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Abstract An important task at future colliders is the mea-
surement of the triple Higgs coupling. Depending on its size
relative to the Standard Model (SM) value, certain collider
options result in a higher experimental accuracy. Within the
framework of Two Higgs Doublet Models (2HDM) types I
and II we investigate the allowed ranges for all triple Higgs
couplings involving at least one light, SM-like Higgs boson.
We take into account theoretical constraints (unitarity, sta-
bility), experimental constraints from direct Higgs-boson
searches, measurements of the SM-like Higgs-boson proper-
ties, flavor observables and electroweak precision data. We
find that the SM-type triple Higgs coupling w.r.t. its SM
value, Annn/Asm, can range between ~ —0.5 and ~ 1.5.
Depending on which value is realized, the HL-LHC can com-
pete with, or is clearly inferior to the ILC. We find the cou-
pling Ayng between ~ —1.5 and ~ 1.5. Triple Higgs cou-
plings involving two heavy Higgs bosons, Ay g, Araa and
Apg+p- can reach values up to O(10), roughly indepen-
dent of the 2HDM type. This can lead to potentially strongly
enhanced production of two Higgs-bosons at the HL-LHC or
high-energy e™e™ colliders.

1 Introduction

In 2012 the ATLAS and CMS collaborations have discov-
ered a new particle that — within theoretical and experimental
uncertainties — is consistent with the existence of a Standard-
Model (SM) Higgs boson at a mass of ~ 125 GeV [1-3]. No
conclusive signs of physics beyond the SM have been found
so far at the LHC. However, the measurements of Higgs-
boson couplings, which are known experimentally to a pre-
cision of roughly ~ 20%, leave room for Beyond Standard-

4 e-mail: Francisco.Arco@uam.es

b e-mail: Sven.Heinemeyer@cern.ch (corresponding author)

¢ e-mail: Maria.Herrero@uam.es

Model (BSM) interpretations. Many BSM models possess
extended Higgs-boson sectors. Consequently, one of the main
tasks of the LHC Run III and beyond is to determine whether
the observed scalar boson forms part of the Higgs sector of
an extended model.

A key element in the investigation of the Higgs-boson
sector is the measurement of the trilinear Higgs coupling of
the SM-like Higgs boson, A, (for recent reviews on Higgs
couplings measurements at future colliders see [4,5]). In the
case of a BSM Higgs-boson sector, equally important is the
measurement of BSM trilinear Higgs-boson couplings. Most
experimental studies assume the SM value of A, However,
in BSM models this coupling may differ significantly from
its SM value. The expected achievable precision at different
future colliders in the measurement of Ay depends on the
value realized in nature.

A natural extension of the Higgs-boson sector of the SM
is the “Two Higgs Doublet Model” (2HDM) (for reviews
see, e.2., [6-8]). This model contains five physical Higgs
bosons: the light and the heavy CP-even h and H, the CP-
odd A, and the pair of charged Higgs bosons, H*. The mixing
angle o (8) diagonalizes the CP-even (-odd) Higgs bosons
and tan § is given by the ratio of the two vacuum expecta-
tion values, tan 8 := vy/v;. We assume for this work that
the light CP-even Higgs-boson & is SM-like with a mass of
my ~ 125 GeV. All other Higgs bosons are assumed to be
heavier. To avoid flavor changing neutral currents at tree-
level, a Z, symmetry is imposed [9], possibly softly broken
by the parameter m%z. Depending on how this symmetry is
extended to the fermion sector, four types of the 2HDM can
be realized: types I and II, lepton specific and flipped [7]. In
the 2HDM also the stability conditions for the Higgs potential
change with respect to the SM [10] (for a review see [11]).

In this paper, focusing on the 2HDM type I and II, we
investigate the allowed ranges for all triple Higgs couplings
involving at least one light, SM-like Higgs boson. Specifi-
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cally: Apnhys Mihbs> AnHH, Anaa and Ay g+ pg-. The allowed
ranges are obtained taking into account: theoretical con-
straints from unitarity and stability (we use [11-13]), exper-
imental constraints from direct Higgs-boson searches (we
use HiggsBounds [14-17], with data from [18-26]), the
experimental production and decay rates of the SM-like
Higgs boson (we use HiggsSignals [27,28], where the
experimental data is listed in [29]), flavor observables (we
use SuperIso [30,31], complemented with [32—-34] and
data from [35-45]) and electroweak precision observables
(EWPO) (we use S, T and U [46,47], complemented with
[48,49] and bounds from [45]). Besides the allowed ranges,
in this work we also present a detailed study of the depen-
dence of the triple Higgs couplings on the free parameters
of the model (to explore the 2HDM parameter space we use
2HDMC [50]). The main interest in the allowed ranges for the
triple Higgs couplings is that they may affect the rates of mul-
tiple Higgs boson production at current and future colliders.
In particular, the production of Higgs boson pairs like hih,
hH,HH,hA,hH* AA and HT H™ could be significantly
affected by the presence of sizable triple Higgs couplings
within the 2HDM, yet allowed by the present constraints.

One of the key points of our study when exploring the
parameter space of the 2HDM type I and II under the given
constraints is the following: the primary focus of our explo-
rations was to find allowed parameters that lead to either
large non-SM triple Higgs boson couplings, or to large devi-
ations from unity in the ratio of the light triple Higgs-boson
coupling w.r.t. its SM value, App;/Asm. In particular, we
have explored scenarios with relatively heavy masses my,
my and my= near 1 TeV, but not enforcing the so-called
alignment limit, cos(B — o) — 0 (see, e.g., [51]). Further-
more, we have investigated the dependences of the allowed
triple Higgs couplings on the soft Z,-breaking parameter
m%2. As we will see, m%2 plays a very important role in our
search of sizable triple Higgs couplings. Finding a way to
obtain large values for m%z, still being allowed by exper-
imental data and by the theoretical constraints, turned out
to be crucial in the course of this work. This also consti-
tutes one of the main differences between our present study
and previous studies on constraints in the 2HDM, from LHC
physics [52-54], EWPO [48,55,56], flavor physics [57] and
global fits [51,58-60]. The relevance of m%z in the context
of large triple Higgs couplings in the 2HDM type II was also
studied in [61,62] (with the then available data). Further-
more, in this paper, we also explore special choices for m%z
in relation with other 2HDM parameters, like m g, tan 8 and
cos(f — «). In particular, we explore the implications of the
setting m%z = m%{ cos? o/ tan B (as considered previously,
e.g., in [63]).

Our paper is organized as follows. In Sect. 2 we dis-
cuss details of the 2HDM and fix our notation. The experi-
mental expectations for the measurement of Ay, are briefly
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Table 1 Allowed fermion couplings in the four types of 2HDM

u-type d-type Leptons
Type 1 ¢2 ‘1)2 @2
Type 11 CI>2 q)] (1)1
Type III (lepton-specific) (o) (o) [oJ]
Type IV (flipped) D, [oJ] (o))

reviewed in Sect. 3. We discuss in Sect. 4 the theoretical
and experimental constraints applied to our sampling of the
2HDMs. The numerical results are presented in Sect. 5. Here
we show the maximum deviations of Apj; from the SM that
are still allowed taking into account all constraints. We also
present the values that can be reached for the other triple
Higgs couplings involving at least one 4. Our conclusions
are given in Sect. 6.

2 The two Higgs doublet model

We assume the CP conserving 2HDM. The scalar potential
of this model can be written as [8]:

V= mi (0])) +mdy (@102) — mi, (0] 02 + 00,

Ms N2 A \2
+> <CI>1<I>1> +7 (<I>2<I>2)

33 (0]@1) (@102) + 4 (@]02) (@]
+%5 [(cbfcbz)z + (q>;q>1)2] , (1)

where @ and ®; denote the two SU (2), doublets. To avoid
the occurrence of tree-level flavor changing neutral currents
(FCNC), a Z, symmetry is imposed on the scalar potential
of the model under which the scalar fields transform as:

Py — O, P - —Do. 2)

This Z,, however, is softly broken by the m%z term in the
Lagrangian. The extension of the Z, symmetry to the Yukawa
sector forbids tree-level FCNCs. This results in four variants
of 2HDM, depending on the Z, parities of the fermions.
Table 1 lists the couplings for each type of fermion allowed
by the Z, parity in four different types of 2HDM.

Taking the electroweak symmetry breaking (EWSB) min-
ima to be neutral and CP-conserving, the scalar fields after
EWSB can be parameterized as:

1 We follow here the notation for the field components and field rota-
tions as in [34].
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o) o5
Pr=1 1 +l +iny ) P27 L +2 +im) |
»#Wi o +im 72+ o2+ im
(3
where v1, v are the real vevs acquired by the fields @1, ®,,
respectively, with tan 8 := vy /v and they satisfy the relation
v =,/ (vf + v%) where v >~ 246 GeV is the SM vev. The
eight degrees of freedom above, q&fz, p1.2 and 11 2, give rise
to three Goldstone bosons, G* and G°, and five massive
physical scalar fields: two CP-even scalar fields, 4 and H,
one C'P-odd one, A, and one charged pair, H %, These are
defined by:
¢ = cos f G* —sin g HE,
¢3 = sin f G* +cos B HE,
n = cos,BGO—sin,BA,
m =sin B G* + cos B A,
p1 =cosa H—sinah,
p2 =sina H 4+ cosa h,
where the mixing angle diagonalizing the CP-even sector is
denoted as «.

From Eq. (1), one can see that there are altogether 8 inde-
pendent parameters in the model,

2 2 2
miy, My, My, )\i, i=1,5- 4)

However, one can use the two minimization conditions of
the potential at the vacuum to substitute the bilinears m%l

and m%z for v and tan B:

2

) v 2 .2
m“_mlztanﬁ—? Arcos” B+ (A3 + A4 + As)sin” B,
o)

2 _ 2 _f ‘2 2
m5, = mi, cot 5 A2sin” B + (A3 + A4 + As) cos” B|.
(©6)

Furthermore, the couplings A; in Eq. (1) can be replaced by
the physical scalar masses and mixing angles:

1
VA = ol B (m% sin® & 4 m3; cos® a — m? sin’ /3) , (D
|
V2 = oy (mi cos” a 4 m?, sin® @ — m? cos’ ,6) . (®
’ sin2a /5 2 2 =2
U}\.}zsinzﬂ <mH_mh)+2mH:E_m ) (9)
V2 = mk — 2m%. + i, (10)
s = m? —m?, (1)

where m;, < mpy denote the masses of the CPP-even Higgs-
bosons, m 4, my+ denote the masses of the physical CP-

odd and charged Higgs bosons respectively and, for later
convenience, we have defined a new mass squared parameter
m?, derived from m%z, given by:
2
m
= ——12 (12)
sin S cos

We will study the 2HDM in the physical basis, where the free
parameters of the model, which we use as input, are chosen
as:

Chw» tanf, v, mpy, mg, ma, mye, mi. (13)

From now on we use sometimes the short-hand notation s, =
sin(x), ¢y = cos(x). In our analysis we will identify the
lightest C’P-even Higgs boson, &, with the one observed at
~ 125 GeV.

The couplings of the Higgs bosons to SM particles are
modified w.r.t. the SM Higgs-coupling predictions due to the
mixing in the Higgs sector. It is convenient to express the cou-
plings of the neutral scalar mass eigenstates /; normalized
to the corresponding SM couplings. We therefore introduce
the coupling coefficients c¢j; vy such that the couplings to the
massive vector bosons are given by:

(ghiWW)/w = igu (cn;vv) gmw and

(ghizz)ﬂv = iguv (cnvv) g:i—wz ,

(14)

where g is the SU (2) 1 gauge coupling, cy, the cosine of weak
mixing angle, ¢y = mw/mz, sy = /1 — ¢, and my and
mz the masses of the W boson and the Z boson, respectively.
For the C’P-even boson couplings we have that ¢,y y = sg_q
and cyyy = cg— Whereas the CP-odd is cavy = 0.

In the Yukawa sector, the discrete Z, symmetry leads to
the following Lagrangian:

Lra=— Y =Ll Frn+elirn+ie]frsral

f=u.d.l
V2 _
- |:TM (mu Vekméy Pr + VCKMdeXPR> dH™

V2m;

v

+

E\vPRIHT +h.c.:| , (15)

where the coefficients E,{: are defined in Table 2 for type I

and II. The parameters & }{  can be interpreted as the ratio of
the Higgs coupling with the fermions w.r.t. the SM coupling.

The potential of the 2HDM produces new interactions
in the scalar sector. In this paper we will study in detail
the couplings of the lightest CP-even Higgs boson with the
other BSM bosons, concretely Appns AnhH, AnHH> Ahaa and
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Table 2 Yukawa couplings relative to the SM for i (upper part), H
(middle part) and A (lower part) in the 2HDM type I (I) in the middle
(right) column

Type 1 Type I
& Sg—a + Cp—q cOt B Sg—a + Cp—q cOt B
E[f‘l Sg—q + Cp_g cOLP Sp_q — Cp—qg tan
&y Cp—o — Sp—q tan p Cp_o — Sp—q tan p
&Z’l Cp—q — Sp—g tan B Cp—o +Sp_otan B
I —cotf —cotf
éj‘l cot —tan 8

Ann+n-- We define these Ajpp; couplings such that the
Feynman rules are given by:

[ < = —ivn! A, (16)

where n is the number of identical particles in the vertex.
The explicit expressions for the couplings Ajnp,n; are shown
in “Appendix A”. We adopt this notation so the light Higgs
trilinear has the same definition as in the SM, i.e. —6ivAsm
with Agm = m7 /2v% ~ 0.13.

It should be noted that all the couplings of the CP-even
Higgs bosons strongly depend on cg_. In particular, if
¢g—a = 0 one can recover all the interactions of the SM
Higgs boson for the 4 state, what is known as the alignment
limit. This limit is very interesting because, as we will dis-
cuss in Sect. 4.3, the Higgs measurements in colliders seem
to overall agree with the SM values. However, in the align-
ment limit in general one can still have BSM physics related
to the Higgs sector, like hkHTH ™~ or ZH A interactions for
example. On the other hand, the parameter m%z may have a
relevant impact on the triple Higgs boson couplings. In the
alignment limit, it does not affect the couplings App;, and
AnhH, but there are potentially relevant effects on the other
couplings, A g H, Anaa and Ay, g+ - . Outside the alignment
limit (i.e. for |sg_q| < 1) the effect of m%z can also enter in
a relevant way into Appp and Appg -

3 Experimental expectations for A,
A determination of Apj; (at different degrees of precision)
will be able at future collider experiments. Various produc-

tion cross sections show different dependences on Aj ), , mak-
ing those channels complementary to each other. Most evalu-
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ations of the anticipated experimental precision in Ay, focus
on the SM value. However, as we will analyze below, sub-
stantially different values of Aj), are possible in the 2HDM
(and other BSM models). The potential for the measurement
of Annp at a future collider experiment thus strongly depends
on the value of «; := Anpn/AsM that is realized in nature.

In Fig. 1 we show the the various double Higgs production
cross sections in the SM in pp collisions with /s = 14 TeV
at (next-to) leading order ((N)LO) QCD, see Ref. [64] for
details. The largest cross section is given by gg — hh,>
which will be most relevant for the measurement of Ay, at
the HL-LHC. One can see that the production cross section
has a minimum around «; ~ 2. Consequently, if such a value
was realized, it is expected (see below) that the future experi-
mental precision would be worse than for, e.g., k3, = 1, where
a determination at the level of ~ 50% is anticipated [65].
Largest production cross sections, on the other hand, are for
negative k;. Consequently, a BSM model with very small
or even negative values of «; is expected to result in a bet-
ter determination of Apj,. A similar behavior is observed
for the second largest production channel, the WBF channel
pp — hhjj (where j denotes a jet), with a minimum around
Kk, ~ 1.5. Different dependences are observed for the other,
less relevant channels.

Similarly, in Fig. 2 we show the dependence on dk; :=
i, — 1 for the Higgs-strahlung process, e™e™ — Zhh (left)
and the weak-boson fusion (WBF) channel, ete™ — vihh
(right) for various center-of-mass energies, /s, at the ILC
and CLIC [66]. Also indicated as horizontal colored bands
are the anticipated experimental accuracies at the ILC500
(left) and ILC 1TeV, CLIC 1.4TeV and CLIC3TeV (right).
As for the HL-LHGC, also at et e~ colliders the different pro-
duction channels exhibit a different dependence on A, . For
the Higgs-strahlung process smaller (larger) cross sections
are obtained for smaller (larger) ;. Higher values of /s
yield a weaker dependence on Apjp, as well as a smaller
absolute cross section (as typical for s-channel processes).
Consequently, a determination of Ajp;, based (only) on the
Higgs-strahlung channel is expected to be best at lower /s
(e.g. at the ILC500) and for larger values of «;. The WBF
channel exhibits a minimum at d«; ~ 0.5. As for the Higgs-
strahlung channel the dependence becomes weaker for larger
values of /s, whereas the absolute values of the cross sec-
tion increase with /s (as typical for #-channel processes).
Consequently, a case-by-case study is necessary to take into
account the different, opposing effects.

The results of such a case-by-case study are shown in
Fig. 3 [67,68]. Depicted are the relative (left) and absolute
(right) accuracies of a determination of Appn (“Ameas/Atrue)
as a function of k) (“Ayue/Asm”) in the range of —0.5...2.

2 We denote here the Higgs boson at ~ 125 GeV with /. In Fig. 1,
taken from Ref. [64], it is denoted as H.
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Fig. 1 Production cross
sections for a pair of SM Higgs
bosons as a function of
Annn/Asm at the LHC [64]

!
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Fig. 2 Higgs-strahlung (left) and WBF production (right) of a pair of SM Higgs bosons as a function of Appj, at the ILC and CLIC [66]. It should
be noted that the experimental precision on the total cross section indicated by the horizontal bands is valid only for the SM case

Compared are the anticipated HL-LHC precision (based on
a scaling of the results for x, = 1), the ILC500 preci-
sion (i.e. using only the Higgs-strahlung channel) and the
ILC500+1TeV accuracy (i.e. also using the WBF channel
results). Here it should be kept in mind that the HL-LHC
analysis assumes that the other Higgs-boson couplings take
their SM value, whereas for the ILC analysis it has been
shown that the inclusion of the variation of the other Higgs-
boson couplings does not lead to a degradation of the antici-
pated precision. It is worth mentioning that in all these anal-
yses, other possible channels that might contribute to double

Higgs production in extensions of the SM, like for instance
the 2HDM, are not considered.

The achievable precisions follow the cross section depen-
dences discussed above. At the HL-LHC the most (im)precise
determination is expected for smaller (larger) values of «;.
A ~ 35(70)% relative precision is anticipated for «;
—0.5(2.0), as can be seen in the left plot of Fig. 3. Using
only ILC500 results better (worse) experimental determina-
tions are expected for larger (smaller) values of «;, ranging
from ~ 65% at k) = —0.5 to ~ 15% at k) = 2.0. The large
relative uncertainties close to ) = 0 are caused exactly by

@ Springer
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the smallness of the triple Higgs coupling. As can be seen in
the right plot of Fig. 3, the absolute determination of «; con-
tinuously improves with smaller «;. The combination with
the WBF measurements at /s = 1 TeV yields a substantially
better determination for all values of «;, but no monotonous
behavior is found, owing to the different opposing effects,
as discussed above. Future precisions between ~ 5% and
~ 30% are expected, depending on the value of «; realized
in nature. Again the largest relative uncertainties of up to 30%
are found close to k; = 0, whereas the absolute determina-
tion exhibits a nearly constant very precise determination of
K, in the interval [—0.5, 1.0].

These results clearly show that the physics potential of
a future collider experiment strongly depends on the actual
value of Ay, realized in a BSM model. This motivates the
analysis presented in the following sections showing which
values of A5 (and other triple Higgs couplings) can be real-
ized in 2HDMs, taking into account all existing experimental
and theoretical constraints.

4 Experimental and theoretical constraints

In this section we will describe the various theoretical and
experimental constraints considered in our scans.

4.1 Constraints from electroweak precision data

Constraints from the electroweak precision observables
(EWPO) can, in a simple approximation, be expressed in
terms of the oblique parameters S, T and U [46,47]. This
approximation holds if the BSM effects enter mainly via
corrections to gauge boson self-energies, as it is the case for
extended Higgs sectors. Under these assumptions, the cor-
rections are independent of the Yukawa sector of the 2HDM,
and therefore the same for all types.

In 2HDMs there is a strong correlation between 7 and
U, and it is known that 7 is by far more constraining than
U [49]. Hence, U can safely be dropped in the present analy-
sis. Specifically, our criterion to accept a point in the 2HDM
parameter space, as being in agreement with the EWPO
data, is as follows. For a given choice of input parameters
in Eq. (13) to be allowed by the experimental observation,
we require that the prediction of the S and the T parameter are
in agreement with their experimental values S = 0.024+0.10
and 7 = 0.07 = 0.12 [45]. In this section we will study and
compare the requirement of agreement at the 1 o and 2o
level. In our posterior numerical analysis in Sect. 5 we will
require agreement at 2 o.

In the 2HDM, as mentioned above, the most constraining
oblique parameter is 7', thus, we will focus in the following
of this section on the constraints from the 7" parameter. In the
forthcoming analysis in Sect. 5 we have checked that once

@ Springer

the allowed regions by T are set, these are also allowed by
S and U, i.e. effectively it is sufficient to require agreement
of T with its experimental value. One peculiarity of the T
parameter in the 2HDM is that it depends on the relative mass
squared differences of the scalar Higgs bosons. This can be
seen in the explicit expression for the 7' parameter in the CP
conserving 2HDM that is given by [48]:

2

__ 8 2 2 2 2 2

e [ () [ ()

- o)

+ C%_a [F (m%li, m%) - F (mi, mi)

+ 352711 [F (m%{, mzz) —F (m%_l, m%)]

+ 3c/23_a [F (mi, mzz) - F (m%, m%v>

= 3[F (mhgmd) = F (mig.mi)]}. an
where F (x,y) = % — & log % and it satisfies that
F (x,x) = 0. Therefore, the contributions to T become

small when either the mass of H or A is sufficiently close
to the mass of the charged Higgs boson H* [55,56]. This
motivates us to define three different simplified scenarios to
explore the parameter space that is allowed by the EWPO
in the 2HDM: scenario A, where m4 = mpg=; scenario B,
where m gy = m g+ and scenario C where the masses of all the
BSM Higgs bosons are equal, mpy = m4 = mpy+. One can
see from Eq. (17) that in scenario A the main contributions
to the T parameter vanish for any value of cg_,, whereas in
scenario B a contribution proportional to cé_ oF (mi m%li)
still survives, that will remain small close to the alignment
limit.

Our study of the impact of these scenarios in the pre-
diction for the T parameter for different values of cg_q
and mpy=+ is summarized in Fig. 4. The 2HDM parameter
space is explored with the 2HDMC code [50]. For a given
set of input parameters and a given Yukawa type of the
2HDM, the code computes as output the mass spectrum,
decay widths and branching ratios of all the Higgs bosons. It
furthermore calculates the S, 7 and U parameters and con-
tribution to the anomalous magnetic moment of the muon,
(g —2),. In Fig. 4 it can be seen that for scenario A any
mass splitting between mpy and my = mpg= is allowed
inside the 20 region even far from the alignment limit. How-
ever, this is not the case for scenario B, where it can be
seen that the prediction for 7T is only inside the 20 region
close to the alignment limit. If one goes to higher values of
cg—q (plots on the right) there are some values of m 4 that
are disallowed, for example when my+ = 650 GeV and
cg—q = 0.25 the allowed regionis my — mpy+ < 350 GeV
(upper right plot). This effect becomes stronger for larger
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Fig. 3 Anticipated precision in the experimental determination of Appp as a function of Appy/ )\,51%1 [67,68], relative (left) and absolute (right)

values of mg+. For instance, for mpg+ = 1000 GeV and
cg—a = 0.25 (lower left plot) the allowed region shrinks
to =380 GeV < my — mpg+ < 200 GeV. In general, sce-
nario A and C (as a subset of scenario A) is broadly allowed
by T for any value of cg_, and mass splitting among the
Higgs bosons, whereas scenario B can lead to a large devia-
tion if cg_y and m = increases (which is taken into account
in Sect. 5 as discussed above).

4.2 Theoretical constraints

Like all models with extended scalar sectors, the 2HDM
also faces important constraints coming from tree-level per-
turbartive unitarity and stability of the vacuum. We briefly
describe these constraints below (for a discussion of higher-
order effects and other considerations regarding the align-
ment limit, see, e.g., [69,70]).

e Tree-level perturbative unitarity
Perturbative unitarity is achieved by demanding that the
eigenvalues of the lowest partial wave scattering matrices
of the 2 — 2 processes in the scalar sector of the 2HDM,
at the tree level, remain below 167. This leads to the
following constraints [11,12]:

[A3 £ A4l < 1671, (18)
|A3 £ 5] < 167, (19)
|A3 + 2X1g £ 3A5| < 167, (20)
1
3 (M +ho £y (=22 +4A3) < 16m, 2D
% ()\1 +iaE G =) +4x§) < 167, (22)
1 2 2
3 3)\.1"—3)\42:{:\/9()\41_A'2) +42A3 + Ag) < l6m.

(23)

It should be noted that the above requirement of tree level
perturbative unitarity, limiting the maximum size of the
given combinations of A;’s, also ensures indirectly that
the potential remains perturbative up to very high scales.
Hence, in the present paper we do not incorporate addi-
tional constraints from other alternative criteria to require
perturbativity that are based on limiting the size of the
separate A;’s which could be a priori more restrictive
than the one applied here.
e Stability

First, we require the boundedness from below criterion.
This criterion demands that the potential does not go
to minus infinity when the field values approach infin-
ity. This is fulfilled if the following conditions are satis-
fied [10,11,13]:

A >0, (24)
Ay >0, (25)
3+ +/hy 20, (26)
A3+ da — |hs| +/A1dy > 0. (27)

Besides those inequalities, we will also demand that the
minimum of the theory is a global minimum of the poten-
tial that can be achieved if [13]

A A
m (m% —m,| i) (tanﬁ - %‘L) >0. (28

According to Egs. (7)—(11) the size of the triple couplings
A; are closely related to the size of the masses of the Higgs
bosons and m%z. In general, the size of the triple Higgs cou-
plings involving one & and two heavy Higgs bosons grow
with the corresponding heavy Higgs mass and, therefore,
they can be large for large heavy masses, near the TeV scale.
Consequently, unitarity sets limits on the maximum allowed
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Fig. 4 T parameter for mpy+ = 650 GeV (top) and mpy+ = 1000 GeV (bottom) in the alignment limit, cg_o = 0, (left) and for cg_o = 0.25
(right). In scenario A my+ = m4 (red lines), in scenario B m y+ = my (blue lines), and in scenario C my+ = mpy = m4 (yellow points)

size of these large heavy masses, as can be seen in Fig. 5.
One finds that only in scenarios where the heavy masses are
large but nearly degenerate that these unitary bounds can be
relaxed. The parameter m%z also plays an important role in
that concern. The plots on the right in Fig. 5 show that by set-
ting the value of this parameter to m%z = m%i cos” a/ tan B,
a diagonal corridor opens up allowing for larger values of
these heavy masses above 1500 GeV and with a consider-
able splitting. On the other hand, m%z enters with a negative
sign in some of the stability conditions (Egs. (24)—(27)) and
Eq. (28) imposes m%z > 0. Therefore ifm%2 is large the Higgs
boson masses should be also large to compensate those nega-
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tive contributions. In fact, setting m%z to large values reduces
considerably the allowed region by stability and shrinks it to
the upper right corner in these two dimensional mass plots.
This reduces as well the intersection area with the unitarity
allowed region (dotted areas), as can be seen in the two plots
in the middle with m%z = 100000 GeV?2. Here 1| plays an
important role, as it contains a negative contribution o m%Z
that grows with tan 8, see Eq. (7). This can drive A1 to nega-
tive values and yield disagreement with the stability condition
in Eq. (24). One way to minimize this effecton A is to fix m?,
such that the two last terms in Eq. (7) cancel each other. This
condition leads to the above commented equation allowing
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Fig. 5 Allowed areas in two selected Higgs masses of the 2HDM
parameter space, delimited by the theoretical constraints from unitar-
ity (green areas), stability (red areas), and both together (dotted areas),
obtained from Egs. (18) to (28). The alignment limit is assumed and

for the diagonal corridor in the right plots of Fig. 5 where the
intersection region (dotted area) is clearly expanded. There-
fore, to enlarge the allowed region by unitarity and stability
in our forthcoming analysis we will consider this as a special
interesting case where to explore the maximum allowed size
of the triple Higgs couplings. This condition on m%z has been
considered previously [63] and can also be translated into a

condition on 2, using Eq. (12),
2 2 2 2
m4, COS~ o _ m4, COS~ o
mi,=—H_—_ — jgp?=_H__ _ (29)

tan 8 sin? B
Regarding the comparison of the allowed regions for the
two considered scenarios A and B, we show in Fig. 5 some
specific examples, for tan 8 = 1.5, where one can clearly
see the impact of m%z # 0 and compare it with imposing
Eq. (29). In the case when m%z = 0 (left) all masses are
allowed by stability but they are restricted by unitarity, and
the final allowed dotted region is, in scenario A, for masses
my= = my < 1000 GeV and mpg < 650 GeV and, in

~

250 500 750 1000 1250 1500
myz =mpy [GeV]

250 500 750 1000 1250 1500
mpyt =my [GeV]

tan B is fixed to tan B = 1.5 for scenario A (top plots) and scenario B

(bottom plots). m%Z is set to O (left plots), 100000 GeV? (middle plots)

and m%z = m%i cos? o/ tan B (right plots)

scenario B, for masses roughly below 750 GeV. When m%z
increases (center) the allowed region by unitarity is similar
to the previous situation, but due to the large value for m%z,
now to get stability, the masses should be larger than approx-
imately 500 GeV in both scenarios A and B. The situation
is completely different in the right plots where Eq. (29) is
adopted. In these cases masses can get very large values as
well as m%z and also splitting between the two free masses
is allowed. This splitting stretches in both scenarios A and B
as the masses grow and the final allowed region by stabil-
ity and unitarity is confined to a diagonal corridor which
is narrower in scenario B than in scenario A. It should be
noted that in cases where Eq. (29) is satisfied, in order to
cope with the theoretical constraints scenario A demands that
my+ = my > mpyg and scenario B that my > my+ = mpy.
The allowed region by both theoretical constraints in the left
and center columns would dramatically shrink for a larger
value of tan 8 because of the size of A1, but the right plots
would remain similar. In some sense, Eq. (29) gives an upper
limit for m%z for large masses and large tan §.

@ Springer



884 Page 10 of 33

Eur. Phys. J. C (2020) 80:884

I-C, m2, = 0 GeV?

50 1 50 1

I-C, m2, = 100000 GeV?

I-C, m}, = m% cos? o/ tan 3

50 1

10 10 1 10 1
@ Q. @
g g =
£ < 1 3
- - -
5 B /
--- HSlo_ ---'HS 1o
— HS 20 Q) 1 HS 20
14 HB “ ( 1 14 ~HB 1 1
— os%cL\ ! T 95%CL — 95%CL, ;!
N i Ny g
T T 1 1 T T T 1 1 T T 1 1 T T T T T T T
-0.3 -0.2-0.1 00 01 02 03 -0.3 -0.2-0.1 0.0 0.1 02 03 -0.3 -0.2-0.1 00 01 02 03
Cp—a Cp—a CB—a
II-C, m2, = 0 GeV? I1-C, m2, = 100000 GeV? II-C, m%, = m?% cos? o/ tan 3
50 - 50 - 50
——‘\-\\\HS 1o ——i\\ HS 1o
— HS 20 — HS 20
HB - HB =
— os%CL § — 95%CL Y
10 1 10 4 10
@ o = ®)
5 E g
e} - e}

(e)
-—= HS1g
11 — HS20

— HB 95%CL

A W

T T T T T
—0.15-0.10 —0.05 0.00 0.05 0.10 0.15
CB—a

Fig. 6 Allowed regions of the 2HDM in the (cg_q, tan B) plane from
BSM Higgs bosons searches and direct measurements of the 125 GeV
Higgs from HiggsBounds (blue regions) and HiggsSignals (yel-
low regions) in scenario C with my = mg = mpy+ = 650 GeV for

4.3 Constraints from direct searches at colliders

The 95% confidence level exclusion limits of all important
searches for BSM Higgs bosons are included in the public
code HiggsBoundsv.5.3.2 [14-17], including Run 2
data from the LHC. Given a set of theoretical predictions in
a particular model, Hi ggsBounds determines which is the
most sensitive channel and determines, based on this most
sensitive channel, whether the point is allowed or not at the
95% CL. As input the code requires some specific predictions
from the model, like branching ratios or Higgs couplings,
that we computed with the help of the 2HDMC code (see
Sect. 4.1). In Fig. 6 plotted in blue are shown the allowed
regions of the 2HDM in the (c¢g—_q, tan B) plane for the case
where all the masses of the heavy Higgs bosons are set to
650 GeV,i.e. in the simplest scenario C. In the upper (lower)
row we show the results for the 2HDM type I (IT) with m%z =
0, 100000 GeV? and set via Eq. (29) in the left, middle and
right column, respectively. The particular exclusion channel
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Yukawa type I (top) and II (bottom) and different values of m%z. The dot-
ted grey lines correspond to contours with the same x 2 for the 125 GeV
Higgs-boson rate measurements at the LHC as found in the SM

that sets a bound limiting this blue region is specified with a
Latin letter and corresponds to one of the following channels:

(a) pp — H — hh — (bb)(zT1t7) [18],

(b) pp — H — hh — (bb)(bb/t = /WTW ™ /yy) [19],
(¢) pp — H— VV [20],

(d) pp — H*tb — (th)tb [21],

(e) gg — A — Zh — (I117)(bb) [22],

() pp = hX — yyX [23],

(g) pp — H — hh — (bb)(bb) [24],

(h) pp — H— ttr— [25],

Q) pp— h— ZZ — (TI7)(ITI7) [26).

In broad terms, the 2HDM type I seems to be less con-
strained than type II by the searches of heavy Higgs bosons.
Both types have a lower bound on tan 8 ~ 1.4 from channel
(d), whereas type II also has an upper bound given by chan-
nel (h). In type I negative values of cg_, are constrained by
channels (a), (b) and (c) while for positive values the more
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relevant channel is (e). On the other hand, in type II for a
negative cg_ channels (e) and (g) become the most restric-
tive ones, and in the positive cg_q region channel (i) is the
most sensitive one.

It is also worth to notice that for m%z = 100000 GeV?
(center plots) there are more stringent bounds than in the
other cases coming from channel (f) in type I and from chan-
nel (g) in type II. This is an example of how m%2 can be
relevant in some situations when the contributions from the
scalar sector are important. Clearly, the experimental bounds
on BSM Higgs searches strongly depend on the masses of
such particles, so the allowed contours and the exclusion
channels shown in Fig. 6 will change for a different value of
the masses. In general, for smaller values of the input masses
the parameter space would be more constrained.

4.4 Constraints from the SM-like Higgs-boson properties

Any model beyond the SM has to accommodate the SM-like
Higgs boson, with mass and signal strengths as they were
measured at the LHC [1-3]. In our scans the compatibility
of the C’P-even scalar 4 with a mass of 125.09 GeV with
the measurements of signal strengths at Tevatron and LHC
is checked with the code HiggsSignals v.2.2.3 [27,
28]. HiggsSignals provides a statistical X2 analysis of
the SM-like Higgs-boson predictions of a certain model com-
pared to the measurement of Higgs-boson signal rates and
masses from Tevatron and LHC. Again, the predictions of
the 2HDM have been obtained with the 2HDMC code. The
complete list of implemented experimental data can be found
inRef. [29]. Here and in our posterior analysis we will require
that for a parameter point of the 2HDM to be allowed, the
corresponding %2 is within 2 o (Ax?% = 6.18) from the SM
fit: x4y = 43.6.

In Fig. 6 we present the results of HiggsSignals for
scenario C withmpy = my4 = mg+ = 650 GeV as a func-
tion of tan 8 and cg_, which are the most relevant param-
eters to determine the couplings of the 4 boson to the SM
particles. In yellow are shown the allowed regions from
HiggsSignals. (In blue are shown the allowed regions
from HiggsBounds, as discussed in the previous section).
In this figure we show the contours from HiggsSignals
corresponding to a 1o (dashed lines) and 2o (solid lines) dis-
tance from the SM fit and the contours that have the same fit as
the SM (dotted grey lines). In consequence, the regions inside
these dotted grey lines have a better agreement with the exper-
imental results that the SM. It can be seen that the parame-
ter space is strongly constrained for cg_q to be close to the
alignment limit, such that /# behaves sufficiently SM-like.
In particular, the 20 allowed region for the Yukawa type II
(bottom) is substantially smaller compared to type I (top). In

particular for type II, we find that negative values of cg_g
are very disfavored. The maximum deviation from the align-
ment limit takes place for tan 8 ~ 1, where values between
¢g—q = 0.13 and cg_y = —0.03 can be found inside the 20
region from the SM. However, as tan 8 increases the model is
forced to be very close to the alignment limit to agree with the
experimental data. This is caused by an enhancement of the
coupling of & to b-quark (see Table 2). It should be noted that
in the type II fits a new allowed branch appears in the upper
right part of the plot which corresponds to E,‘f = —1, known
as the wrong sign Yukawa region. For type I the constraints
are weaker, specially for tan 8 > 3, where we can accom-
modate inside the 20 region values for cg_y up to £0.3.
Fig. 6 also captures the role of m%z in the fits. In type I m%z
barely changes the fits for tan 8 < 3 region. However, the
increment of m%z narrows the lo, 20 contours around the
alignment limit, notably for m%z = 100000 GeV? (upper
center) where the fit forces cg_y ~ 0 when tan 8 is large. In
the case of type II the fits seems to be roughly independent of
m?,, except again form?, = 100000 GeV? where the model
is completely outside the 2o region for tan g > 25.

In addition, it can be seen that an extensive region exists
for both types that gives a better fit to the experimental data
than the SM i.e. x? < stM» even though for type I m%z is
required to be different from zero. Such regions are expected
due to the additional freedom in the 2HDM to accommodate
the LHC measurements. For the sake of completeness, we
would like to comment that the impact of my, m 4 and m g=
could be important for the fit when they are low, because only
then they could give sizable contributions to the light Higgs
measurements, specially for the H boson.

Other recent studies from LHC data analysis [52-54], also
set similar constraints on the (cg—_q, tan 8) plane, since these
are the most relevant 2HDM parameters (entering the Higgs-
boson couplings) at the LHC. One of the main differences
to our study is that, as emphasized in the introduction, we
have a strong focus on the role played by the m%z parameter,
which turns out to be relevant in our search of sizable triple
Higgs couplings.

4.5 Constraints from flavor physics

Constraints from flavor physics have proven to be very sig-
nificant in the 2HDM mainly because of the presence of the
charged Higgs boson. Various flavor observables like rare
B decays, B meson mixing parameters, BR(B — X;y),
LEP constraints on Z decay partial widths etc., which are
sensitive to charged Higgs boson exchange, provide effec-
tive constraints on the available parameter space [57,58].
Here we will take into account the decays B — X,y and
By — wtu™, which we find to be the most constraining
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ones and whose experimental values are (we use the average
from [45]):

BR(B — X,7) =(3.1+ 1.1) x 10°4,
BR(B, - putu") = (2.7 jgjg) % 1079,

We will set our bounds in the 20" region from the central
value according to the experimental value.

In order to compute the theoretical predictions in the
2HDM we have used the public code SuperIso [30,31]
with the model input given by 2HDMC. Moreover, we have
included in SuperIso the contributions to the Wilson coef-
ficient Cp from the Higgs-penguin diagrams, that are miss-
ing in the public version and that can be relevant for the
BR(B; — u™ ™) prediction [32-34].

In Fig. 7 we present the allowed regions from the fla-
vor constraints in the (m g+, tan §) plane in the alignment
limit for scenario C (all masses of BSM bosons degener-
ated) for Yukawa types I (upper row) and II (lower row)
for m%z = 0, 100000 GeV and set via Eq. (29) in the left,
middle and right column, respectively. We show the regions
allowed by B — Xy (pink areas) and by By — ™ (teal
areas). Dotted areas are the intersections of these two allowed
regions. The 2HDM contribution to the process B — Xy
depends on the couplings of the b and s quarks with the
other u-type quarks through a charged Higgs boson. As the
Yukawa couplings of the charged Higgs bosons in the 2HDM
scale like the ones of the CP-odd Higgs boson, this cou-
pling is given by a combination of Ez’d (see Table 2) and the
quark masses. In the case of model type I those couplings are
enhanced for large values of cot §, in consequence the region
of low tan g is forbidden in the top plots of Fig. 7 and softly
fades as the mass of the charged Higgs increases. On the con-
trary, in type II it is found a well known tan 8 independent
constraint of mgy+ > 500 GeV. The BSM contributions to
B — X,y are induced from the Yukawa coupling and there-
fore neither cg_q or m%z affects the bounds, as it can be seen
in the figure. Focusing on By — w*u™ one finds a similar
constraint for low tan 8 on both model types due to analogous
arguments discussed before for B — X,y . Nevertheless, in
model type II there is a disallowed region for large tan
and low masses. This is due to the contributions from the
Higgs-penguin diagrams (mediated by H and %) to the pro-
cess By — '~ which are sensitive to m%z, via Agg+H-
and Aj, y+ - from the loops involving charged Higgs bosons,
and that are enhanced atlarge tan g (see also [33]). The largest
effect from m%z on By — put ™ is from Ay g+ - since the
H-penguin diagram goes as tan> 8, and this leads to rele-
vant constraints in the large tan g and low m g+ region. If,
however, m%z is fixed to Eq. (29) and if the alignment limit
is taken, then the coupling Ay g+ - vanishes and in conse-
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quence the Higgs penguins contributions are not large enough
to give a bound in that region.

5 Numerical results

In this section we analyze numerically which intervals (or
extreme values) of the various triple Higgs boson couplings
are still allowed, taking into account all experimental and
theoretical constraints as discussed in Sect. 4. In the case of
Annn this will give a guideline to which collider option may be
needed to perform a precise experimental determination. For
the triple Higgs couplings involving heavy Higgs bosons this
will indicate in which processes large effects, e.g. possibly
enhanced production cross sections, can be expected due to
large triple Higgs couplings.

We perform our evaluation in both type I and type II mod-
els (and leave the other types for future investigations). We
start our exploration with the “simplest” scenario C, but later
also explore scenario A and B. In the headlines of our plots
we indicate which type and which scenario are chosen. The
other parameters are chosen such as to maximize either the
deviations of Ajp; from it SM value (where the plots below
show k. := Apnn/Asm), Or to maximize (positive or nega-
tive) the size of the triple Higgs couplings involving the heavy
Higgs bosons (where the plots below show the triple Higgs
couplings as defined in Eq. (16)).

5.1 Scenario C

We start with scenario C, i.e. myg:x = myg = ma,> and
my, = 125 GeV. In Figs. 8 and 9 we show the (cg—q, tan B)
plane in the 2HDM type I, where m%z is fixed by Eq. (29)
to maximize the regions allowed by unitarity and stability
of the potential, see Sect. 4.2. The common Higgs boson
mass scale is set to m y+ = 1000 GeV. Dotted areas always
refer to the intersections of the allowed regions by the var-
ious analysis involved. The first three panels of Fig. 8§ indi-
cate the restrictions from three sets of constraints. The upper
left panel shows the areas allowed by HiggsBounds and
HiggsSignals, as discussed in Sects. 4.3 and 4.4. One
can see that a wide area roughly centered around cg_, = 0
(i.e. the alignment limit) is allowed by the direct BSM Higgs-
boson searches as well as by the requirement that the Higgs-
boson at ~ 125 GeV is in agreement with the LHC rate
measurements. The upper right plot shows the constraints
from flavor physics, as discussed in Sect. 4.5. Following the
explanations given there, in this realization of the type I sce-
nario the two constraints resultin lower limits on tan 8, where
B — Xy gives the stronger constraint. The last set of con-
straints is given in the middle left plot, showing the effects of

3 Here and in the following we will denote this common mass as 1 = .
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Fig. 7 Allowed regions in the (mg=, tan B) plane of the 2HDM for
scenario C withmpy = m4 = my= and for Yukawa types I (upper row)
and II (lower row) for m%z = 0, 100000 GeV and set via Eq. (29) in
the left, middle and right column, respectively. The alignment limit,

requiring unitarity and stability of the potential as discussed
in Sect. 4.2. The middle right plot indicates the intersection
set of the three other panels. Being in scenario C the elec-
troweak precision constraints, see Sect. 4.1 are automatically
fulfilled. In the (cg—¢,tan B) plane this intersection defining
the total allowed area starts at tan 8 ~ 2 up to the high-
est investigated values, where we stopped at tan 8 = 50.
cg—o = 0, is allowed for all tan 8 values, with a roughly
triangular shape, extending up to cg_o ~ 0.2.

The results for k5 = Appn/Asm are presented in the lower
plot of Fig. 8, with the total allowed area discussed above
being now marked by the bounding black solid line. The red
solid line indicates k) = 1. This is either the alignment limit
for cg_ = 0, or the “wrong sign limit” in the upper right
corner. For the latter, see the discussion in Sect. 4.4. The color
code shows the values reached by «; . In the area allowed by
all experimental and theoretical constraints, values of «;, <1
arerealized, going down to k; ~ —0.4 in the “tip” to the right

250 500 750 1000 1250 1500
mpg+ [GGV]

250 500 750 1000 1250 1500
mug+ [GGV]

cp—a = 0, has been fixed. Pink areas are the allowed regions by
B — X,y and teal areas those allowed by By — utu~. Dotted
areas are the intersections of these two allowed regions

of the allowed area. The corresponding implications will be
discussed in Sect. 5.4.

We now turn to the triple Higgs couplings involving at
least one heavy Higgs boson. In Fig. 9 we show the results
for Apnp, MnaH, Ahaa and Ay g+ g- in the upper left, upper
right, lower left and lower right plot, respectively. As before,
the area allowed by all experimental and theoretical con-
straints is indicated by a black solid line, and the color code
shows the values reached by the triple Higgs couplings. In
all four cases we find positive couplings with the minimum
values reached for cg_y = 0. The larger values are found in
the right edge of the allowed area, with largest values (as in
the case of Apj;) in the “tip” to the right of the allowed area.
Anng is found to be larger around tan 8 ~ 8 and cg_o ~ 0.1.
The maximum values found for the rest of the triple Higgs
couplings in this case are Apgy ~ 12, Apaa ~ 12 and
App+p- ~ 24. 1t should be noted that here and in the follow-
ing A, g+p- always reaches the maximum values of all the
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(m%i cos? a)/(tan B) in the (cg_q, tan B) plane. Upper left: A;; 4, upper right: Ay g g, lower left: Apa4, lower right: Aj g+ 5. The thick solid

contour is as in Fig. 8

considered triple Higgs boson couplings. The corresponding
phenomenological implications will be discussed in Sect. 5.4.

We continue the exploration of scenario C, type I in the
(cg—a> m%z) plane for my+ = mg = m4 = 650 GeV and
tan § = 7.5, as shown in Figs. 10 and 11. The sequence and
the color coding of the plots is the same as in Figs. 8 and
9. The overall allowed area is restricted, particularly by the
requirement of unitarity and stability, to be within a curved
band around m?, = 55000 GeV?2, ranging from cg_q ~ 0to
cp—a ~ 0.28. Here the purple solid line in the middle left plot
indicates that Eq. (29) is satisfied. The lower plot in Fig. 10
presents the results for «;, which show a weak dependence
on m%2. Values of «; ~ 1 are found around cg_y = 0 (as
required by the alignment limit), but also around cg_q ~
0.26. The lowest value of «; ~ 0.5 is realized for cg_y =
0.2, whereas the highest value of k; ~ 1.2 are found for
cg—a ~ 0.28. Contrary to the (cg—_y, tan B) plane shown in
Fig. 8, we now also encounter values of k; larger than 1.
However, these are realized for the largest departure of the
alignment limit, and thus will be under scrutiny by the next
round of Higgs-boson rate measurements at the LHC.

The results for the triple Higgs couplings involving heavy
Higgs bosons are shown in Fig. 11, analogous to Fig. 9.
As for Appp the variation with m%z (in the allowed inter-

val) is relatively small. The intervals found in this case are
Anna ~ [—1,0.3], Appg ~ [=0.3,7], Apaa ~ [-0.3,7]
and A,y+y- ~ [—0.5, 14]. It should be noted that due to
the contribution from m%z here these couplings can also be
slightly negative. As before, the maximum of A, g is found
forcg_q ~ 0.1 whereas for the other couplings, which can be
of O(10), the largest values are realized for the largest depar-
ture of the alignment limit, and thus will be under scrutiny
by the next round of Higgs-boson rate measurements at the
LHC.

We finish our analysis of the scenario C, type I in Figs. 12
and 13, where we show the (cg_o,my = ma = mpy=)
plane, and where m%2 is fixed by Eq. (29) to maximize the
regions allowed by unitarity and stability of the potential,
and with tan 8 = 10. The sequence and the color coding
of the plots is the same as in Figs. 8 and 9. The upper left
plot in Fig. 12 shows the areas allowed by HiggsBounds
and HiggsSignals, as discussed in Sects. 4.3 and 4.4.
The HiggsBounds allowed area exhibits several spikes
around mg = my = my+ ~ 400 GeV. Here the exclu-
sion bounds are stemming from the channel gg — A —
Zh — 1l bb [22], which exhibits several “spikes” which we
identified as due to statistical fluctuations in the experimen-
tal limits. The overall allowed area now exhibits positive and
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2HDM type I, scenario C
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negative values of cg_q forlow m g+ < 400 GeV. For larger
masses only positive values are allowed, reaching slightly
above cg_o ~ 0.2.

The values that can be reached by «k;, as shown in the
lower plot of Fig. 12, range from «; ~ 0.07 for cg_o ~ 0.1
and large m g+ close to 1200 GeV to about «; ~ 1.2 for
the largest allowed cg_ values and m g+ ~ 300 GeV. The
ranges reached by the triple Higgs couplings involving at
least one heavy Higgs boson, as shown in Fig. 13, are found
to be Appg ~ [—0.2,1.6], Apga ~ [—0.2,12], Apaa ~
[—-0.2, 12] and Ap g+ - ~ [—0.5, 24]. The largest values of
Anng are found forcg_y ~ 0.1 and large m i+ and for the rest
are found on the edge for larger cg_o and m = 2 800 GeV.

We finish our analysis of scenario C with the (cg—_q, m%z)
plane in the 2HDM type Il for mg = my = mp+x =
1000 GeV and tan 8 = 0.9, as presented in Figs. 14 and
15. The sequence of the plots and the color coding are
as in Figs. 10 and 11. The total allowed area is found,
roughly between cg_q ~ —0.05 and cg_q < 0.1, as well
asm2, 22 x 10° GeVZ and m?, < 6 x 10° GeV>.

The values that can be reached by «;, as shown in the
lower plot of Fig. 14, range from «; ~ 0.0 for cg_ ~ 0.13
and low m%2 to k; = 1 for the alignment limit. The ranges

reached by the triple Higgs couplings involving at least one
heavy Higgs boson, as shown in Fig. 15, are found to be
A ~ [—1, 1.4], Apg ~ [—0.2, 12], Apaa ~ [—0.2, 12]
and Apg+y- ~ [—0.4,24]. Again negative values can be
reached, due to the effects caused by m?,. The largest values
forAppH, Mg+ - and A 4 4 are found for the lowest allowed
m%z values, and are nearly independent on cg_. In contrast,
AnnE shows dependence on both variables where its maxi-
mum is found around m?$, ~ 400000 GeV?and cg_q ~ 0.08
and its minimum is found around m%z ~ 550000 GeV? and
cg—a ~ —0.03. As for the 2HDM type I, the phenomenolog-
ical interpretation of these intervals will be given in Sect. 5.4.

5.2 Scenario A

We continue our numerical investigation by relaxing the con-
ditions for the heavy Higgs-boson masses and evaluate the
triple Higgs-boson couplings in scenario A, as defined in
Sect. 4.1, my = mpy= # mpy,* and m;, = 125 GeV.

In Fig. 16 we present the (myg+ = m4, mpy) plane with

2 = (m%{ cos? «)/(tan B), to maximize the parameter

mys
4 Here and in the following we will denote this common mass as 1 ;+.
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2HDM type I, scenario C, m?, = (m? cos? o)/ (tan 3)
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2HDM type I, scenario C, m?, = (m?% cos? a)/(tan 3)
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m%z = (m%i cos? «)/(tan B) and tan 8 = 10. Upper left: Ayp 5, upper right: Ay g g, lower left: Ay a4, lower right: A, g+ - . The thick solid contour

is as in Fig. 12

space allowed by unitarity and stability of the Higgs poten-
tial, and cg_y = 0.2 and tan 8 = 10. The upper two rows
show the various constraints, with the same color coding as in
Fig. 8. One can see that the LHC searches and measurements,
as well as the flavor observables allow for the whole plane.
Unitarity and stability roughly select a square bounded from
above by my+ ~ mpy ~ 1000 GeV. The results for Appp
are not explicitly shown, as they vary only very weakly in
the chosen scenario. The values reached are in the interval
k), ~ [0.98, 1.02]. The lower two rows in Fig. 16 show the
results for the triple Higgs couplings involving at least one
heavy Higgs boson. The upper left plot (of the two lower
rows) shows Ay, g, which is independent of m y+. Lowest
(highest) values are reached for high (low) values of mp,
following the analytic result in Eq. (33). They range from
0.02 to —1.5.

The upper right plot depicts the results for A,y g, again
independent of mpy+. Here lowest (highest) values are
reached for low (high) values of m g, following the analytic
result in Eq. (35). For A, gy they range from 0.2 to 16. The
lower row shows the results for Apa4 (left) and Appy+py-
(right), which exhibit a similar behavior, see Eq. (37) and
Eq. (39). The values are nearly independent of m g, where

lowest (highest) values are found for low (high) ms = my=.
They range from 0 to 16 for Ays4, and from O to 32 for
Anp+m-- Asin Sect. 5.1 we leave the phenomenological dis-
cussion to Sect. 5.4.

Analogous results in the 2HDM type II are presented in
Fig. 17, with the color codings as in Fig. 16. As before m%z is
fixed by m%z = (m%{ cos? o) /(tan B). In order to maximize
the results for the triple Higgs couplings we have chosen
¢g—o = 0.025 and tan B = 6.5. The overall allowed region,
as depicted in the upper two rows, can be found on the strip
roughly around the diagonal m y+ = m4 ~ mp. The results
for Ajpp again vary only weakly in this region, and are found
in the interval «; ~ [0.8, 1]. The third row shows the results
for Appg (left) and Apg g (right), which follow similar pat-
terns and are independent of m g+, see Egs. (33) and (35).
Lowest (highest) values are found at low (high) m g, ranging
from O to 1.25 for A,y and from 0.15 to 3 for A, g. The
fourth row presents the results for A,44 (left) and Ay g+ -
(right), which again follow similar patterns and are nearly
independent of m g, see Eqgs. (37) and (39). The lowest val-
ues are found at the diagonal mpy+ = my4 ~ mp, whereas
the highest values are found for the highest allowed m y+ =
m4 > mpyg with a mass splitting of about 250 — 300 GeV.
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2HDM type II, scenario C
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They range from 0.4 to 16 for Ay44 and from 0.8 to 32 for
Apg+g-- The phenomenological implications are discussed
in Sect. 5.4.

We finish our analysis in the scenario A with the 2HDM
type II presented in Fig. 18, with the color codings as in
Fig. 16. In comparison with the previous analysis we have
chosen a relatively low value of tan 8 = 0.9, and fixed
m%z = 100000 GeV?2, while for cp—q arelatively large value
(for the 2HDM type II) of cg_y = 0.05 was chosen. The
overall allowed region, as depicted in the upper two rows
can be found roughly around 800 GeV < mpy+ = my <
1100 GeV and mpy between 500 GeV and 1000 GeV. As
before, the results for Ajp; vary only weakly in this region,
and it takes values for k; ~ 0.9 in the whole plane. The
third row shows the results for Ay, g (left) and Ay g (right),
and as before both are independent of m g+, see Eqgs. (33)
and (35). App g exhibits a small variation between —0.14 to
0.23. Ay g 1, on the other hand, can reach very large values for
large m g, and it is found to be in the range of 0.3 and 15. The
fourth row presents the results for Ay44 (left) and Ay py+py-
(right), which again follow similar patterns and are indepen-

dent of mpy, see Eqs. (37) and (39). The lowest (highest)
values are found at the lowest (highest) allowed values for
mpy= =m4 ~ 800 (1100) GeV. They range from 8 to 16 for
Anaa and from 16 to 32 for A, y+ - . The phenomenological
implications are discussed in Sect. 5.4.

5.3 Scenario B

We finish our numerical investigation with the third sce-
nario suggested by the electroweak precision observables,
scenario B, as defined in Sect. 4.1, my # my+ = mH,5 and
my = 125 GeV.

In Fig. 19 we present the (my+ = mpy, m4) plane with
the other parameters chosen as in the corresponding sce-
nario A, with m%z = (m%_, cos? &)/ (tan B) to maximize the
parameter space allowed by unitarity and stability of the
Higgs potential, and for cg_, = 0.2 and tan 8 = 10. The
upper two rows show the various constraints, with the same
color coding as in Fig. 8. Besides, in the upper left plot,

> Here and in the following we will denote this common mass as 1 = .
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Fig. 16 Predictions for triple Higgs couplings in the 2HDM type I, sce-
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2HDM type I1, scenario A, m3, = (m?% cos® a)/(tan 3)
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Ahaa, lower right: Aj, g+ -
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2HDM type II, scenario A, m?, = 100000 GeV?
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Fig. 18 Predictions for triple Higgs couplings in the 2HDM type II,
scenario A, in the (mpy+ = my, mpy) plane with cg_o = 0.05,
tanf = 0.9 and m%z = 100000 GeV?. Upper four plots: allowed
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2HDM type I, scenario B, m3, = (m? cos® a)/(tan )
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2HDM type II, scenario B, m2, = 100000 GeV?
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where we indicate the regions allowed by the LHC measure-
ments, we also indicate the bound arising from the EWPO,
see Fig. 4. While the LHC measurements of the SM-like
Higgs boson as well as the direct searches for BSM Higgs
bosons do not yield restrictions in the parameter space, the
EWPO favor a broad region roughly around the diagonal
my+ = myg ~ ma. As in the corresponding scenario A,
unitarity and stability roughly select a square bounded from
above by my4 ~ mpyg ~ 1000 GeV. The results for A are
again not explicitly shown, as they vary only very weakly
in the chosen scenario. The values reached are in the inter-
val «; ~ [0.98, 1.03]. The lower two rows in Fig. 19 show
the results for the triple Higgs couplings involving at least
one heavy Higgs boson. The upper left plot (of the two
lower rows) shows Ay, 7, which is independent of m 4. Lower
(higher) values are reached for high (low) values of m y+, fol-
lowing the analytic result in Eq. (33). They range from —1.5
to 1. The upper right plot depicts the results for A, g7 7, again
independent of m 4. Here, the lowest (highest) values are
reached for the lowest (highest) allowed values of m g+, fol-
lowing the analytic result in Eq. (35). For A,z g they range
from 0.2 to 15. The lower row shows the results for A4
(left) and Aj y+py- (right), where the latter exhibits a simi-
lar behavior as A,y g, see Egs. (37) and (39). The values of
Anaa (Apg+pg-) are nearly independent of m g+ (m 4), where
the lowest (highest) values are found for the lowest (highest)
allowed values of m4 (m g+ = mpy). They range from 0.2 to
16 for A4 4, and from 0.5 to 30 for A;, g+ g-. Asin Sect. 5.1,
we leave the phenomenological discussion to Sect. 5.4.

The final scenario analyzed is scenario B analogous to
the last example in scenario A as presented in Fig. 19, with
the color codings as in Fig. 16. As in scenario A we have
chosen a relatively low value of tan8 = 0.9, and fixed
m%z = 100000 GeV?, while for cg—q arelatively large value
(for the 2HDM type II) of cg_q = 0.05 was chosen. The
overall allowed region, as depicted in the upper two rows
can be found roughly around mg+ = mpyg ~ 900 GeV and
m 4 between 500 GeV and 1000 GeV, analogous to the cor-
responding scenario A. As before, the results for Ay, vary
only weakly in this region, and it leads to values of k; ~ 0.9
in the whole plane. The lower two rows in Fig. 20 show the
results for the triple Higgs couplings involving at least one
heavy Higgs boson. The upper left plot (of the two lower
rows) shows A, g, which is independent of m 4 and varies
only weakly in the parameter plane. Lower (higher) values
are reached for high (low) values of m g+, following the ana-
lytic result in Eq. (33). They range from —0.14 to 0. The
upper right plot depicts the results for A,y i, again indepen-
dent of m 4. Here, the lowest (highest) values are reached
for the lowest (highest) allowed values of m =+, following
the analytic result in Eq. (35). For A, gy they range from 8
to 15. The lower row shows the results for A;44 (left) and
App+p—- (right), where the latter exhibits a similar behav-

ior as ApppH, see Eqs. (37) and (39). The values of Apsa
(Apg+pg-) are independent of m g+ (m4), where the lowest
(highest) values are found for the lowest (highest) allowed
values of m 4 (my+ = my). They range from 0.14 to 16 for
Anaa, and from 15 to 30 for Ay y+p-.

Finally, to close the numerical results section, we present
in Table 3 some examples of interesting configurations that
maximize the size of the triple Higgs couplings. In the
Yukawa type I, all examples have tan 8 > 1 while for type II
all the points are around tan 8 ~ 1. This is mainly due to the
constraints from the LHC data, because it is easier to accom-
modate a SM-like Higgs in those regions (see Sect. 4.3). In
addition, particularly in type I, flavor observables disallow
low values of tan 8. In type I we recover a larger allowed
parameter region by choosing m%z according to Eq. (29),
especially for the larger values of tan 8, which are easier in
conflict with the theoretical constraints, as we discussed in
Sect. 4.2. Furthermore, in type II the tight constraint from
B — X,y that sets my= 2 500 GeV should be also satis-
fied. However, as we have discussed in the previous sections,
the main constraint that prevent from obtaining large triple
Higgs couplings are the theoretical constraints.

For both types, I and II, points with larger triple Higgs
couplings are also the ones with the heavier Higgs masses
around 1 TeV (where we have not explored values above
~ 1.6 TeV). The only exception to this are Ayp;, and Ay . In
the case of App, in the alignment limit the SM value is repro-
duced. On the other hand, A4, g is proportional to cg_, see
“Appendix A”. Consequently, their extrema are both found
outside the alignment limit. As a consequence those points
are stronger tested and possibly “easier” excluded in the
future by more precise measurements. Overall, and partic-
ularly for type II, «;, is close to unity. While this does not
correspond to large enhancements of di-Higgs production,
the deviations are still large enough to be tested at future col-
liders, see Sect. 3. On the other hand, it is possible to find
large allowed values of couplings involving more than one
heavy Higgs boson near the alignment limit. Those triple
Higgs couplings always have positive and large values for all
scenarios A, B and C. In fact, they can be larger in scenarios
A and B due to the allowed splitting of two of the masses, as
we have seen in Sects. 5.2 and 5.3. In those cases, the larger
mass is the one of the Higgs boson that appears in the vertex.
Overall, we find values of O(10), with the maximum value
corresponding to Aj, g+ pg- ~ 30 in both type I and II.

In Table 3 we also include points with smaller Higgs
masses that also yield interesting sizes of the triple Higgs
couplings. Due to the relatively smaller masses, these points
are better kinematically accessible. These last kind of points
are presumably the easiest to probe at future colliders. For
these more moderate, but potentially more accessible masses,
we find triple Higgs couplings with half the size w.r.t. the
maximum values.
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Table 3 Examples in the 2HDM for parameter inputs that present large
size of some triple Higgs couplings allowed by current constraints in
the Yukawa type I (top table) and Yukawa type II (bottom table). Values
in bold are the ones that are close to the maximum deviation from the
SM for «; and the absolute extremum for the other couplings found

in our study. In each table, horizontal lines distinguish between sce-
nario C (top), scenario A (center) and scenario B (bottom) defined in
Sect. 4.1. The masses mpy, ms and mpy= are expressed in GeV and
m%z is expressed in GeV?2. Points marked with an asterisk (x) are also
allowed in type II

my ma mpy+ tan Cp—u mi, 5, AhH MHH MAA AnH+H-
Yukawa type I
750 750 750 5.5 0.25 Eq. (29) —-04 0.4 7 6 12
1000 1000 1000 7.5 0.2 Eq. (29) —-03 0.1 13 12 24
650 650 650 6.0 0.2 Eq. (29) 0.1 0.5 4 4
300 300 300 15.0 0.25 Eq. (29) 15 —0.6 2 2
400 400 400 12.5 0.2 12500 1.2 —-0.4 3 3
600 600 600 10.0 0.2 Eq. (29) 1.0 —-0.5 6 6 12
* 1500 1500 1500 2.0 —0.025 820000 0.8 —-1.2 3 3 6
650 400 400 12.0 0.15 Eq. (29) 0.9 -0.3 6 2 4
300 600 600 2.5 0.1 5000 1.0 0.0 1 6 12
300 600 600 12.5 0.2 Eq. (29) 1.1 —0.2 2 6 12
* 700 1200 1200 2.0 0.0 Eq. (29) 1.0 0.0 0.0 16 32
700 1000 700 7.0 0.2 Eq. (29) 0.3 0.2 6 14 11
350 600 350 10.0 0.2 Eq. (29) 1.0 —0.1 2 6 4
600 350 600 10.0 0.2 Eq. (29) 1.0 -0.5 6 11
Yukawa type 11
1100 1100 1100 0.9 0.13 260000 —-0.1 0.9 11 11 23
1500 1500 1500 0.8 0.05 775000 0.5 1.7 11 11 21
600 600 600 1.5 0.02 25000 1.0 0.0 5 5 10
1150 1000 1000 0.95 0.025 210000 1.0 0.1 15 10 19
400 600 600 1.5 0.04 10000 1.0 0.0 2 6 11
1350 1000 1350 0.9 0.05 460000 0.7 0.8 15 1 30
600 400 600 1.5 0.05 8000 1.0 —0.1 6 2 12

Finally, before ending this section we would like to make
some comments about the viability of our 2HDM scenarios
to produce a strong first order EW phase transition (FOPT),
which is needed for EW Baryogenesis. In [71] it has been
pointed out that in the 2HDM a FOPT is correlated with
large values of the Higgs couplings A4 and/or As. This issue
of the preferred 2HDM Higgs self couplings favoring a FOPT
and the correlated heavy Higgs mass region for m4 and mpg
together with the preferences in the other relevant 2HDM
parameters like cg_y, tan 8 and m%2 have also been explored
in [72,73]. In order to study the strength of the EW phase tran-
sition for our 2HDM scenarios, which exhibit large Higgs
self-couplings, we follow [73]. Instead of the more stan-
dard method using the thermal 1-loop effective potential (as
done, for instance, in [72]) the method of [73] correlates
this strength with the zero temperature vacuum energy dif-
ference of the 2HDM with respect to the SM. Finding this
difference, AFy = Fo— ]—'gM, usually normalised to the SM
value Afo/]-'gM, to be in the range Afo/ng < —0.34
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provides, accordingly to [73], a good indicator of a FOPT.
Since this topic is clearly beyond the scope of this work, we
have just evaluated here this estimate of AFq/ .’FgM for the
points listed in Table 3.° We find that all the points in this
table give large negative values (except the ones in the third
and seventh rows leading to differences of around —0.23)
fulfilling AFqy/ FgM < —0.34. Therefore, we conclude that
our 2HDM scenarios leading to large Higgs self-couplings
appear to favor a FOPT.

5.4 Possible implications for future collider measurements

We now turn to the phenomenological implications of the
allowed ranges found for the various triple Higgs couplings,
as discussed in the previous sections. As an overall result we

© We warmly thank Jose Miguel No for his invaluable help in our inves-
tigation of the FOPT, and for providing us with his private code for the
estimate of A]-'o/]-'gM.
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find that the allowed intervals for the various triple Higgs cou-
plings depend only weakly on the chosen EWPO scenario A,
B or C. However, the 2HDM type I exhibits a substantially
stronger variation in App than type II. This is mostly owed
to the larger allowed deviation from the alignment limit, see
Sects. 4.3, 4.4. In this section we will concentrate on the
anticipated impact of the triple Higgs couplings on the var-
ious di-Higgs production cross sections, where we leave a
full phenomenological analysis for future work [74].

For Appn we roughly find allowed intervals of [—0.5, 1.5]
in the 2HDM type I and [0, 1] in type II. While the production
of two SM-like Higgs bosons, both at pp and at eTe™ collid-
ers depends already at the tree-level on App, and Apjp g, the
dependence on Apj is expected to be substantially stronger
due to the propagator suppression with the inverse of m%{
of A5 . Consequently, over the possible parameter range of
Annn the HL-LHC is not expected to yield a precision on «;,
better than 35%, and a deviation from Ay, = O can not be
established better than ~ 2 ¢. Comparing the HL-LHC to
the ILC500, the HL-LHC performs better (worse) than the
ILC500 for k;, < ( 2 )0.5, where both intervals are still
allowed in both types of the 2HDM. In other words, the HL-
LHC results in comparison with the ILC500 may look a bit
better than anticipated for k; = 1. However, in this com-
parison it must be kept in mind that the HL-LHC analysis
is based on the variation of the Higgs triple coupling only,
whereas for the ILC500 (at x;, = 1) it has been shown that
the analysis holds also for a variation of all Higgs-boson cou-
plings within their anticipated experimental accuracies. Fur-
thermore, deviations below «; ~ 0.5 are realized for larger
deviations from the alignment limit and may thus be tested in
the next round of Higgs rate measurements at the LHC. Com-
bining the ILC500 measurements with the final stage of the
ILC1000, the Linear Collider shows a substantially better
result than the HL-LHC for all the allowed X,j;, parame-
ter space. Only around a vanishing trilinear Higgs coupling
similar precisions are anticipated (but the above mentioned
caveat of the differences in the HL-LHC and ILC analyses
still holds).

The phenomenological implications of the allowed ranges
for App g are twofold. This coupling can enhance or suppress
the contribution of the off-shell heavy Higgs in the 2/ produc-
tion, which, however, are generally suppressed as mentioned
above. On the other hand, a very large enhancement of this
coupling would yield a relatively large cross section for h H
production. However, we find that large values of A,y are
not allowed taking all existing experimental and theoretical
constraints into account.

The triple Higgs couplings involving two heavy Higgs
bosons, AppH, Ahaa and Apg+py- can have a very strong
impact on the heavy di-Higgs production and possibly facil-
itate the discovery of such heavier Higgs bosons (see,
e.g., [54,70]). Roughly independent of the EWPO scenario

and the 2HDM type, we find values of up to 15, 16 and 32,
respectively. Here it must be kept in mind that the larger
values of a triple Higgs coupling of & to two heavy Higgs
bosons are realized for larger values of the respective heavy
Higgs-boson mass. Consequently, the effects of the large cou-
pling and the heavy mass always go in opposite directions.
A detailed study will be left to future work [74].

Finally, we would like to comment briefly about the pro-
jections after HL-LHC. As we have discussed above, the
requirement of having the properties of the light CP-even
Higgs-boson, £, in agreement with the LHC rate measure-
ments, see Sect. 4.4, restricts in particular the possible devia-
tion of the Higgs-boson sector from the alignment limit. The
Higgs-boson rate measurements will improve significantly at
the HL-LHC [65]. If the HL-LHC does not find any signif-
icant deviation from the SM predictions, this would restrict
further the possible deviations from the alignment limit and
thus in particular the deviations of «; from unity (such an
analysis, however, goes beyond the scope of our paper). If,
on the other hand, the HL-LHC would observe a deviation
from the SM predictions, a new fit around the then preferred
values would have to be performed. The then possible sizes
of the triple Higgs couplings will strongly depend on the
hypothetical future preferred (non-SM) Higgs-boson sector
parameters (again, such an analysis goes far beyond the scope
of our paper).

6 Conclusions

An important task at future colliders is the measurement of
the triple Higgs coupling Ajp;. Depending on its size rel-
ative to the SM value, certain collider options result in a
higher experimental accuracy. Similarly, large values of triple
Higgs couplings involving heavy Higgs bosons can lead to
enhanced production cross sections of BSM Higgs bosons.

Within the framework of Two Higgs Doublet Models
(2HDM) type I and II we investigate the allowed ranges for
all triple Higgs couplings involving at least one light, SM-
like Higgs boson. We take into account all relevant theoreti-
cal and experimental constraints. From the theory side these
comprise unitarity, and stability conditions. From the experi-
mental side we require agreement with the direct BSM Higgs-
boson searches, as well as with measurements of the SM-like
Higgs-boson rate as measured at the LHC. We furthermore
require agreement with flavor observables and electroweak
precision data (where the T parameter plays the most impor-
tant role). In this context we investigate more extensively
the dependence of several of these constraints on the soft
Z,-breaking parameter, m%z. Here we find that large values
of this parameter can affect notably the allowed parameter
space, especially in the region of large tan .
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For theoretical constraints m%z plays a key role: lower
(higher) values are favored by the tree-level stability (unitar-
ity) constraint, and the size of the intersection region is thus
controlled by m%z. Thus, to enlarge the allowed region by
both unitarity and stability we have used Eq. (29) on several
occasions.

Regarding the experimental constraints, BSM Higgs
boson searches and measurements of the 125 GeV Higgs
boson at the LHC can also be sensitive to the effects of m%z
in the scalar sector such like the &7 — yy decay (via the
hH™H™ vertex) or the production of a heavy BSM boson
that decays to two 125 GeV Higgs bosons, specially in the
range of low masses. On the other hand, the triple Higgs
couplings Aj,py+py- and Ay py+py- also enter in the 2HDM
prediction for By — ™ via the h and H Higgs penguins
contributions with charged Higgs bosons in the loops, and
they can be relevant (see also [33]). The largest effect from
m?,in By — ptu” isdue to Ay y+ - in the region of large
tan B and low m g+ and, therefore, this region is correspond-
ingly constrained by the By — u™ ™ data.

Based on a parameter scan we investigated several mass
and parameter planes. We demanded agreement with the
above given constraints and evaluated the maximum and
minimum values of the various triple Higgs couplings. For
the SM-type triple Higgs coupling w.r.t. its SM value, k) =
Anhn /Xsm, we roughly find allowed intervals of [—0.5, 1.5]
in the 2HDM type I and [0, 1] in type II. The production of
two SM-like Higgs bosons, both at pp and at e*e™ colliders
depends already at the tree-level strongly on Ajj,. Conse-
quently, over the possible parameter range of Aj), the HL-
LHC is not expected to yield a precision on «; better than
35%, and a deviation from Az, = 0 can not be established
better than ~ 2 o. Comparing the HL-LHC to the ILC500,
the HL-LHC performs better (worse) than the ILC500 for
K < (2)0.5. Combining the ILC500 measurements with
the final stage of the ILC1000, the Linear Collider shows a
substantially better result than the HL-LHC for all the values
of Appp in the allowed intervals that we have found.

The production of two light Higgs bosons can also depend
on Appp in the 2HDM. In this case, the prediction in the
alignment limitis A5, g = 0, but here we reach the maximum
(minimum) value around cg_, = £0.05. We find that the
total allowed interval of this coupling is [—1.4, 1.5] for type
Tand [—1.6, 1.8] for type II.

Concerning the triple Higgs couplings involving two
heavy 2HDM Higgs bosons, we find large allowed values
for both 2HDM type I and II. For Ay g, Anaa and Ay g+ pg-
we find maximum values of up to 15, 16 and 32, respectively.
These triple Higgs couplings can have a very strong impact
on the heavy di-Higgs production at pp and e™e™ colliders.
Large coupling values can possibly facilitate the discovery
of such heavier Higgs bosons. However, it must be kept in
mind that the larger values of triple Higgs couplings of &
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with two heavy Higgs bosons are realized for larger values
of the respective heavy Higgs-boson mass. Consequently,
the effects of the large coupling and the heavy mass always
go in opposite directions. A detailed analysis of the various
production cross sections will be analyzed elsewhere [74].
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A Feynman rules

In this appendix we present the Feynman rules, obtained
with the Mathematica package [75], of the considered triple
Higgs couplings in the A; basis, defined in Eq. (4), and
in the physical basis, defined in Eq. (13). The relation of
these Feynman rules with the dimensionless couplings A4,
that have been studied in this work is given in Eq. (16).
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A; basis:

= 3iv{)\10,3s2 - Agcgslg + (A3 4+ Aq + As) (cftc,gsa — cmsislg) }

(30)
Physical basis:
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h
A; basis:

= —iv[3klcac§s§ + 3A2cisa5ﬁ

+ (A3 + Aa + As) (chep — 2c2sa5p — 2cacpsa + 535p) }

(32)
Physical basis:
iCp—a ( 2 2 -2\ 2
_ 2m2 +m% — 4 ) _
v { mh mH m Sﬁ a
2 2 =2
+ 2cot28 <2mh +my —3m )sﬁ_acﬁ_a
_ <2mﬁ +m — 2,;12) cg_a}. (33)
H
ho------ <
H
A; basis:

= iv{3k1c§cﬂsa — 3A2cas§slg

+ (A3 + Aq4 + A5) (—cgsﬂ — 2c§cf3sa + ZCO,S§Sﬂ + Cﬂsg) ]
(34)

Physical basis:

— D { (mﬁ +2om2 — 2;7‘12) 3
v

+2cot2p (m% +2mY; — 311"12> Ch—aSp—a

- (mﬁ +2m2, — 4;1‘12) o } (35)

A; basis:

= iv{klcﬁsasé — )\gcac%sﬁ + (A3 4+ Ag) (cgsa — casg)

+ s (—czsa + ZCO[C%Sﬂ — 2C'3Sasé + casg) } (36)

Physical basis:

= —l—{ (mﬁ +2m% — 2n_12) Sp—a
v

4 2cot28 (mﬁ - ﬁ12) cﬂ_a}. 37)
H+
ho------ <::/ |
\\\Hi
A; basis:

= iv{klc;;sasé — Azcacéslg + A3 (c%sa — casg)

+ (Ag + Xs5) (cacésﬁ — cﬁsasé) } (38)

Physical basis:

- _%{ (3 + 23 = 20%) 50

+2c0t28 (m} = i?) cp-a } (39)
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