ—a(1 - 36[2}—(1) - Z7C%}_a5ﬂ_a:| s (29)

9Hnnn = —3 |:Zl Sh-aCp-a = Z25p-aCh g

+ Z345Sﬁ—acﬂ—a(f3§_a - S/%-a)

~Ze8} o1 —46},) ~ Zoc (45~ )] (30)
with Zyys = Z3 + Z4 + Zs. In the decoupling limit, where
|Z6| < O(1) and |cy_,| < 1 [as a result of Eq. (27)], the

scalar couplings above simplify to gyu, ~3vZs and
Gunnn = 3Zg. Using Eq. (27), it follows that

9HVV 2m3
~— 3—; . (31)
my

9Hhh
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The partial decay rates of H — VV and H — hh are directly correlated at leading order in v?/m?%. In particular, the
corresponding partial decay rates of H into WW, ZZ, hh, and hhh are given by

(m$, — 4m12qm%, + 12m“‘,)\/m,2q - 4m%,

Chovy = cvlgnvvl? 2

4
64xmy,my

1
Uhomn = ol |Grnn]?

where A(a,b,c) = a® + b* + ¢* — 2ab — 2ac — 2bc, and
we have made use of results given in Refs. [35,84] and
Appendix D of Ref. [38]. There are no decays of A to scalar
final states due to the assumed CP symmetry.

It is instructive to derive an approximate formula for
['(H — hh)/T(H — VV) in the limit where |cs_,| <1
and my > my, my,

2(3m3, — m?

=l )

['(H — hh) 9 ]
my

T(H—VV) 2¢,

Equation (35) yields asymptotic ratios of 9:2:1 for the
decay rates of H into the final states hh, WTW~, ZZ,
respectively. The same asymptotic ratios were also obtained
in Ref. [85] in an extended scalar sector via the Higgs
portal due to dimension-5 scalar operators (a phenomenon
dubbed the busy Higgs mechanism). However, higher-
dimensional operators are not needed in the 2ZHDM to
reproduce the corresponding busy Higgs signal asymptotic
ratios of Ref. [85].

Likewise, in the limit where |cs_,| < 1 and my > my,

[(H — hhh)  m?, 4ms, 2my,
L R B W P PP ,
['(H - hh) 967°v my, my

(36)

which is a factor of four smaller than the corresponding
busy Higgs result with dimension-5 scalar operators.

Next, we exhibit the couplings of H and A to quarks and
leptons via the Yukawa Lagrangian [71,80]:

1
v

Ey: Z FMF[SGFSﬁ_a—C/}_a]FH, (37)

F=UD.E

ie _ -
+E{GUUMU]/5U— Z aFFMFy5F}A, (38)

F=D.E

where ¢ is defined in Eq. (8) and the M (F = U, D, E) are
the corresponding diagonal up-type quark, down-type
quark, and charged lepton mass matrices, respectively.

. where ¢y = 1(1/2) for V = W(Z), (32)

1
o2 \/mlzq—4m%l, (33)
H
P 4
dxAY*(x, mz,, m3) - (34)

r 1 | |2 1 /
H—hhh = 3 9Hhhh 256”3m;1 i

|
The corresponding Feynman rules for the Hff and Aff
vertices are given by igy 7 and ig, 7, Where

m
9ny7 =~ (€ ar Sp-a = o). (39)
m .
9arr = :I:Tflgaﬂ/& (40)

where the upper [lower] sign in Eq. (40) corresponds to up-
type (down-type) fermions, respectively. The partial decay
rates of H and A into 77 are given by

] 3 42\ 2
D(H = 1) = |gua? 22 (1— ’") o

87 m
_ 3m 4m>\ 1/2

In the limit where |c;_,| < 1 and my > m,, my,

T(H — hh) _ 30472
L(H —11) — 4mimi(ay — ecp_y)?
2(3m? — m?
x {1 4 28mi ~m) mh)}, (43)
H

where Zg is fixed by Eq. (24).

Under an improper real orthogonal basis transformation,
the couplings gyvv. 9unns Gunnns Jusp> a0d g4 7 in change
sign, as expected in light of Egs. (18) and (19). Of course,
the relevant physical quantities are the squares of these
couplings, which are manifestly basis invariant.

Finally, we remark that one can set € = 1, thereby fixing
the real Higgs basis, as no observable depends on this
choice.” Since Zscp_q < 0 [cf. Eq. (27)], the signs of Zg
and c;_, are now physical but correlated. Moreover, due to
the form of the Hff coupling, it suffices to consider only
positive values of c;z_, in a parameter space scan while
allowing for values of a of either sign.

>This choice is implicitly made in most treatments of the
CP-conserving 2HDM in the literature.
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IV. PHENOMENOLOGICAL ANALYSIS

First, we examine the correlations among the decay
widths (or equivalently, the branching ratios) given ana-
lytically in Sec. III. The red curve in Fig. 1 depicts the ratio
I'(H — hh)/T(H — ZZ), and the blue curve depicts the
ratio U'(H — hhh)/T(H — ZZ), as a function of my. In the
mass range of 500 GeV < my < 1 TeV, Egs. (35) and
(36) yield 9.65>T'(H - hh)/T(H - ZZ) % 9.15 and
0.01 ST(H — hhh)/T(H — ZZ) < 0.1. The approximate
expressions used in obtaining Fig. 1 are reliable under the
assumption that the self-coupling parameters |Z;| < O(1)
and [cy_,| < 1, which implies that the mass splittings
among the heavy Higgs scalars are small [in light of
Egs. (21)-(23)]. Moreover, in the decoupling regime
where my > v, Eq. (24) implies that |Zg| ~ (m3/v?)x
|cp—a| > |cp_y|. Consequently, the exact expressions for
the ratios of partial decay rates exhibited in Fig. 1 are
insensitive to the specific choices for the other Z; due to the
Cp_q Suppressions in Egs. (29) and (30). Hence, the results
of Fig. 1 can be used in the future to test the 2HDM in case
any of the processes mentioned above are observed.

Next, we consider the relevant constraints on H produc-
tion and decay in the decoupling regime. In this setup, the
vector boson fusion production cross section is suppressed.
However, the second Higgs doublet H, couples to top
quarks [cf. Eq. (5)], which induces gluon fusion production
of A and H via a top quark loop. Using Eq. (39) with e = 1,
the gluon fusion cross section gg — H is given by

6(99 > H) = layss_q — cp_a)?o(gg > Hsm),  (44)

where Hgy is a hypothetical scalar with a mass of my and
with couplings to gauge bosons and fermions that coincide
with those of the SM Higgs boson.

For my > 500 GeV, the dominant and most sensitive
decay channels are I'y_z; [cf. Eq. (32)], Ty_m
[cf. Eq. (33)], and T'y_, ;7. In light of Egs. (39) and (41),

Uy = auSpoa — o) Ty, —ii- (45)

The relevant experimental bounds can be found for H, A —
tf in Refs. [86,87], for H — ZZ in Refs. [88,89] and for
H — hh in Ref. [33]. We have examined a benchmark
point with my = my = my+ = 800 GeV, with Z,, Z4, Zs,
and Zg fixed via Egs. (21)-(24). We have also set
Z, = Z3 = Z7; = 1, although our results are quite insensi-
tive to the specific choices for Z,, Z3, and Z;, as previously
indicated. For this benchmark point, #7 searches give a limit
of |ayss_q—cp_o| $0.5 for H with T'y/my = 1%° and
lay| S 0.4 for A. For the H — ZZ decay channel with
my = 800 GeV, the currently observed LHC upper limit is

®We checked that for the allowed parameter space, the ratio
Iy /my does not exceed 5%.

N LT A2
N 10+ 101 =
(I 1
= f =
[ =
~ ~
< 7 =
<= =
! v
2] N
= 1N
900 v b v e b L 100
500 600 700 800 900 1000
FIG. 1. 2HDM predictions for I'(H — hh)/T(H — ZZ) (left

axis, red) and I'(H — hhh)/T'(H — ZZ) (right axis, blue) using
the approximate expressions for the ratios of partial decay widths
given in Egs. (35) and (36).

o(99 » H) x Br[H - ZZ] ~ 0.01 pb, and for H — hh, the
upper limit is o(gg — H) x Br[H — hh] ~0.01 pb.

The results of our analysis are shown in Fig. 2. Currently,
for my =800 GeV, H — hh provides stronger con-
straints than H — ZZ over the whole parameter space.
Furthermore, in light of Eq. (36), the cross section for
prompt resonant tri-Higgs production ¢(pp — H — hhh)
can be as large as 0.1 fb (2 fb) for /s = 14 TeV (100 TeV)
[99], which may be observable at the HL-LHC (100 TeV
FCC-hh) with an integrated luminosity of 3000 fb~!
(20 ab~"). Focusing on the most sensitive tri-Higgs pro-
duction channel, the 6/ final state, with a b-jet efficiency of
€, ~0.85 and a cut efficiency8 of €., ®# 0.1 (0.0115) [101],
one can expect up to 3 (35) events.

In the allowed parameter space, the resonant decay
H — hh can compete with H — 7 and can even become
the dominant decay mode. This behavior, which is a
consequence of Eq. (43), is highlighted within the region
bounded by the dot-dashed lines in Fig. 2. Indeed, the
branching ratio of H — hh can exceed 70% in some
regions of the parameter space, as shown in Fig. 3. As
noted below Eq. (45), the LHC di-Higgs measurements
constrain the production cross section to a value that is no
larger than 0.01 pb. In particular, the di-Higgs production
cross section is compatible with a relatively small top-quark
alignment parameter a;, which suppresses the H — tf
decay mode as indicated in Eq. (43).

"The searches for 77 associated production of A and H [90,91]
as well the charged Higgs in tb associated production
(pp — thH*) with H* — tb [92-98] do not yield competitive
bounds.

¥The cut efficiency is derived from a cut-based analysis, while
more recent studies based on deep learning techniques achieve an
improvement by a factor of 6 resulting in approximately 18
events at the HL-LHC [100].
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mpy = 800 GeV

0.01

ar
Fig. . Continues on facing page.

FIG. 2. Allowed regions in the ap vs cp_, plane for
my =my = my= = 800 GeV, where ar = ay = ap = ag. The
contour lines show o(pp — H — hhh) in units of femtobarns for
\/s = 14 TeV. Theregions outside the dashed lines are excluded by
H — ti(blue)and A — f7 (violet) searches at the LHC. In the region
that lies inside the two dot-dashed lines, H — hh is the dominant
decay mode [cf. Egs. (35) and (43) with € = 1]. Note that in the
decoupling limit with |Z¢| < 1 Eq. (27) implies that |c4_,| < 0.1.

Note that the relations among the direct search channels
discussed above hold at tree level and are sensitive to loop
corrections [102]. However, for O(1) self-couplings in the
scalar potential, the loop effects are small. Furthermore, the
constraints imposed by the LHC Higgs data are, in general,
satisfied close to the Higgs alignment limit. In particular, the
deviation of the i — yy signal strength from the predicted
value in the SM is mainly sensitive to Z3 (via the charged
Higgs boson loop), which does not significantly affect the
tree-level observables analyzed in this paper. Finally,
perturbativity constraints are easily satisfied by choosing
appropriately small mass splittings among H, A and H*.

V. EFFECTS OF CP VIOLATION

Although the analysis of Sec. IV was carried out in the
context of the CP-conserving 2HDM, our conclusions
hold even in the case where additional sources of CP
violation are present.9 This can be seen as follows: in the
CP-violating 2HDM, the three neutral scalar mass eigen-
states are states of indefinite CP, denoted by &y, h,, and h5.

°One must check that the parameters of the CP-violating
2HDM are not in conflict with the current experimental con-
straints [103] on the electric dipole moment of the electron [104].

mpy = 800 GeV
0.2

ap

FIG. 3. The branching ratio of H — hh in the ap vs cs_, plane
for my = my = my= = 800 GeV, where ap =ay =ap = ag
and ¢ =1 [cf. Eq. (43)]. Contour lines corresponding to a
branching ratio of 0.2, 0.4, and 0.7 are exhibited.

We adopt the convention where m; < m,, ms (where
my = my, ) and assume that & can be identified with the
SM-like Higgs boson & observed at the LHC. Indeed, in the
Higgs alignment limit, /4, is approximately CP even,
whereas h, and h3 are not CP eigenstates. The three
neutral scalar mass eigenstates are obtained by diagonal-
izing a 3 x 3 squared-mass matrix, and as shown in
Refs. [61,62], the diagonalization procedure yields two
physical mixing angles, denoted by 6, and 6,5.

In the decoupling limit where my ~my ~ my: > v,
Eq. (27) is replaced by [18]

2R 7 —in 4
Sin 612 = 71} e( 266 ) + O(U_4> i (46)
m; nm,
21 7 —in 4
sindy; = — - MZse™) 0(14). 7)
ms ms

The couplings of /i, to V'V, hh, and hhh in the decoupling
limit are given at leading order by

2 2
Invv zﬂSiIl alkﬂ for k = 2,3, (48)
v
Gnyhin = —3vRe(Zge ™M), (49)
gh3hh ~3p Im(Z6e_i'7), (50)
Gy = —3Re(Zge™™), (51)
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Ghyhnn =3 Im(Zge™™). (52)
In particular, in light of Egs. (46) and (47), we obtain

IV MY o k=2, 3, (53)
9nyhn 3my
which generalizes the result of Eq. (31).
Similarly, the couplings of 4, and h; to fermions are
obtained from the Yukawa Lagrangian at leading order in
the decoupling limit,

1 (-
‘C’Y = ——{UMU(CIUPR +aU*PL)
v

+ Y FMp(a™ Py +aFPL)}h2
F=D.E

- i {[_]MU(—GUPR + aU*PL)
v

+ Z FMp(a"™ Py - aFPL)}h.% (54)
F=D.E

where Pg; =1 (1 +s) and the flavor-alignment param-
eters a’ (F = U, D, E) may be complex. However, the
magnitude of the corresponding couplings of /, and /5 to
fermion pairs will not differ significantly from the corre-
sponding CP-conserving case.

Therefore, in the CP-violating 2HDM, the analysis of
Sec. IV can be applied to resonant di-Higgs and tri-
Higgs production via resonant A, and A3 production and
decay,lo where |Zg| is replaced by the basis-independent
scalar self-couplings Re(Zge™™) and Im(Zge™™), respec-
tively. Note that the decay h, — yy [hy = yy] is
mediated at one loop primarily via the couplings of
hy [hs] to WHW~™, i, and H"H~, where the latter is

The interplay between the Higgs alignment limit of the
2HDM and CP-violating observables has been studied via
nonresonant cascade di-Higgs and tri-Higgs production in
Refs. [105,106].

proportional to Re(Z;e™™) [Im(Z;e™™)], respectively
[107,108]. However, the corresponding %, and h5 decay
widths are negligible in the region of parameter space
considered in this work.

VI. CONCLUSIONS

In this paper, we have derived simple relations among the
decay widths of the heavier CP-even Higgs boson of the
2HDM (denoted by H) into hh, ZZ, WW, and hhh that
hold for my > v, i.e., close to the Higgs alignment limit in
the decoupling regime. In particular, we find that 9.65 =
I'(H - hh)/T(H—> ZZ) 2915 and 0.01 <T'(H —
hhh)/T(H — ZZ) < 0.1 when 500 GeV < my < 1 TeV.
These relations can be used as simple tests of the 2HDM if
a new scalar particle is discovered in one of these decay
modes. Furthermore, by taking into account the current
experimental LHC bounds on H — ZZ, H — hh, H - ft,
and A — 7, we find that a significant region of the
parameter space exists where H — hh is a dominant decay
mode and serves as the leading probe for the discovery of a
heavy scalar narrow resonance at current and future hadron
colliders. Furthermore, 6(pp — H — hhh) can be as large
as 0.1 fb at /s = 14 TeV, thereby suggesting that resonant
prompt tri-Higgs production in a 2HDM might be observ-
able at the HL-LHC (with better prospects at a future FCC-
hh collider at /s = 100 TeV).
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