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Abstract The measurement of the triple Higgs coupling is
one of the main tasks of the (HL-)LHC and future lepton
colliders. Similarly, triple Higgs couplings involving BSM
Higgs bosons are of high interest. Within the framework
of Two Higgs Doublet Models (2HDM) we investigate the
allowed ranges for all triple Higgs couplings involving at
least one light, SM-like Higgs boson. We present newly the
allowed ranges for 2HDM type III and IV and update the
results within the type I and II. We take into account theo-
retical constraints from unitarity and stability, experimental
constraints from direct BSM Higgs-boson searches, mea-
surements of the rates of the SM-like Higgs-boson at the
LHC, as well as flavor observables and electroweak preci-
sion data. For the SM-type triple Higgs coupling w.r.t. its SM
value, Annn/Asm, we find allowed intervals of ~ [—0.5, 1.3]
in type [ and ~ [0.5, 1.0] in the other Yukawa types. These
allowed ranges have important implications for the experi-
mental determination of this coupling at future collider exper-
iments. We find the coupling Ay between ~ —1.5 and
~ 41.5 in the four Yukawa types. For the triple Higgs cou-
plings involving two heavy neutral Higgs bosons, A; gz and
Anaa we find values between ~ —0.5 and ~ 16, and between
~ —1 and ~ 32 for A, y+ - . These potentially large values
could lead to strongly enhanced production of two Higgs-
bosons at the HL-LHC or high-energy lepton colliders.

1 Introduction

The discovery of a new scalar particle with a mass of
~ 125 GeV by ATLAS and CMS [1-3] — within theoret-
ical and experimental uncertainties — is consistent with the
predictions of a Standard-Model (SM) Higgs boson. No con-
clusive evidence of physics beyond the SM (BSM) has been
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found so far at the LHC. However, the measurements of the
Higgs-boson rates at the LHC, which are known experimen-
tally to a precision of roughly ~ 10%, leave ample room
for BSM interpretations. Many models of BSM physics pos-
sess extended Higgs-boson sectors. Consequently, one of the
main tasks of the LHC Run 3 and the HL-LHC is to deter-
mine whether the observed Higgs boson forms part of a Higgs
sector of an extended model. A key element in the investi-
gation of the Higgs-boson sector is the measurement of the
triple Higgs coupling of the SM-like Higgs boson, A;p,. The
expected achievable precision at different future colliders in
the measurement of Apj;; depends on the value realized in
nature. In the case of an extended Higgs-boson sector, equally
important are the measurement of BSM triple Higgs-boson
couplings.

One natural extension of the Higgs-boson sector of the SM
is the “Two Higgs Doublet Model” (2HDM) (for reviews see,
e.g., Refs. [4-6]). This model possesses five physical Higgs
bosons: the light and the heavy CP-even i and H, the CP-odd
A, and the pair of charged Higgs bosons, H*. The ratio of the
two vacuum expectation values, tan 8 := vy /vy, defines the
angle B that diagonalizes the C’P-odd and the charged Higgs
sector, while the independent angle « diagonalizes the CP-
even Higgs sector. For this work we assume that the light
CP-even Higgs-boson h is SM-like with a mass of mj ~
125 GeV with all other Higgs bosons assumed to be heavier.
To avoid flavor changing neutral currents (FCNC) at the tree-
level, a Z symmetry is imposed [7], which is allowed to be
softly broken by the parameter m%z. The extension of the
Z> symmetry to the fermion sector defines four types of the
2HDM: type I and II, type III (also called type Y, or flipped)
and type IV (also called type X, or lepton specific) [5].

In this paper we investigate the allowed ranges for all
triple Higgs couplings involving at least one light SM-like
Higgs boson in all the four 2HDM types. Concretely, these
triple Higgs couplings are Appn, Anng, AnHH, Ahaa and
A H+H-, extending and completing our analysis in Ref. [8].
One important aspect of our explorations is to find allowed
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parameter regions that lead to either large non-SM triple
Higgs boson couplings, or to large deviations from unity in
the ratio of the light triple Higgs-boson coupling w.r.t. its SM
value, k. := Apnn/Asm. Particularly, we explore scenarios up
to relatively heavy masses mp,m4 andmpy= < 1.6 TeV, but
not enforcing the so-called alignment limit, cos(8 —a) — 0
(see, e.g., [9]). A related important aspect in the allowed
ranges for the various triple Higgs couplings is that they
may affect the di-Higgs boson production rates at current and
future colliders. The production of Higgs-boson pairs like /4,
hH, HH, hA, hH*, AA and HT H™ can be significantly
affected by the presence of sizable triple Higgs couplings
within the 2HDM, yet allowed by the present constraints. In
particular, et e~ colliders will be crucial to explore deviations
from the SM Higgs-boson self-coupling, as well as triple
Higgs couplings to BSM Higgs bosons. In the context of the
2HDM type I and II, we analyzed the effects from triple Higgs
couplings on the production of two neutral Higgs bosons
at ete™ colliders in Ref. [10] (extended discussions can be
found in Refs. [11,12]). Specifically, in these previous works
we explored the sensitivity to BSM triple Higgs couplings via
the double Higgs production channels eTe™ — h;h jvv and
ete™ — h;h;Z at possible future high-energy e*e™ collid-
ers, such as the ILC or CLIC. Further analyses of triple Higgs
couplings at eTe™ colliders were presented in Refs. [13,14].
Recent reviews on triple Higgs couplings at eTe™ colliders
can be found in Refs. [15-18].

The allowed ranges of the triple Higgs couplings that we
explore here are restricted by theoretical constraints from uni-
tarity and stability (we use Refs. [19-21] as implemented in
our private code), as well as by experimental constraints from
direct Higgs-boson searches (we use HiggsBounds [22-
26], with data from Refs. [27-38]), from the experimen-
tal measurements of the production and decay rates of the
Higgs boson at ~ 125 GeV (we use HiggsSignals [39-
41], where the experimental data are listed in Ref. [42]),
from flavor observables (we use SuperIso [43,44], com-
plemented with Refs. [45-47] and experimental data from
Refs. [48-58]), as well as from electroweak precision observ-
ables (EWPO) (we use S, T and U [59,60], complemented
with [61,62] and bounds from [58]). To explore the 2HDM
parameter space we use 2HDMC [63], which includes one-
loop QCD corrections for the Higgs-boson decay widths. In
the decays of neutral Higgses to quarks also two-loop QCD
corrections are included. Furthermore, for all decays of a
Higgs boson to quarks the leading logarithmic corrections to
all orders are implemented by using the running MS quark
masses in the couplings, see Ref. [63] for more details. The
analysis of the values of the triple Higgs couplings has been
performed with our private code, which is based on the tree-
level formulas for these couplings as given in the “physi-
cal basis” in terms of our chosen input parameters, see the
appendix of Ref. [8].
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Our analysis extends the work presented in Ref. [8] in sev-
eral ways. In Ref. [8] we focused on the 2HDM type I and II,
with the then available constraints. While the theoretical con-
straints remain effectively the same, there have been impor-
tant updates in the experimental constraints. Particularly, we
can now apply the full set of available LHC Higgs-boson
rate measurements, especially the STXS measurements via
HiggsSignalsinto our evaluation. This leads to some-
what tighter limits on cos(8 — «) (see below) and corre-
spondingly to smaller allowed intervals for the various triple
Higgs couplings, particularly in type II. More importantly,
we now extend our analysis to the full set of 2HDM types.
In this way we provide a direct comparison of the four types
w.r.t. the various theoretical and experimental constraints.

This also constitutes one of the main differences between
our new study and previous studies on constraints in the
2HDM, from LHC physics [64-67], EWPO [61,68,69], fla-
vor physics [70,71] and global fits [9,72—74]. With the fully
updated results for the allowed ranges of the triple Higgs
couplings presented here, one could then explore the sensi-
tivities to those couplings at future ete™ colliders. Such an
analysis, extending our first proposal in Refs. [10-12] is left
for future work.

Our paper is organized as follows. In Sect. 2 we briefly
review the details of the 2HDM and fix our notation. We also
discuss the theoretical and experimental constraints applied
to our sampling of the 2HDMs. The four 2HDM types are
compared to each other in Sect. 3 in several selected bench-
mark planes, where we discuss in detail the impact of the
various constraints on them. In Sect. 4 we define specific
planes for each of the four types, exhibiting large effects on
the triple Higgs couplings. We analyze the maximum devia-
tions of Apj;, from the SM that are still allowed taking into
account all constraints. We also discuss the values that can
be reached for the other triple Higgs couplings involving at
least one i. Our conclusions are given in Sect. 5.

2 The model and the constraints

In this section we give a brief description of the 2HDM to fix
our notation. We also review the theoretical and experimental
constraints, which are in general the same as in Ref. [8],
but where details of the experimental constraints have been
updated.

2.1 The 2HDM

We assume the CP conserving 2HDM (see Refs. [4-6] for
reviews). The potential can be written as:
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Table 1 Allowed fermion couplings in the four 2HDM types

u-type d-type leptons
Type 1 Cbz ¢2 CDQ
Type 11 CI>2 CI)] CD]
Type I1I/Flipped/Y b)) D (o))
Type IV/Lepton-specific/X [oB) o)) (ol

V = mi (@] ®1) + m3y(@)d2) — mi, (@] Dy + PJd1)
Al A2
+ 3(q>fq>1)2 + ?@;@2)2
+ 23 (D] D) (DS D2) 4 Mg (D] D) (D)D)

A .
n 75[@1%)2 + (@S )7 (1)

The two SU (2);, doublets are denoted as ®; and &,,
D) = o
T\ @it im) )

o, @)
2 Tj(vz-l-,oz-i-inz) ’

where vp, vy are the two real vacuum expectation values
(vevs) acquired by the fields @1, ®,, respectively, and they

satisfy the relation v = (v% + v%) where v >~ 246 GeV
is the SM vev. We furthermore define tan § := vy/v;. The
eight degrees of freedom above, ¢]ﬂf2, p1,2 and 11 2, give rise
to three Goldstone bosons, G* and GO, and five massive
physical scalar fields: two C’P-even scalar fields, & and H,
one C’P-odd one, A, and one charged pair, H +. Here the mix-
ing angle o diagonalizes the CP-even scalar bosons, whereas
the angle 8 diagonalizes the CP-odd and the charged scalar
bosons.

A Z, symmetry is imposed to avoid the occurrence of tree-
level FCNC. This symmetry is softly broken by the parameter
m%z in the Lagrangian. The extension of the Z, symmetry
to the Yukawa sector of the model forbids tree-level FCNCs.
This results in four variants of 2HDM, depending on the Z»
parities of the fermions, where the corresponding coupling
to fermions are listed in Tables 1 and 2.

We will study the 2HDM in the so-called “physical basis”,
where the free parameters in Eq. (1) can be re-expressed in
terms of the following set:

Cho, tanP, v, my, my, ma, mpge, m,, (3)
which we take here as input parameters. From now on we use
sometimes the short-hand notation s, = sin(x), ¢y = cos(x).
In our analysis we will identify the lightest CP-even Higgs

boson, &, with the observed Higgs boson at ~ 125 GeV.

The couplings of the extended Higgs sector to SM particles
within the 2HDM are different than in the SM. In particular,
the couplings of the lightest Higgs boson are modified w.r.t.
the SM Higgs-coupling predictions due to the mixing in the
Higgs sector. The corresponding 2HDM Lagrangian is given
by:

L=- Y % (6 Frn+ e fri+ie] frsra]
f=u.d.l
2
- [%ﬁ (muVCKMSX P+ VCKMm(zé?ffPR) dH™

V2m

v

+

E4VPRIHT +h.c.:|

1
+ [ngS}yWuW“hi + Egmzéhzl_ZﬂZ”hi} .
hi=h,H,A

“

Herem s g, mw and m 7 are the fermion masses, the W mass
and the Z mass, respectively. The factors in the couplings to
fermions, Ehf’ H.A» and to gauge-bosons, ng H.A» Are summa-
rized in Table 2.

In this paper we focus on the couplings of the lightest CP-
even Higgs boson with the other BSM bosons, concretely
Ahhs MhH»> Mg and Apaa. We define these )"hihjhk cou-
plings such that the Feynman rules are given by:

hi-=-------- =< = —tvn! Ahihjhk ,

. 5)

where n is the number of identical particles in the vertex.
Explicit expressions for the couplings Anp,5; in terms of our
input parameters in Eq. (3) can be found in the Appendix of
Ref. [8]. Following the convention in Eq. (5) the light Higgs
triple coupling Axp;, has the same normalization as Agy in
the SM, ie. —6ivigy with Asm = m?/2v? =~ 0.13. We
furthermore define «) := Appn/Asm-

Animportant limit of the 2HDM is reached for cg_, — 0,
the so-called alignment limit. In particular, if cg_, = 0 one
recovers all the interactions of the SM Higgs boson for the i
state. However, also in the alignment limit one can still have
BSM physics related to the extended Higgs sector, like h H H
or Z H A interactions, for example.

@ Springer
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Table 2 Relevant factors
appearing in the couplings of the
Higgs bosons to fermions,

Type I

Type I

Type II/Flipped/Y

Type IV/Lepton-specific/X

/ &) Sg—q +Ccp_qg cOt B Sg—q +Cp_qg cOt B
&j, 1 4» and to gauge-bosons, d
v N . & Sp—a + Cp_g COtB Sg—aq — Cp—q tan B
éh_H_A, according to Eq. (4), in !
the four types of the 2HDM &  Sp-atCpacotf  spa—cCpatanp
considered here &Y Sp—a Sp—a
3 Ch—o — Sp—q COL B Ch—a — Sp—qa COL B
Sf_i[ Chpa — Sp—q COL B Cp—a +Sp_gtanf
E}{ Ch—o — Sp—a COL B Cp—o +Sp—q tan B
E[\; Ch—a Ch—a
I —cotf —cotf
5,‘4[ cot —tan 8
5114 cot —tan
gy 0 0

Sg—q + Cp_g cOLP
Sp—a — Cp—q tan B
Sg—a + Cp—q COL B
SB—a

Ch—o — Sp—o COL B
Cpoq + Sp_gtan B
Cp—a — SPp—a cot 8
Ch—a

—cotf

—tan 8

cot

0

Sp—q + Cp_g cOt B
Sp—a + Cp—a cot B
Sg—a — Cp—q tan B
Sp—a

Ch_o — Sp—q COL B
Chq — Sp—qg COL B
Cp—a + Sp—o tan B
Ch—a

—cotf

cot

—tan 8

0

2.2 Experimental and theoretical constraints

In this subsection we briefly summarize the various theoret-
ical and experimental constraints considered in our scans,
with an emphasis on differences w.r.t. the constraints used in
Ref. [8].

e Constraints from electroweak precision data
For “pure” Higgs-sector extensions of the SM, con-
straints from the electroweak precision observables
(EWPO) can be parametrized well in terms of the oblique
parameters S, 7 and U [59,60]. In the 2HDM the
most constraining EWPO is the T parameter [61,62].
It requires either m g+ ~ my or my+ ~ mpy. In Ref. [8]
we explored three scenarios: (A) m g+ = m 4 with inde-
pendent myg, (B) my+ = mpy with independent m 4,
and (C) my+ = my = mpy. In the central section of
this work, Sect. 3, we will focus on scenario C with
m = my+ = my = my. In the following Sect. 4 we
will analyze and compare both scenarios, the complete
degenerate scenario C and the non-fully degenerate sce-
nario A, allowing also for a comparison of these scenar-
ios. From the technical side the 2HDM parameter space is
explored with the code 2HDMC-1. 8.0 [63], where the
predictions for the triple Higgs couplings are analyzed
with our private code.
e Theoretical constraints

The important theoretical constraints come from tree-
level perturbative unitarity and the stability of the vac-
uum. These constraints are ensured by an explicit test of
the underlying Lagrangian parameters [19-21], see also
Ref. [8] for more details. It should be noted that m%z isa
free input parameter in our study, but we have also ana-
lyzed specific choices of m%z that turn out to be interest-
ing for the present study. Concretely, the parameter space
allowed by the two mentioned theoretical constraints can
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be enlarged, in particular to higher values of the BSM
Higgs masses by the particular condition, which we have
applied in our analysis in some cases,

2 m%l COS2 o

mi, = Tanpg (6)

In some other cases of our analysis we have applied an
alternative condition on m%z, which can be obtained by
enforcing the stability condition A3 +A4—|As|++/A1 Ay =
0. This can be written as:

mymy sin2B) 1 mymy sin(2f)

1

- ~ — . (D
2.2 2 2 2 2 2

2 MpSg_q +mycp_, 2my + My Ch_g

2 _
my, =

It is interesting to notice that both of the equations above
go to the same expression in the alignment limit:

m3, = m%l sin B cos B. (8)

Constraints from direct searches at colliders

The exclusion limits at the 95% confidence level (CL)
of all relevant searches for BSM Higgs bosons are
included in the public code HiggsBoundsv. 5. 9 [22—
26], including Run 2 data from the LHC. Each param-
eter point in the 2HDM (or any other model) gives a
set of theoretical predictions for the Higgs-boson sector.
HiggsBounds determines which is the most sensitive
channel for this parameter point and then determines,
based on this most sensitive channel, whether the point is
allowed or not at the 95% CL. As input HiggsBounds
requires some specific predictions from the model, like
branching ratios or Higgs couplings, that we computed
with the help of 2HDMC [63].

Constraints from the SM-like Higgs-boson properties
Any model beyond the SM has to accommodate the
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SM-like Higgs boson, with mass and signal strengths
as measured at the LHC (within theoretical and exper-
imental uncertainties). In our scans the compatibility of
the CP-even scalar & with a mass of 125.09 GeV with
the LHC measurements of rates is checked with the
code HiggsSignalsv.2.6.1 [39-41]. This code
provides a statistical x> analysis of the SM-like Higgs-
boson predictions of a certain model w.r.t. the LHC mea-
surement of Higgs-boson rates and masses. As for the
BSM Higgs searches, the predictions of the 2HDM have
been obtained with 2HDMC [63]. As in Ref. [8], in this
work we will require that for a parameter point of the
2HDM to be allowed, the corresponding x 2 is within 2 &
(Ax% = 6.18) of the SM fit: x3, = 85.76 with 107
observables.
Many of the recent LHC Higgs rate measurements are
now given in terms of “STXS observables”. As an impor-
tant update w.r.t. our previous analysis in Ref. [8] the
2HDMC output can now allow the application of the
STXS observables (as more recently implemented in
HiggsSignals). This results in substantially stronger
limits on, in particular, cg_q, especially in the 2HDM
type II. This leads to substantially smaller allowed inter-
vals of the triple Higgs couplings in some cases.

e Constraints from flavor physics
Constraints from flavor physics can be very signifi-
cant in the 2HDM mainly due to the presence of the
charged Higgs-boson. Various flavor observables, e.g.
rare B decays, B meson mixing parameters, BR(B —
X;y),butalso LEP constraints on Z decay partial widths
etc., are sensitive to charged Higgs boson exchange. Con-
sequently, they can provide effective constraints on the
available parameter space [70,72]. In this work we take
into account the most important constraints, given by the
decays B — Xy and By — uTuu~. We consider the
following experimental values from [58], with BR(B —
Xsy) = (349 £+ 0.19)x10~* (averaged value from
[48-53]) and BR(B; — utu™) = (2.9 £0.4)x107°
(averaged value from [54-57]). We employ the code
SuperIsod. 0 [43,44] where again the model input is
given by 2HDMC. We have modified the code to include
the Higgs-Penguin type corrections in By — ™ [45—
47], which were not included in the original version of
SuperIso. These corrections can be relevant for the
present work since precisely these Higgs-Penguin con-
tributions are the ones containing the effects from triple
Higgs couplings in By — utu™.

3 Comparison of the four 2HDM types

In this section we will compare the four 2HDM types w.r.t.
the various constraints, as described in the previous section.

As discussed in Sect. 2.2, in order to simplify our analysis,
we set in this section all the heavy Higgs-boson masses to be
equal, m := my+ = m4 = my. Based on the analysis in
Ref. [8] we define three benchmark planes for this compari-
son. In order to leave some allowed parameter space by the
most constraining flavor observables at low tan 8, B — Xy
and B — pupu, specially for the types II and III, whenever
we have to fix m we choose moderately heavy values for
this parameter. Concretely, in our benchmark planes we set
m = 550 GeV or leave m as a free parameter. Similarly,
whenever we have to fix the value of cg_ in our plots we
choose a moderately small value for this parameter in order
to get some allowed parameter space imposing the LHC con-
straints. Concretely, we choose cg_y = 0.01, 0.02 or leave it
as a free parameter. Furthermore, in the benchmark scenarios
with a fixed value of tan 8 we set it to relatively low values,
where the four 2HDM-types manifest some allowed param-
eter space. The particular non-vanishing fixed value for m%z
in our scenarios is not as relevant as the others, regarding
the experimental constraints, but we set it in our benchmark
planes (in this and the following section) within the explored
interval [0, (2 x 10 ~ 1400%) GeV?] to get a wide allowed
region of the parameter space after applying the theoretical
constraints. Concretely, the three benchmark scenarios cho-
sen for this section are defined by:
L.m = myz = 550 GeV, m3, =

60, 000 GeV?

free parameters: cg_q, tan 8
2. m=mp+ =myg =my =550 GeV, cg_o = 0.02,

free parameters: m%z, tan 8.
3. tan B = 3.0, cp—¢ = 0.01,

free parameters: m%z, MmM=my+ =my = my.

myg = mypgp =

The results for the three benchmark scenarios 1, 2, 3 are
shown in Figs. 1, 2 and 3, respectively. Each figure is split
into two subfigures: in subfigure (A) we focus on the various
constraints. We show the results for type L, II, IIT and IV in
the left, second, third and right column, respectively. Con-
cerning the first rows in Figs. 1A, 2A and 3A, the areas
permitted by the Higgs-boson rate measurements, as eval-
uated with HiggsSignals, are shown as dark (light) yel-
low regions allowed at the 1 (2) o level, corresponding to a
sz = 2.30(6.18) w.r.t. the SM value. The areas, allowed
at the 95% CL by the (BSM) Higgs-boson searches at LHC
with HiggsBounds are indicated as blue regions. The small
letters shown on the various parts of the edges indicate the
channel that is responsible (via the HiggsBounds selec-
tion) for the respective part of the exclusion bounds. The
letters correspond to the following channels:

(@ pp—>h—yy[27]
(b) pp — H — hh — bbbb [28]

@ Springer
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(¢) pp > H — hh — bb/tt/WW/yy [29]
(d) pp > H— VV [30]
(e) pp — HFtb — thth [31]
(f) gg > A — Zh — 1lbb [32]
(g) pp > H— trand pp - A — 171 [33]
(h) pp > h — ZZ — 11l [34]
(1) pp > H (VBF)/HW/HZ/Htt with H — yy [36]
() pp — htt [35]
k&) pp > AW/AZ/Att with A — yy [36]
1) pp > H— hh — bb/tt [37]
(m) pp — H*th — tv.1h [38]

The areas allowed by both, Higgs rate measurements and
BSM Higgs-boson searches at the 95% CL are shown as dot-
ted areas in the first rows of Figs. 1A, 2A and 3A. In the
second rows of Figs. 1A, 2A and 3A we show the restric-
tions from flavor physics. The regions allowed by B — Xy
(Bs — upu) are given by the pink (teal) area. The parameter
space allowed by both constraints is shown as dotted area.
The third rows of Figs. 1A, 2A and 3A indicate the restric-
tions from unitarity (light green) and stability (light pink), see
Sect. 2.2 for details. The parameter space allowed by both
types of constraints is shown as dotted area. The violet solid
line follows Eq. (6), whereas the yellow dashed line satis-
fies Eq. (7). Since the Higgs potential is identical in all four
types, the constraints from unitarity and stability are identi-
cal. We show them for all four types individually to have all
constraints for one type collected in one column. The fourth
rows of Figs. 1A, 2A and 3A indicate the regions allowed
by all constraints in the respective scenario, shown as dot-
ted area, with a solid black, solid blue, dotted pink or dotted
orange line around for the Yukawa types I, II, III and IV,
respectively.

The subfigure (B) in Figs. 1, 2 and 3 then present the results
for the various triple Higgs couplings in these benchmark
planes, where in each plot the four regions allowed in the four
types are indicated together. Here we show «y := Appn/Asm
in the upper left, Ay, z in the upper right, A,y g in the lower
left and A, y+ - = 2Apaa (the latter equality holds in our
scenarios because of m4 = m =) in the lower right plots of
Figs. 1B, 2B and 3B. Here it should be kept in mind that the
values for the various triple Higgs couplings are displayed for
a qualitative comparison of the four 2HDM types. An analy-
sis of the largest deviation from the SM or the largest possible
values in the four types will be performed with “optimized”
planes in the following sections.

We start our comparison in Fig. 1A with benchmark sce-
nario 1, i.e. the cg_y — tan B plane with m = 550 GeV and
m%z = 60, 000 GeV2. The largest differences between the
four 2HDM types can be observed in the first row, where
we show the restrictions from the LHC data based on the
BSM Higgs-boson searches, obtained via HiggsBounds,
and on the Higgs-boson rate measurements, obtained via
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HiggsSignals. Concerning the latter, very roughly speak-
ing, one observes that type I has the “largest allowed” param-
eter space, and type II resembles type III. Both can be
explained by the couplings of the various Higgs bosons to
fermions as specified in Table 2 as follows. Overall, it can be
observed that the parameter space is strongly constrained for
cp—q to be close to the alignment limit, such that /2 behaves
sufficiently SM-like. In particular, the 20 allowed regions
for the Yukawa type II and III (2nd and 3rd column) are sub-
stantially smaller compared to type I (left column). This is
caused by an enhancement of the coupling of & to b-quark
(see Table 2) in these two types. For type IV the restric-
tions are caused by the enhanced coupling of the & to t-
leptons (which is also present in type II). As tan § increases
the types II, Il and IV are forced to be very close to the align-
ment limit to agree with the experimental data. For type I the
constraints are weaker, specially for tan § > 3, where we can
accommodate inside the 20 region values for cg_, between
—0.35 and 0.25 when tan 8 ~ 6. For very large values of
tan B the restrictions in type I depend strongly on the cho-
sen value of m%z, as has been discussed in Ref. [8]. In this
benchmark scenario, having a fixed value of m%z, (even) in
the alignment limit there is an upper limit on tan 8. This is
caused by the charged Higgs contribution to I'(h — yy).
The hH™H™ coupling has a contribution that scales with
m%2 tan B, such that for fixed m%z extremely large loop con-
tributions and thus extremely large values of BR(h — yy)
are reached, which are in disagreement with the LHC mea-
surements. On the other hand, in all four types the region
allowed by Higgs-boson rate measurements extends to very
large values of tan 8 for cg_, = 0 and m%z = 0. It is inter-
esting to observe that in the type IV analysis a new allowed
branch appears in the upper right part of the plot which corre-
sponds to Sf = —é;l, = 1, known as the wrong sign Yukawa
region. The explicit expression for tan § in this limit, only
valid if cg_o > 0, is given by

1 + Sg—a _

Ch—a

Ch—u

tan 8 = = .
I —5g_qa

(€))

We now turn to the regions allowed by BSM Higgs-boson
searches, shown in blue. The various exclusion bounds are
directly related to the Higgs-boson couplings in the respec-
tive Yukawa type, as summarized in Table 2. The coupling
of the heavy Higgs bosons to top-quarks in all four types
become large for small tan 8. Consequently, all four types
possess a lower limit for tan 8 ~ 1.5 (with the value of
my+ = 550 GeV fixed) from the charged Higgs-boson
searches, channel (e). For slightly larger tan 8 and the largest
allowed cg_q values, the search for H — V'V (channel (d))
becomes relevant, which is then superseded by the chan-
nel (f) gg - A — Zh. However, depending on the type,
other channels take over for larger tan §. First the channels (c)
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Fig. 1 continued

and (b), viathe decay H — hh, become important. Most rel-
evant, however, is the search for bb — H /A — 71, which
becomes important for larger tan § in type II, where the pro-
duction and decay both scale with tan 8. Also for type IV
this channel becomes important, but only for intermediate
tan 3, since the production channel here scales with 1/ tan g,
and only an “island” is excluded by channel (g). In type I,
which can extend to larger tan 8 values than the others, a
different channel becomes relevant, 7 — yy (a), see the
discussion on the Higgs signal rates above. In types II and III
for larger tan B and larger positive cg_q also the channel (h),
h — ZZ — [l restricts the allowed parameter space. In
type III at very large tan § the channel (i), H — y y becomes
important due to an enhanced H H™ H ™~ coupling. Finally, in
type IV the channel (j), # — 7 restricts the allowed param-
eter space due to the enhanced Higgs coupling to leptons in
this Yukawa type.

The restrictions from flavor physics are discussed in the
second row of Fig. 1A. Again type II and type III strongly
resemble each other, and type I is very similar to type IV. In
general, all the four types of the 2HDM exhibit an excluded
area at low tan 8 values, tan 8 < 1. The most constraining
observable in this low tan 8 region is BR(B — X;y) in the
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types I and IV, and BR(By; — puw) in the types II and III.
These similarities in the allowed areas of types I and IV, on
one hand, and those of types II and III, on the other hand,
are due to the dominant loop effects in flavor observables
involving the H*. Its couplings to fermions, given in terms
of £} and Efj, are the same in type I and type IV as well as
type II and type III. Furthermore, the case of type II shows a
peculiarity at large tan 8, where a region appears constrained
from By — pu. This is due to the large contributions from
the Higgs-penguin loops that are mediated by the neutral
Higgs bosons. These contributions are enhanced maximally
in the Yukawa type II due to the involved coupling factors,
S;iH,A and f}ll’H,A, which all grow with tan .

The third row of Fig. 1A discusses the restrictions from
unitarity and stability, which is identical in all four types.
Both constraints disallow values of tan 8 = 5, since Ay,
A3, A4, and As, present in Eq. (1), grow with tan 8, mak-
ing it complicated to fulfill the theoretical constraints. It can
also be seen how Eq. (6), plotted in solid purple, follows the
boundary of the allowed region by the stability conditions for
¢g—q > 0. On the other hand, for negative values of cg_g,
Eq. (7), plotted in dashed yellow, marks this boundary.
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The overall allowed parameter regions in the cg_q-tan B
plane in the four 2HDM types is summarized in the last row of
Fig. 1A as the interior of solid lines (in black, blue, pink and
red). In the benchmark scenario 1 the allowed region extends
more in cg_q for type I, whereas it it extends further down
in tan B for types II and III. These allowed regions are now
contrasted with the predictions of the various triple Higgs
couplings in Fig. 1B. In the upper left plot the prediction for
K ‘= Anhh/Asm is shown. By definition one finds «) = 1
in the alignment limit, cg_, = 0. Larger deviations from
unity are found for larger |cg_q|, and consequently, type I
naturally features larger deviations from the SM. The situ-
ation is similar for Ap; g, as shown in the upper right plot.
This coupling goes to zero in the alignment limit, and larger
positive (negative) values are found for larger positive (neg-
ative) values of cg_q. Consequently, also for this coupling
type I allows for the largest values of |1, g| (reached for
tan f = 3 in this benchmark plane). The situation is reversed
for the trilinear couplings involving two heavy Higgs bosons,
as shown in the lower row of Fig. 1, with A,y g on the left
and Ay, g+ - = 2Xp44 ontheright. Larger variations of these
couplings are found (in the allowed regions) for a variation of
tan B (this pattern changes for tan 8 values somewhat higher
than in the allowed regions). Consequently, the largest values
are found in Yukawa types II and III in the lowest allowed
tan S region in this benchmark plane. On the other hand, it is
interesting to note that the behavior of Aj, g+ - in the region
tan 8 2 10 correlates with the parameter space allowed by
HiggsSignalsin Yukawa typeI. As discussed above, this
is due to the charged Higgs contributionto I'(h — yy). Also
the other three types would exhibit the same feature, but other
constraints already constrain the allowed parameter space to
lower tan 8 and smaller [cg_q|.

The next set of comparisons of the four 2HDM types, in
benchmark scenario 2, in the m%Z—tan B plane is presented in
Fig. 2. The overall mass scale is fixed to m = 550 GeV, and
cp—a = 0.02, i.e. the decoupling limit is explicitly excluded
from this benchmark. As in the first benchmark scenario, the
parameter space allowed by the Higgs-boson rate measure-
ments, shown in yellow in the first row of Fig. 2A is largest
for type I and similar for type II and III. In all four types
the lowest tan 8 values of tan 8 ~ 0.5 are allowed, where
in type II and III the largest m%2 values shown in combina-
tion with very low tan 8 are excluded, which can be traced
back to h — yy. Going to larger tan B, the upper limit in
type I, and largely also in type IV, is given by the charged
Higgs-boson contribution to I'(h — y y), see the discussion
of benchmark 1. In type II and III the upper limit is encoun-
tered already for lower tan 8 values, where the enhancement
of the hbb coupling becomes stronger in these two types.

Concerning the searches for BSM Higgs bosons, at low
tan B the same pattern as in benchmark 1 is observed. The
coupling of the heavy Higgs bosons to top-quarks in all

four types become large for small tan 8. Consequently, all
four types possess a lower limit for tanf ~ 1.5 (and
mpy+ = 550 GeV) from the search for charged Higgs-boson
searches, channel (e). However, the four types differ substan-
tially in their upper tan 8 limits. In type I all couplings of the
heavy Higgs bosons to SM fermions decrease with increas-
ing tan B, yielding a large allowed parameter space. The limit
then comes from the too large rate in BR(h — yy), chan-
nel (a). For intermediate tan 8 and large m%z also the chan-
nel (c), H — hh, plays a minor role. The situation is com-
pletely different in type II, where tan 8 2 6 is excluded from
the “classical” search channel H/A — tt for this Yukawa
type. In type III the situation is again different. For smaller
m%z attan 8 ~ 19thechannel (h),h — ZZ — llll,becomes
important. For these large values of tan g the hbb cou-
pling is reduced substantially in type III and, becomes 0 for
é}‘f (type IIl) = sg_q — cg—q tan B = 0, see Table 2. For the
chosen value of cg_y = 0.02 this is reached for tan 8 ~ 50.
Thus, an increase in tan 8 yields a decrease of I'(h — bb)
and correspondingly an increase of BR(h — ZZ — llll),
where the experimental bound is reached for tan § ~ 19.
Going to larger m%z the H — hh channel (b) takes over.
Type IV, because of its Yukawa structure, is restricted at high
tan 8 from BR(h — yy), channel (a). However, for small
m%z, as in benchmark 1, for intermediate tan 8 values the
H/A — tt channel becomes strong, where the same inter-
play as described for benchmark 1 takes place. Consequently,
also in benchmark 2 type IV exhibits a “hole” in the allowed
parameter space at tan 8 ~ 10. Overall, the lower limits on
tan # are set by the charged Higgs-boson searches, which
are effectively the same in the four types. On the other hand,
the upper limits are given by the Higgs-boson rate measure-
ments, resulting in higher tan 8 limits in type I and IV, and
in quite low limits in type II and III.

The restrictions from flavor physics are discussed in the
second row of Fig. 2A. Again type II and type III strongly
resemble each other, and type I is very similar to type IV in
the low tan 8 region, again because the coupling of H* to
quarks isidentical in both cases. For typesland IV, B — Xy
disallows tan 8 < 3, whereas for types [l and Il By — ppt is
the most constraining observable setting the limit on tan § >
1. In addition, for type II we see again a disallowed region for
large tan B8 and m%z, originating from the effect of the Higgs
mediated penguin diagrams in By — pu.

The third row of Fig. 2A shows the restrictions from uni-
tarity and stability, which are identical in all four types. The
largest allowed range for m%z occurs at tan 8 ~ 1, where this
parameter can reach values from 0 up to 1.5 x 10° GeV2.
For larger values of tan S the region allowed by the unitar-
ity constraints narrows drastically, closing in to Egs. (6) and
(7), plotted in solid purple and dashed yellow respectively.
Notice that these two equations provide contour lines in this
plane that are at the boundaries of the allowed region by the
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Fig. 2 A Allowed regions from the restrictions on the parameter space
in benchmark scenario 2 in the m%z—tan B plane with m = 550 GeV
and cg—o = 0.02. The results for type I, II, IIT and IV in the left, sec-
ond, third and right column, respectively. The upper, second and third
row show the restrictions from HiggsBounds/HiggsSignals, the
flavor observables and from unitarity/stability, respectively. The fourth
row indicates the regions allowed by all constraints in the respective
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Fig. 2 continued

stability constraints which is also quite narrow at large tan g,
as can be seen in this figure. If a value for cg_, further from
the alignment limit was chosen, the narrow region allowed
by unitarity shrinks even further and would separate from the
allowed region by the stability conditions. In this case, only
Eq. (6) will enter in the extremely narrow allowed region by
unitarity. Furthermore, Eq. (7) is very close to upper bounds
to m%z set by the theoretical constraints for all tan 8 values.
Negative values of m%z are disallowed by the condition that
requires the minimum of the potential to be a global mini-
mum.

The overall allowed parameter regions in the m%z-tan B
plane in benchmark 2 in the four 2HDM types are summa-
rized in the last row of Fig. 2A. According to our discus-
sion, the regions are similar for type I and IV, as well as for
type II and III. In Yukawa types I and IV the regions extend
for intermediate m%2 from tan 8 ~ 3 to tan 8 ~ 10. Con-
versely, in type II and III the allowed regions extend from
m3, = 0 to m?, ~ 150,000 GeV? and from tan 8 ~ 1.7 to
tan 8 < 3.5. This complementarity results in equally com-
plementary results for the tripe Higgs couplings, shown in
Fig. 2B. For k;, only a value # 1 is allowed in types I and IV,
although the difference never exceeds 1%. In types Il and III,
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reaching to small m%z, also k; = 1 is almost reached. How-
ever, due to the choice cg_, = 0.02, i.e. very close to the
decoupling limit, «; is bound to be close to unity. Corre-
spondingly, for Ay, g only relatively small values are found.
In type I and IV values between 0.1 and 0.25 are found. In
type Il and III, which allow to go to small m%z and lower tan
values, also smaller A,y are realized, which can become
even negative. Larger values of triple Higgs couplings are
possible for A,y p, Anaa and A, g+ y-. However, the over-
all structure remains as for the other triple Higgs couplings.
The contours of the allowed regions for type I and type IV
somewhat follow the iso-contours of the three remaining
triple Higgs couplings, while the allowed regions for types II
and III show larger allowed ranges for m%z in a lower tan g
region. Values of ~ 2 and ~ 4 are found for Apyy and
AnAA = Apg+g-/2, respectively, in types I and I'V. Values
up to~ 5and ~ 10, respectively, are found in types II and III,
where the largest values are found for m%z = 0. As in bench-
mark 1, it is interesting to note that the Ajy+y- coupling
for large tan B correlates with the parameter space allowed
by HiggsSignals in Yukawa type I and IV (due to the
charged Higgs contribution to I'(h — yy)).
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‘We finish our comparison of the four 2HDM Yukawa types
with benchmark scenario 3, shown in Fig. 3. In this scenario
the input parameters are fixed to cg— = 0.0l and tan 8 = 3,
and the comparison is performed in the mass plane m%z—
m. As discussed above, the angles have been chosen to find
larger regions in the parameter space in all four types that are
in agreement with the constraints. As will become clear, in
such a case the masses, contrary to the angles, play a very
similar role in the four Yukawa types. As before, we start the
discussion with the restrictions coming from the Higgs-boson
rate measurements at the LHC. In all four types the allowed
region goes from low m and m%z tom ~ 800 GeV (depend-
ing somewhat on the Yukawa type) for the largest analyzed
m%z values. The allowed regions from BSM Higgs boson
searches exhibit aricher structure form < 500 GeV, butvery
roughly allow points with m < 350 GeV, with the exception
of type I1I, where values down to m ~ 200 GeV are allowed.
This is mainly due to the absence of the H/A — tt chan-
nel (g) in this Yukawa type. The other relevant channels in
all four types are H — hh (b),() and & — yy (a).

The restrictions from flavor physics are discussed in the
second row of Fig. 3A. All four types are very similar to each
other. For the chosen value of tan 8, the BR(B — X;y)
bound on m < 500 GeV occurs for the same value of the
common heavy Higgs mass, even though the couplings of
the heavy Higgs bosons are different in types I and IV as
compared to types II and III. On the other hand, the value
chosen for tan 8 makes BR(B; — uu) save for all four
types in the whole plane.

The third row of Fig. 3A shows the restrictions from uni-
tarity and stability, which by definition are identical in all four
types. The unitarity constraints only allow a narrow region
with nearly constant width around Egs. (6) and (7). The sta-
bility constraint further reduces the width of the allowed strip
where the lower border is then given by Eqgs. (6) and (7).

Since we have a small value for cg_y, both equations are
very close. This narrow corridor goes from very low val-
ues of m and m%z and it goes to very large values of these
parameters, even outside the figure limits on this plane. This
plot demonstrates that for values of tan 8 not much larger
than 1, if m increases, m%z can not be arbitrary but it must
increase accordingly to satisfy the unitarity and the stability
requirements of the theory.

It is in fact the unitarity/stability constraints that restrict
the parameter space most. Since this is identical in all four
types, and also the other restrictions turn out to be very
similar for cg_ and tan 8 fixed to moderate values, the
overall allowed parameter space is effectively identical in
types I, II, IIT and IV, as can can be seen in the fourth
row of Fig. 3A. It should be noted that the final allowed
narrow corridors in these plots all end at approximately
m = mg+ = my = myg = 500 GeV, where this lower
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limit on the heavy Higgs boson masses arises from the flavor
constraints on m g+.

The possible values of the triple Higgs couplings in this
benchmark plane 3 can be seenin Fig. 3B. Since cg_o = 0.01
is very close to the alignment limit, k, ~ 1 is reached in
the four Yukawa types, where the largest deviation of up to
~ 2% are reached for the largest m%z values. For Ay, g values
between ~ 0.025 and ~ 0.35 are found. Similarly, the values
reached for Apypy and Apaa = Apg+py-/2 do not exceed
~ 2, where the allowed region follows the iso-contour lines
of these triple Higgs couplings.

4 Analysis of the triple Higgs couplings

In this section we analyze numerically which intervals (or
extreme values) of the various triple Higgs couplings are still
allowed, taking into account all experimental and theoretical
constraints as discussed in Sect. 2.2. In the case of Ay, this
is relevant to judge correctly which collider option may be
needed to perform a precise experimental determination. For
the triple Higgs couplings involving one or two heavy Higgs
bosons the analysis will indicate in which processes large
effects, e.g. possibly enhanced production cross sections, can
be expected due to large triple Higgs couplings (following
the strategies discussed in Refs. [10-12]).

The evaluation has been performed in all four 2HDM
types, focusing first on the “simplest” scenario C with fully
degenerate heavy Higgs-boson masses . In the final part of
this section, showing the complete picture, we also discuss
the alternative scenario A with non fully degenerate masses,
namely, assuming m g+ = m4 and mpy as independent and
generically different mass parameters.

The results for scenario C in the following three subsec-
tions will be shown in different benchmark planes, which
are chosen in each scenario individually. In some benchmark
planes the particular values of the other parameters are chosen
such as to maximize the deviations of Ay from it SM value
(the plots below show k1= Appn/ xsm)).! Other benchmark
planes are chosen such as to maximize the (absolute) size of
the triple Higgs couplings involving one or two heavy Higgs
bosons. The plots below show the triple Higgs couplings as
defined in Eq. (5).

The present analysis in the 2HDM type I has changed
only slightly w.r.t. Ref. [8] and we briefly update the corre-
sponding results in Figs. 4, 5, 6 and 7. Concerning the 2HDM
type I1, the constraints in particular from the Higgs-boson rate
measurements have tightened in arelevant way w.r.t. Ref. [8],
affecting in particular the allowed ranges for c¢g_q. Further-

1 It should be noted that this is a tree-level analysis. It was shown that
one-loop [75] and even two-loop corrections to Apj;, can substantially
enhance their values [76].
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more, only one scenario with m = myg+ = mpy
had been investigated in our previous work Ref. [8]. Con-
sequently, we update our analysis from this previous work
analyzing the triple Higgs couplings in several additional
planes. The results for the 2HDM types III and IV are new
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and complete the triple Higgs-boson coupling analysis in the
2HDM. The results in type II and III turned out to be very
similar. Consequently, we analyze these two types together,
as shown in Figs. 8,9, 10 and 11. The results for type IV are
presented in Figs. 12, 13, 14 and 15.
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Fig. 3 continued

The figures are organized as follows. The upper rows (the
upper row for type I and IV, the upper two for type II and III)
summarize the constraints in each benchmark plane: the first,
second and third plots correspond to the constraints (with the
same color coding) as shown in the first, second and third
row of Figs. 1A, 2A and 3A, i.e. the constraints from Higgs
rate measurements and BSM Higgs boson searches, from
flavor observables and from unitarity/stability, respectively.
The corresponding right plots in Figs. 4, 5, 6,7, 8,9, 10, 11,
12,13, 14 and 15 show the overall allowed region, depicted as
dotted areas. The lower rows of Fig. 4,5,6,7,8,9, 10, 11, 12,
13, 14 and 15 present the result for the triple Higgs couplings:
the first, second, third and fourth plot show the predictions
foruy, Apnps Ang g and 2,44 = Ap g+ -, respectively. The
overall allowed regions is indicated by a solid black (type I),
solid blue (type II), dashed pink (type III) and dashed red
line (type IV).

4.1 Triple Higgs couplings in the 2HDM type I

The benchmark planes for the 2HDM type I had been defined
in Ref. [8] as:
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-40
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I-l: m=mpys =my =ma = 1000 GeV, m?, fixed via
Eq. (6),
free parameters: cg—gq, tan B

I-:2: m=myg+ =myg =my =650 GeV, tang =17.5,
free parameters: Cﬁ_a, m%z

I-3: m3, fixed via Eq. (6), tan 8 = 10,
free parameters: cg_q, m

I-4: cg_q = 0.1, m3, fixed by Eq. (6),

free parameters m = my = m = mpy+,tan .

The allowed parameter region in scenario I-1, as shown in
Fig. 4, is found mainly for positive cg_ with tan 8 > 2. The
largest allowed cg_ values of ~ 0.2 are found for tan 8 ~ 6.
In the first scenario we found «; ~ [—0.4, 1], where the
smallest values are reached for these largest cg_, points.
For Appp the largest values were found for cg_o ~ 0.08
and tan B ~ 7.5, reaching up to Ay, g ~ 1.2. The other triple
Higgs couplings reach their maximum values around cg_q ~
0.06 and tan B ~ 27 with Aygg = Apaa = Mg+a-/2 ~
12.5.

In the second scenario, I-2, shown in Fig. 5, only a
very restricted region for m%z is allowed by the constraints,
m?, ~ [52,000 GeV?, 56,000 GeV?]. One finds «; = 1 for
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1-2 in the cg_q—m?, plane with tan 8 = 7.5 and m = 650 GeV
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¢g—o = 0, 1i.e. in the alignment limit, as required. The same
value is also found for cg_ ~ 0.26 due to cancellations in
Annn- Overall, we found «; ~ [0.5, 1.2], where the largest
values are reached for the largest allowed cg_, ~ 0.28.
The values of Aj,y are quite small in this scenario, only
reaching up to App g ~ 0.5. The other triple Higgs couplings
reach their maximum values around cg_y ~ 0.26 and m?, ~
55000 GeV? with Ay & Anaa = Apgtp-/2 ~ 6.5.

The third scenario, I-3, depicted in Fig. 6, exhibits a rather
“large” allowed parameter space, where, depending on m we
found allowed cg—, values between~ —0.3to ~ +0.3. Asin
the second scenario one finds «; = 1 not only for cg_o = 0,
but also for a second branch with cg_, > 0.2, partially in the
“allowed” parameter space. The values that can be reached
by k; range from k, ~ 0.07 for cg_y ~ 0.1 and large m close
to 1200 GeV to about k;, ~ 1.2 for the largest allowed cg_q
values and m ~ 300 GeV. A, g reaches its maximum value
of ~ 1.7 for cg_q ~ 0.05 and m ~ 1500 GeV. The other
triple Higgs couplings reach their maximum allowed values
around cg_¢ ~ 0.11 and m ~ 1200 GeV with Agy ~
AnAA = Apg+g-/2 ~ 12.5.

The final scenario for type I, I-4, is shown in Fig. 7.
It is given in the m—tan 8 plane, where for low values of
m the largest values of tan8 ~ 50 are reached. Direct
searches and stability/unitarity constraints yield bounds of
m < 1200 GeV with tan 8 ranging between ~ 3 and
~ 20 (except for the lowest values of m. As in the previ-
ous planes, we find «; ~ [0.05, 1.05], where the largest
(smallest) values are reached for the smallest (largest) val-
ues of m. Similarly, we find Appg ~ [—0.5, 1.3], with the
negative values reached for the higher tan g value, and the
largest value around the highest allowed values of m. As
in the other benchmark planes the smallest (largest) values
of Apgu ~ Maa = Apg+g-/2 are found for the smallest
(largest) values of m. Their allowed values are found in the
interval Ay ~ Anaa = Apg+a-/2 ~ [0.2, 12].

4.2 Triple Higgs couplings in the 2HDM types II and III

The benchmark planes for the 2HDM types II and III are
defined as (with the first plane taken over from Ref. [8]):

I/I-1: m =mp+ =mypg = my = 1100 GeV, tan g =
0.9,
free parameters: cg_q, m%z
I/I-2: cg—o = —0.035, tan B = 1.2,
free parameters: m%z, m=myg=myg =mpg=.
I/-3: m = myg = my = my+ = 1300 GeV, m%z =
700,000 GeV?,
free parameters: cg—gq, tan B.
WII-4: m =mpg =my = mp+ = 1000 GeV, cg_y =
—0.035,
free parameters: m%z, tan S.

The results for the first scenario II/III-1, shown in Fig. 8,
is an update of the same scenario as presented in Ref. [8], but
now analyzed for the two Yukawa types Il and III. It is shown
in the Cﬂ_a—m%z plane withm = 1100 GeV andtan 8 = 0.9.
The main difference for type II w.r.t. the previous analysis
consists in the stronger bounds from the Higgs-boson signal-
rate measurements (as included by HiggsSignals). This
results in particular in a tighter bound on cg_, as can
be seen in the upper left plot of Fig. 8, where we find
cg—a ~ [—0.04,0.03]. Flavor constraints allow the whole
plane, whereas unitarity/stability selects a nearly triangular
region, as can be observed in the upper row, middle-right
plot. Together with the tighter bounds from the Higgs-boson
rate measurements the dotted area shown in the upper right
plot remains allowed in this scenario. Nearly identical results
are found in the Yukawa type II1, as can be seen in the middle
row of Fig. 8. The corresponding allowed regions for the var-
ious triple Higgs couplings are shown for both Yukawa types
in the lower row of Fig. 8. Since the results are so similar for
type II and III here and for Figs. 9, 10 and 11 we only quote
a common set of allowed intervals. With the stronger bounds
on cg_q we find k; ~ [0.8, 1], where the largest deviations
from unity are found for the largest deviations of cg_, from
zero, i.e. the alignment limit. Similarly, also Ay,pg is more
restricted in type II than in Ref. [8], Appg ~ [—1, 0.8]. The
situation is different for the triple Higgs couplings involving
two heavy Higgs bosons. These depend only mildly oncg_q,
but strongly on m?,. For Ay ~ Anaa = App+pg-/2 the
largest values reached in the allowed area are ~ 12, with the
largest values found for the smallest m%z.

The second scenario for Yukawa types II and III, denoted
as II/I1I-2, is shown in Fig. 9. The overall allowed param-
eter space, shown as dotted area in the upper and mid-
dle right plots is found for m ~ [750 GeV, 1600 GeV]
(where the upper limit is the end of our scan range) and
m?, ~ [1.5(0.5) x 10° GeV?, 10° GeV?] in type II (IIT)
(where the upper limit is given by the upper limit on m). It
should be noted that in this scenario the lowest allowed value
of m ~ 750 GeV is set mainly by the flavor constraints on
m g+. The values of «; in this scenario are all smaller than 1,
where the smallest value of «; ~ 0.67 are found for the
largest m and m%z region. A, g is found to be negative, with
the smallest values Ay, ~ —1.7 again for the large m, m%2
region. The largest values of Ay and Apg+py- = 2An44
are found for the largest values of m and m%z that are reached
in the upper right corner of the allowed region, reaching val-
ues of ~ 12 and ~ 24, respectively.

The third scenario of Yukawa types II and III, denoted
as II/III-3, is presented in Fig. 10 in the cg_q—tan B plane.
The overall allowed parameter space is given as a combi-
nation of all types of constraints and found for cg_o ~
[—0.04, 0.03] and tan 8 ~ [0.7, 1.8]. The deviations in Appj,
from the SM value in this scenario are relatively small,
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Fig. 8 Allowed areas (dotted regions) from the various constraints in type II (upper row) and type III (middle row) and triple Higgs couplings
(lower row) for the benchmark scenario II/III-1 in the cg_—m plane with tan = 0.9 and m = 1100 GeV

i ~ [0.66, 1], where the smallest values are found for the
lowest allowed cg_o. The values Ay range in Appy ~
[—1.4,0.9], depending mainly on cg_. The values of the
triple Higgs couplings involving two heavy Higgs bosons,
on the other hand, depends mainly on tan 8 with the largest
values, A ~ Anaa = Apg+u-/2 ~ 5, are found around
tan 8 ~ 1. The smallest values of ~ 0.1 are reached at
tan 8 ~ 1.8.

The final scenario chosen for Yukawa types II and III,
denoted as II-III-4, is shown in Fig. 11 in the m%z—tanﬂ
plane. The strongest constraints, particularly in m%z are given
by a combination of the unitarity/stability limits and the
Higgs-boson rate measurements, where the latter yields a
reduction of the allowed parameter space in type II w.r.t.
type III. Consequently, we will quote different (particu-
larly upper) limits for the tripe Higgs couplings for the
two Yukawa types in this scenario. We find for type II (III)
m?, ~ [2.2(1.3) x 10° GeV?, 4.6 x 10° GeV?]. The lower

@ Springer

tan 8 limitoftan 8 = 0.95 is due to the BSM Higgs searches,
where the charged Higgs-boson searches yield the exclu-
sion. The dependences of all triple Higgs couplings on the
two free parameters are similar in this plane. The small-
est (largest) values are found for the largest (smallest) val-
ues of m%z. The ranges found in this scenario are «; ~
[0.85,0.93], Apng ~ [—0.79, —0.22] and Mg ~ Ahaa =
Ang+ua-/2 ~ [1.1,9.2] for type II and «; ~ [0.85, 0.96],
Anng ~ [—0.8, =0.01]and Mgy ~ Anaa = AMpg+a-/2 ~
[1.0, 12.2] for type III.

4.3 Triple Higgs couplings in the 2HDM type IV

We finish our overview of the four Yukawa types of the
2HDM with three benchmark planes in type IV, which are
defined as:
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Fig. 9 Allowed areas (dotted regions) from the various constraints in type II (upper row) and type III (middle row) and triple Higgs couplings
(lower row) for the benchmark scenario II/I1I-2 in the m%z—m plane with tan 8 = 1.2 and cg_o = —0.035

IV-1: m = my
—0.02,
free parameters: m%z, tan 8

m=mpy =my =myz = 1300 GeV, m}, fixed by
Eq. (1),

free parameters: cg_q, tan 8

cp—o = 0.02, m?, fixed by Eq. (6),

free parameters m = my = m4 = mpyg=.tan g,

m?, fixed by Eq. (6), tan B fixed via Eq. (9) (wrong
sign Yukawa limit),

free parameters: cg_o, m =my =ma = mpy+

= mpg = myg+ = 1300 GCV, Cﬁ—a =

IV-2:

1V-3:

1V-4:

The first scenario of type IV, denoted as IV-1, is pre-
sented in Fig. 12 in the m%z—tan B plane withm = 1300 GeV
and cg_y = —0.02. The lower bound on tan § is given by
BR(B — X;y)ataroundtan § ~ 1.7. The unitarity/stability
constraints then restrict the allowed area to a triangular shape
reaching up to tan 8 ~ 4. The variations of «; and A,z are
very small in this small allowed parameter space, with val-

ues of k) ~ 0.92 and Appy ~ —0.7. The largest values
of the other triple Higgs couplings are found for the lowest
tan B and at the same time smallest m%z. They are given by
MHH ~ MaA = Apg+p-/2 ~ 6.

The second scenario, IV-2, is shown in Fig. 13 in the
cg—q—tan B plane with m = 1300 GeV and m%z fixed by
Eq. (7). tan B is restricted by BR(B — X y)totan 8 > 1.7.
The remaining parameter space is constrained by unitar-
ity/stability, going up to tan 8 = 8§, where the scan range
ends. cg_q is found in the interval [—0.05, 0.04], reached
for the smallest allowed tan 8. k; = 11is found forcg_o =0
in the alignment limit, going down to « ~ 0.5 for the small-
est allowed cg_o. Appy ~ [—1.59,1.26] is found going
from the smallest to the largest allowed cg_, values. The
other three triple Higgs couplings take values around O for
cg—o ~ 0 and large tan B. They reach their largest value of
AMHH ~ MAA = Apg+p-/2 ~ 6atcg_q ~ —0.05.

The third type IV scenario, IV-3, is shown in Fig. 14
in the m—tan 8 plane with cg_, = 0.02 and m%z fixed by
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Fig. 10 Allowed areas (dotted regions) from the various constraints in type II (upper row) and type III (middle row) and triple Higgs couplings
(lower row) for the benchmark scenario II/I11-3 in the cg—_—tan B plane withm = mpy = mas = mpy+ = 1300 GeV and m%z = 700,000 GeV?

Eq. (6). Upper and lower limits on tan 8 are given by the
Higgs rate measurements at tan 8 = 10 and by the stability
bound, respectively. Low values of m are excluded by the
BSM Higgs-boson searches at the LHC, leaving a range of
about 400 GeV to 1600 GeV (where the scan stopped). «;,
is found in the interval «; ~ [0.88, 1.00], with the smallest
(largest) values for large (small) m, and nearly independent of
tan . Also Ay, is nearly independent of tan § in the allowed
parameter range, Apn g ~ [0.01, 1.2], where now the largest
values are found for large m. Mg ~ Aaa = App+u-/2
is found around 1 for lower values of m and tan 8, reach-
ing the highest values of ~ 5 for the largest allowed m and
tan 8 ~ 10.

The last scenario for Yukawa type IV, IV-4, is presented in
Fig. 15 in the cg_y—m plane with m%z fixed by Eq. (6), and
tan B is given by Eq. (9), i.e. such that the wrong sign Yukawa
limit is reached. The main restrictions for low m are given
by the LHC Higgs rate measurements and the BSM Higgs
searches, restricting cg_o ~ 0.25. The upper limit on m is

@ Springer

given by the unitarity constraint, yielding m < 850 GeV. «;,
is smaller than 1, but reaching only deviations of k) ~ 0.97.
Mung 1s found in the interval [—1.2, 0.01] with the smallest
values reached at large cg_ and large m. The triple Higgs
couplings involving two heavy Higgs bosons depend mainly
on m, reaching their largest values of Apgyg ~ Apaa =
Mg+H-/2 ~ 12 at the highest allowed values of m in this
scenario, m ~ 850 GeV.

4.4 Complete picture of allowed triple Higgs couplings

In order to find the overall allowed ranges of the various triple
Higgs couplings in the four Yukawa types we have performed
a parameter scan. The free parameters were randomly var-
ied in the ranges given in Table 3.> Following Ref. [8], we
here also investigate the possibility of a non-fully degen-
erate scenario with my = mpg+ and mpy as independent

2 A similar strategy for «; in type I and II was followed in Ref. [67].



Eur. Phys. J. C (2022) 82:536

Page 21 of 28 536

50 50
—— Unitarity __ Total
— Stability Allowed
— 10 4 10 4
A @ @ @
gz E E El
o= s 3 8
I
14 14 ‘A
} T 7 T - } T T T T T T T T T T T T
0.00 025 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
m2, [GeV?] x 109 m2, [GeV?] x106 m2, [GeV?] %108 m2, [GeV?) %108
50 50
—— Unitarity ___ Total
— Stability Allowed
= 10 4 10 4
= @ @ @
5 = =
& = g g
=
14 14
} . T T T } T T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00 0.00 0.25 0.50 0.75 1.00
m2, [GeV?] x106 m2, [GeV?] x106 m2, [GeV?] %100 m2, [GeV?) x10¢

tan 3
tan 8

0.50 0.75 1.00

0.50 0.75 1.00

x10° m2, [GeV?] x10°

mi, [GeV?|

> 095
0.

SM
nih/ N

tan 8
tan 8

0.50  0.75 0.00 0.25 0.50 0.75 1.00
m?, [GeV?| x10° m?, [GeV?| x10°
B 0 b 3 =8 O 0 it o o 0 5 > 0 o o S B 0D 1 <1 0 i o 0 5 < > B 0 o o
EEEE) ‘ EEEE CEETETERELE EEEH]
AhH H AntH- = 2 Apaa

Fig. 11 Allowed areas (dotted regions) from the various constraints (upper row) and triple Higgs couplings (lower row) for the benchmark scenario
I1/111-4 in the m?,~tan B plane withm = mpy = my = mpy= = 1000 GeV and cg_o = —0.035

mass parameter (scenario A). For scenario C, with degener-
ate Higgs bosons masses, m4 = my = my=+, 10,000 valid
points were generated. For scenario A, with my = mpy=+
and mpy as additional free parameter, 30,000 valid points
were generated. From now on, we will refer generically to
the heavy mass mpeavy in this section as the degenerate mass
m =mpy = my = mpg=+ in scenario C, and to both indepen-
dent masses my and m 4 = m g+ in scenario A. Naturally, in
scenario A slightly larger intervals for the triple Higgs cou-
plings are expected. We consider only these two possibilities,
C and A, because in the alternative non-fully degenerate sce-
narios with my = mpy and mpy=+ as independent masses,
(named scenario B in Ref. [8]), sizable contributions to the
T parameter can appear at two-loop level that may be in con-
flict with data [77]. Under these assumptions, we always have
2XhAA = Apg+H-,and in this section we will only refer to
AnHYH--

The final allowed intervals for the various triple Higgs cou-
plings are summarized in Table 4. One can see that in all four
types, «; and A;, g can reach their maximum allowed ranges
already in the fully degenerate scenario (with slightly larger
possible values of «; in type I). On the other hand, the cou-
plings of the light Higgs with two heavy Higgs bosons, A, g 1,
and A, g+ - can have larger values if some non-degeneracy
between my and m4 = mg=+ is allowed (scenario A). In the
following we discuss the intervals displayed in Table 4, based
on our analyses of the benchmark planes in Sects. 4.1-4.3.

Focusing first on «;, the 2HDM type I is the only type
that can accommodate «; > 1, which can be understood as
follows. In type I large values of tan 8 together with large
values of cg_q up to ~ £0.3 are allowed, as it can be seen
in Sects. 3 and 4. Specifically, those k; > 1 values can be
reached in type I when the heavy Higgs boson masses are
Mhpeavy < 500 GeV, tanB 2 5 and cg_o 2 0.2. Type I

~

is also found to be the unique one allowing for negative «;
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Table 3 Ranges for the input parameters of the 2HDM in our numer-
ical scan. mpeavy (given in GeV) refers tom = mpy = ma = mp+
in scenario C and to both independent masses my and m4 = mpy+ in

scenario A. The maximum value for m%z taken in our scans is leeavy,
where Mheavy is the largest of the heavy Higgs boson masses (coinciding
with mpeayy only in scenario C)

Type I Type II Type III Type IV
Mheavy [150, 1600] [450, 1600] [450, 1600] [150, 1600]
tan [1,50] [0.5, 50] [0.5, 50] [1,50]
Ch—a [-0.35, 0.35] [—0.06, 0.06] [—0.06, 0.06] [—0.08, 0.15]
m%Z [0’ M}%C}l\/y] [O’ Ml%eavy] [0’ M}%eavy] [O’ M&E’d‘/y]

Table 4 Final allowed ranges for the couplings Az, (for details of the scan, see text). “scenario C” refers to the fully degenerate case with
m=mpy =mp = mpg=+, “scenario A” to the non-fully degenerate case with m4 = my+ and m gy being independent mass parameters (see text).

Type I Type II

Scenario C Scenario A Scenario C Scenario A
Ky, [—0.48, 1.23] [—0.48, 1.28] [0.62, 1.00] [0.62, 1.00]
AnhH [—1.69, 1.62] [—1.69, 1.62] [—1.80, 1.46] [—1.80, 1.46]
AHH [-0.7, 11.5] [—0.7, 14.5] [—0.2, 12.3] [—0.5, 16.2]
AnH+H-=2XhAA [—1.8,22.6] [—1.8, 32.8] [—0.5, 24.6] [—1.4,32.7]

Type III Type IVT

Scenario C Scenario A Scenario C Scenario A
Ky, [0.55, 1.00] [0.55, 1.00] [0.53, 1.00] [0.53, 1.01]
A H [—1.81, 1.34] [—1.81, 1.34] [—1.75, 1.36] [—1.75, 1.36]
AHH [—0.3, 12.3] [—0.2, 15.7] [—0.6, 8.6] [—0.6,9.2]
ApHYH-=2XhAA [—0.7,24.7] [—1.3, 32.6] [—1.2,16.4] [—1.7,32.7]

T The ranges of type IV do not include the wrong sign Yukawa region

values. The minimum allowed value is «; ~ —0.5, which is
found for mpeayy ~ 800 GeV, tan 8 ~ 7 and cg_ is at its
maximum allowed value around 0.25. In these parts of the
parameter space of type I with such large values for tan 3,
close to 10, m%z has to be close the value given by Eq. (6)
to satisfy the theoretical constraints. In contrast to type I, in
the other three Yukawa types, the lower values of «; that can
be reached are around 0.5, corresponding to deviations of
around 50% below the SM prediction. They are found for
the largest value of the heavy Higgs boson masses mipeavy
considered in the scan, the lowest allowed value for tan 8
and the largest allowed value of |cg_«|, especially for the
case of negative cg_. In these cases, setting m%z close to the
value given by Eq. (7) can help to maximize the deviation on
k; from 1 while respecting the theoretical constraints.
Regarding the other types, we see that in type IV the min-
imum allowed values of tan 8 around 1 are larger than in
types Il and III, which are closer to 0.5, due to the B — X,y
constraint, and the effect on «, is expected to be smaller.
However, this milder effect at low tan 8 on «; is compen-
sated by the fact that type IV can accommodate larger values
of |cg—q| than in types II and III. It is also worth mentioning
that the negative deviation from «; = 1 could be larger with

@ Springer

larger heavy Higgs boson masses than those considered in
our scans.

In the case of Ap,p, we find that for all four types the
largest values reached for this coupling are roughly ~ £1.5.
In all four types, the minimum (maximum) value is reached
for the mass range close to the maximum scanned value for
the heavy Higgs mass mpeavy, tan 8 ~ 1 and cg_o ~ —0.03
(+0.03). In type I values of Aj;, g ~ 1.5 can also be reached
for tan B ~ 10. Again, larger values of mpeayy could lead to
a larger absolute values for this coupling.

Now we turn to the maximum allowed value for A g g. In
types I, II and III one can achieve large values up to ~ 12 in
the fully degenerate scenario C and up to ~ 16 in scenario A
with non degenerate masses, my # my4 = mpg+. However,
the region of the parameter space in which those extreme
values are achieved are different depending on the 2HDM
type. In type I with scenario C, the largest allowed values
for Ay are achieved when all heavy masses are around
1 TeV for rather large values of cg_o 2 0.1 and tan g 2> 7,
with m%z fixed to Eq. (6). In scenario A, this coupling can be
enhanced formpy ~ 1 TeV > m4 = mg=. The situation for
types I and 111 is different, as they can accommodate extreme
values for Ay with tan 8 ~ 1 and being very close to the
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Table 5 Example points in the 2HDM types I II, III and IV that shows
sizable triple Higgs couplings with at least one light CP-even Higgs
boson, still allowed by the actual data. Bold values are near the extreme

value allowed, shown in Table 4. All points shown are for scenario C
with fully degenerate heavy Higgs bosons. m = myg = mgq = mpy=
and m%z are expressed in GeV and GeV? respectively

Type m tan 8 Ch—u m%z K AhhH AHH MH+H- = 2AnAA
1 750 5.5 0.25 Eq. (6) —0.39 0.4 7 12
1 400 12 0.22 12600 1.26 -0.5 3

1 650 6 0.2 Eq. (6) 0.13 0.5 4

1 1500 1.55 —0.03 Eq. (7) 0.62 -1.7 7 13
1 1500 2 —0.025 820,000 0.83 —1.25 3 6

1 600 10 0.2 Eq. (6) 0.99 -0.5 6 12
I 1000 7.5 0.2 Eq. (6) —0.26 0.07 13 24
TI/11 1500 1.0 —0.04 Eq. (7) 0.63 -1.7 7 14
TI/111 1000 1.2 —0.035 470,000 0.8 —0.8 3 6
/1 1000 1.0 0.0 140,000 1.0 0.0 12 24
TI/1I1 750 0.02 0.02 0 0.99 —0.1 9 19
TI/111 550 1.8 0.01 15,000 0.99 0.02 5

v 1200 2.0 —0.05 Eq. (7) 0.61 —1.4 4

v 1200 1.8 —0.055 Eq. (7) 0.55 —1.4 5

v 1500 1.55 —0.045 Eq. (7) 0.55 —-1.8 8 16
v 700 2.5 0.09 Eq. (7) 0.65 0.7 2 5
v 400 3.8 0.06 24,000 0.96 1.0 1.3 2.6
v 550 3.0 0.045 60,000 0.95 0.16 2 4
v 850 Eq. 9) 0.2 Eq. (6) 0.97 —1.05 12 23

alignment limit, i.e. near cg_q ~ 0, for Mmpeayy 2 1 TeV
in the degenerate scenario and for mp 2> 1 TeV and mpy >
m4 = mg=+ in the non degenerate scenario. In type IV, A, g g
can only acquire values up to ~ 8 in the fully degenerate
scenario C and up to ~ 9 in scenario A. These large values
of Apgp close to 10, can only be achieved for very large
values of tan 8 > 10 and being very close to the alignment
limit with m?, set via Eq. (6).

Turning to the other couplings of the light Higgs to two
heavy bosons, Aj, y+g- = 2An44, we find that very large val-
ues upto ~ 16 and ~ 32 are allowed in the four 2HDM types,
in the fully degenerate and the non-degenerate scenarios,
respectively. In scenario C with degenerate masses, the maxi-
mum allowed values for these couplings, A, g+g- and Apa4,
are found in the same 2HDM parameter space regions, where
we have found the maximum value for A, g . However, for
the scenario A the situation is different. In all four types, the
maximum values are found for my = my+ = 1 TeV and
ma = mpg+ > mpy, for smaller values of [cg_¢/, close to the
alignment limit, and for values of tan § ~ 2.

For the Yukawa type IV the wrong sign Yukawa limit is
still allowed, where tan g is given by Eq. (9). In scenario C
within this particular limit some triple Higgs couplings can
reach larger values than in the above discussed parameter
regions (in which the wrong-sign limit is not reached), as we
have seen in Fig. 15. We found that values for A,z y and

A+ - up to ~ 12 and ~ 24 are allowed for cg_o ~ 0.25
and Mmpeavy ~ 800 GeV. We did not consider this limit in
scenario A.

Finally, in the last part of this section, we present some
concrete examples of benchmark points within the 2HDM,
where we find sizeable effects on the triple Higgs couplings.
We have focused both on finding sizeable departures from
k) = 1 and on finding large triple couplings of the light
Higgs to the heavy Higgs bosons. We summarize our pro-
posed points in Table 5. We have provided examples in the
four 2HDM-types and, for simplicity, they all have been cho-
sen within the scenario C with degenerate heavy masses,
m = my = myg = mpg=. It should be noted, that type II
and III are presented together since they exhibit practically
the same results for the selected benchmark points.

As a general remark, each of the points collected in
Table 5 exhibits the characteristic phenomenological features
of the particular type it belongs to, which have already been
described above. In particular in type I, several examples
with large triple couplings of the light Higgs boson to the
heavy Higgs bosons, or/and large deviations from k) = 1 are
shown, with a larger variation in the values of tan g, either
small and close to 1-2, or moderate and close to 10. This is
not the case for the examples found in the other three Yukawa
types, where the largest triple couplings correspond always
to a rather small value of tan 8 ~ 1 — 2.
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It is interesting to note that values for tan 8 > 10 are
in principle allowed in all four 2HDM types close to the
alignment limit, but they do not lead to sizable triple Higgs
couplings. With such large values for tan g, the unitarity and
stability conditions forces m%z to be close to the value given
by Eq. (8). In the fully degenerate scenario, this would lead to
the following triple Higgs couplings: k3 = 1, Appg = 0 and
Mg+H- = 2Mun = m3/v? =~ 0.26. Some BSM boson
searches and B; — uu in type II can pose additional con-
straints, but heavier Higgs bosons would be able elude them.
Regarding the values for g in this table of points, they
basically display a variation in the small window allowed,
which is already quite narrow in the types II/IIL. In type I the
largest triple couplings appear at the extremes of the allowed
interval cg_g, i.e. around 0.2.

The interest of showing these specific benchmark points
is that they can provide interesting scenarios to study at the
future colliders. In particular, these scenarios could lead to a
remarkable BSM phenomenology in the production of two
Higgs bosons, since the triple couplings are involved in a
relevant way in those processes. The importance of the triple
Higgs couplings in the production of the various (neutral)
di-Higgs channels, hh, hH, H H and A A have already been
studied for the types I and II and for the future eTe™ linear
colliders in Refs. [10-12], with encouraging results. We leave
an extension of these collider studies to the complete picture
of the four 2HDM Yukawa types for future work.

5 Conclusions

The measurement of the triple Higgs coupling Ajpj, is one of
the important tasks at current and future colliders. Depending
on its size relative to the corresponding SM value, higher (or
lower) accuracies can be expected at certain collider options.
Going beyond Appj, large values of triple Higgs couplings
involving BSM Higgs bosons (i.e. Higgs bosons in addition
to the one at ~ 125 GeV) can play an important role in the di-
Higgs production cross sections at the (HL-)LHC and future
ete™ colliders.

In this paper we have investigated triple Higgs couplings
in the Two Higgs Doublet Models (2HDM), treating equally
all four Yukawa types, focusing on couplings involving at
least one light, SM-like Higgs boson. This is an extension
of a previous work [8], where we focused on the Yukawa
types I and II. We analyze the allowed parameter ranges in
the four Yukawa types, taking into account all relevant the-
oretical and experimental constraints. These comprise from
the theory side unitarity and stability conditions. From the
experimental side we require agreement with measurements
of the SM-like Higgs-boson rates as measured at the LHC,
as well as with the direct BSM Higgs-boson searches. Fur-
thermore, we require agreement with flavor observables and
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the T parameter, representing the most relevant electroweak
precision observable. Particularly for type II we find impor-
tant differences w.r.t. our previous analysis [8] due to updates
in the experimental LHC constraints, whereas type I is much
less affected.

It is interesting to note that for the unitarity/stability con-
straints m%z plays an important role: lower (higher) values
are favored by the tree-level stability (unitarity) constraint,
where m%z controls the size of the intersection region. In
order to enlarge the allowed parameter region by these con-
straints we have employed on several occasions Egs. (6) and
(7). Concerning the Higgs-boson rate measurements at the
LHC, m%z enters particularly in Ay py+py-, and thus in the
prediction of I'(h — yy). Similarly, but less pronounced, it
enters via Aj, g+ - and A g y+ - in the 2HDM prediction for
By — T~ viathe h and H Higgs penguins contributions
with charged Higgs bosons in the loops.

In a first step of our phenomenological analysis we analyze
the four 2HDM in three benchmark planes, chosen identical
for the four Yukawa types (and with mpy = m4 = mpg+).
This allows us to directly compare the four types to each
other. Overall we find broadly that type I and type IV resem-
ble each other taking all constraints into account, where the
allowed parameter range for type [ is usually somewhat larger
than for type IV. Conversely, also type II and III resemble
each other without larger differences in the allowed parame-
ter ranges. These two types are in general more restricted at
larger values of tan 8 due to the Higgs-boson rate measure-
ments and the BSM Higgs-boson searches at the LHC. On
the other hand, flavor observables in general lead to stronger
restrictions in type I and IV at low tan 8. The parameter asso-
ciated to the alignment limit (in which /4 becomes SM-like),
cp—q has larger allowed ranges particularly in type I, and
somewhat less in type IV. These general differences have a
clear impact on the allowed sizes of the various triple Higgs
couplings (see below).

In the second step of our analysis we define four bench-
mark planes individually for each of the four Yukawa types
(and again with mpy = m4 = mpg=), exemplifying where
Annn shows larger deviations from Agy, or where larger val-
ues of the other triple Higgs couplings are found. Since type I1
and III show a very similar phenomenology, we choose the
same planes for these two types. Within these benchmark
planes we mark the regions allowed by all theoretical and
experimental constraints. In this way these planes can be
readily used for further phenomenological analyses. As arel-
evant example we display the triple Higgs couplings involv-
ing at least one light Higgs in these planes.

In a third step we determine the overall allowed ranges for
the various triple Higgs couplings in the four Yukawa types.
These ranges reflect the overall differences found in the first
step of our analysis, see above. The ranges were determined
in a parameter scan, where besides the “scenario C” with
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my = my = mpyg+ we also investigated the case of “sce-
nario A” withmpy # ma = my=+ (which naturally results in
slightly larger allowed ranges). Concerning k), := Appp /AsM,
in types II, III and IV allowed intervals of «; ~ [0.5, 1] are
found. Only in type I values below ~ 0.5 and above ~ 1
are allowed with the overall interval of «; ~ [—0.48, 1.28].
The allowed intervals of Ay, g are again similar for types II,
IIT and IV with Appg ~ [—1.8, 1.4], whereas for type I one
finds Ay ~ [—1.7, 1.6]. Concerning the triple Higgs cou-
plings involving two heavy Higgs bosons, the upper and the
lower limits roughly follow Ay g ~ Apaa ~ Apg+py-/21in
agreement with the symmetry factor in Eq. (5). We roughly
find lower allowed limits of A, gy g ~ Apasa ~ —0.8(—0.4) in
types I, II, IV (type III). For the upper limits, we find in sce-
nario C valuesupto Ay g ~ Apaa ~ Apg+p-/2 ~12—13
in all Yukawa types. Substantially larger values are found in
scenario A as compared to scenario C in all four Yukawa
types. For myg # ms = mpyg=+ the upper allowed values
in the explored mass range are found at Apgy ~ Apaa ~
Ang+p-/2 ~ 16. However, it should be kept in mind that
an analysis allowing for heavier BSM Higgs bosons could
possibly lead to even larger values for the triple Higgs cou-
plings.

These triple Higgs couplings can have a very strong impact
on the heavy di-Higgs production at pp and e*e™ collid-
ers [10-12]. As was discussed in these references, large cou-
pling values can possibly facilitate the discovery of heavier
2HDM Higgs bosons. However, here it must be kept in mind
that the larger values of triple Higgs couplings involving two
heavy Higgs bosons are always realized for larger values
of the respective heavy Higgs-boson mass. Therefore, the
effects of the large coupling and the heavy mass always go
in opposite directions.

To facilitate more detailed analyses, see e.g. Ref. [10], we
provide a list of benchmark points that exemplify large devi-
ations from unity in «;, or large (positive or negative) values
of the other triple Higgs couplings, while being in agreement
with the experimental and theoretical constraints. The bench-
mark points are given for thechoicem = my = my = myg=,
and they are identical for Yukawa type Il and III, reflecting the
similarity of these two types. In order to represent the broad
phenomenology that the Higgs-boson sector of the 2HDM
offers, they vary substantially in their choice of m, tan j,
¢p—q and how m?, is determined. We leave a more detailed
analysis of their phenomenology at the LHC and future e*e™
colliders for future work.
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