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Within the two Higgs doublet model (2HDM) with CP conservation and a softly broken Z, symmetry,
we analyze the flavor changing Higgs decays & — bs (bs refers jointly to the two decay channels b5 and
bs), where h is identified with the SM-like Higgs boson discovered at the LHC. We provide a
comprehensive study of the decay width I'(h — bs) with particular focus on the most relevant effects
from the triple Higgs coupling A,y+y-. Furthermore, we consider all the relevant theoretical and
experimental constraints to determine which predictions for the BR(h — bs) are still allowed by the
current data. We find that the predictions for BR(%Z — bs) in types II and III can be several orders of
magnitude smaller compared to the SM value. In contrast, in type I and IV we find that the predicted
enhancements in the decay rates with respect to the SM of up to about 70% and 50%, respectively, are still
allowed. We discuss how these deviations from the SM are caused by interference effects controlled by the
coupling 4,5+~ which can be large for very heavy H*. To better understand the role of A,y+y- in the
h — bs decay we derive and analyze here the analytical results for the 4bs one-loop effective vertex that is

generated by integrating out the heavy H*.
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I. INTRODUCTION

After the discovery of the Higgs boson [1,2] one of the
main goals is to measure its properties with the highest
possible accuracy. The current measurements, within the
experimental and theoretical uncertainties, are compatible
with the predictions for the Higgs boson in the Standard
Model (SM). Nevertheless, the triple and quartic Higgs
self-couplings still remain unmeasured, leaving plenty of
room for new physics in the Higgs-boson sector. In
particular, flavor-changing Higgs interactions can provide
an interesting scenario to search for new physics. In the
SM, flavor-changing neutral currents (FCNC) only occur at
the loop level, and are thus highly suppressed. Therefore,
physics beyond the SM (BSM) could predict much larger
FCNC compared to the SM. One example are the decays
h — b5 and h — bs, which we denote together as & — bs.
The first studies of the SM loop-induced /bs coupling date
from the 80s [3,4], and more recent works, with the current
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data, report a prediction of BR(h — bs) ~ 1077 within the
SM [5,6]. This value is very far from the expected
experimental sensitivity in the short-medium term [7,8].

One of the most investigated models with Higgs-
extended sectors is the two Higgs doublet model
(2HDM) [9-11]. The CP-conserving 2HDM predicts five
physical Higgs bosons: & and H are CP-even, A is CP-odd,
and H* are two charged Higgs bosons, with the masses
denoted as my,, my, my, and my=, respectively. We will
assume that the lightest CP-even Higgs boson /4 is the
SM-like boson discovered with a mass of ~125 GeV. The
addition of the second Higgs doublet can induce FCNC at
the tree level, which are highly constrained by the exper-
imental data. It is usual to consider a Z, symmetry in the
2HDM to avoid them, which leads to four different Yukawa
textures [10,12], providing the so-called four 2HDM types.
This symmetry can be softly broken by the parameter m?,,
with dimension of mass squared. Nevertheless, the 2HDM
scalar sector can induce new sources of FCNC interactions
at the loop level in addition to those present in the SM.
At one loop, the charged Higgs boson H* mediates these
FCNC interactions, which can also involve couplings
among the 2HDM scalar states.

In the case of the h — bs decay, the triple Higgs
coupling A,y+y- enters relevantly the 2HDM prediction.
With our convention, the Feynman rule for the hHTH~
interaction is given by —ivd,y+y-. Therefore, the triple
Higgs coupling A,z+gx- will be crucial in the 2HDM
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prediction, as it can additionally and significantly contribute
to the flavor-changing neutral current rates. The 2HDM
prediction for BR(h — bs) without tree-level FCNC was
analyzed in Ref. [13]. This decay was also studied in the
2HDM with an arbitrary Yukawa structure in Refs. [14-16].
These 2HDM models' induce FCNC at the tree level and
require some fine-tuning in the Yukawa parameters to avoid
other constraints from flavor observables, and thus we will
not consider them here. The goal of the present paper is to
update the 2HDM prediction from Ref. [13] considering the
current known properties of the SM-like Higgs boson £, as
well as the exclusion limits from the BSM Higgs-boson
searches. Furthermore, we will emphasize chiefly the role of
Ap+p- in the prediction of BR(h — bs). From previous
works, it is known that 4,57+ y- can be as large as O(30) in all
2HDM types while respecting all relevant theoretical and
current experimental constraints [17,18]. The 2HDM pre-
diction for & — bs can exhibit a strong constructive or
destructive interference effect, depending on the sign of
Anm+g- and the 2HDM Yukawa type.

In this work, we will provide a comprehensive analysis
of the effects from A,y+y-, possibly leading to large
distortions with respect to the SM prediction, while still
in agreement with the current constraints to the 2HDM. To
analyze in more detail the role of A,y+y- in the h — bs
decay, we will also present here a computation of the
effective hbs vertex based on the full one-loop calculation
and assuming a heavy H*. This study is done by means of
an expansion of the one-loop decay amplitude in inverse
powers of the large mass my=. This will allow us to analyze
in detail the most prominent effects from the very heavy
charged Higgs in the flavor changing decay rates. It is
found that they can yield (depending on the choice of the
other 2HDM parameters) a nonvanishing constant (with
mpy+) shift with respect to the SM rates in the large my-
limit. The effective vertex presented here, therefore, sum-
marizes the leading (possibly nondecoupling) effects from
the heavy charged Higgs boson within the 2HDM. This
effective vertex is calculated for all four 2HDM types.

The structure of this article is as follows. In Sec. II we
briefly review the 2HDM and fix our notation. In Sec. III
we discuss the 2HDM prediction for the & — bs partial
width and we analyze the role of A;+y- in the prediction.
We first focus on the simplified scenario in the alignment
limit in Sec. III A. We also provide an effective vertex
description of the 2HDM effects in this decay in the
alignment limit after the performance of a large my+ series
expansion in Sec. III B. In Sec. III C we turn to the study
outside the alignment limit. In Sec. IV we consider all
relevant theoretical and experimental constraints for the
2HDM, using a similar analysis as in [17,18], and in

'"They are sometimes referred in the literature as 2HDM
type III, not to be confused with the 2HDM Yukawa type III,
see below.

Sec. IVA we discuss the possible allowed values for
BR(h — bs). In Sec. IV B we discuss the possible exper-
imental reach of present and future colliders in the
BR(h — bs), as compared to the 2HDM predictions.
Finally, in Sec. V we present our conclusions.

II. THE TWO HIGGS DOUBLET MODEL

We assume the CP conserving 2HDM. The scalar
potential of this model can be written as [9-11]:

Vaupm = m3 (@]®@)) + m3, (®1D;) — m?, (D] D, + ©]d))

Ay ;
+ 2 (@]@)) + 32 (®1D,)% + 13(®] D)) (D) D,)

A(@]02) (@) + 2 (@], + (],)2).
(1

where @; and @, denote the two SU(2), doublets. To
avoid the occurrence of FCNCs a Z, symmetry [10,12] is
imposed on the scalar potential of the model under which
the scalar fields transform as:
D, - O, D, > —0,. (2)
This Z,, however, is softly broken by the m?, term in the
potential in Eq. (1). 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
fermion fields. Table I shows the possible couplings
between the Higgs doublets and the fermions in the four
different 2HDM types.
We will study the 2HDM in the “physical basis,” where
the input parameters of the model are chosen to be

Chars tan 3, v, my, My, ny,

My, myy = \/mi,. (3)
Here tan f§ := v, /v, is the ratio of the two vacuum expect-
ations values (vevs). « is the mixing angle diagonalizing the

CP-even Higgs sector. v := /07 + v3 ~ 246 GeV is the
SM vev. From now on we use sometimes the shorthand

TABLE 1. Allowed fermion couplings in the four types of
2HDM.

u-type  d-type  Leptons
Type 1 q)z q)z q)z
Type II (1)2 (Dl q)l
Type HI (X or lepton-specific) o, o, D,
Type IV (Y or flipped) o, D, o,
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notation s, = sin(x), ¢, =cos(x). In our analysis we
will identify the lightest CP-even Higgs boson, s, with
the one observed at ~125 GeV. Also in some occasions
we will use m, a derived parameter from m, and tanf,
defined as,

72 — m %2 . ( 4)
sin f cos

In the 2HDM, the couplings of the neutral Higgs bosons
to SM particles are modified with respect to the SM Higgs-
coupling predictions due to the mixing in the Higgs sector.
Therefore, it is convenient to express the couplings of the
neutral scalar mass eigenstates h; (=h, H, A) normalized to
the corresponding SM couplings. We introduce the cou-
pling coefficients 5}(," such that the couplings to the massive
vector bosons are given by:

. hy . h; Mz
(Gnww),, = iguEvgmw  and  (gnzz),, = igusy —
w

(5)

where g is the SU(2),; gauge coupling, ¢y is the cosine of
weak mixing angle, ¢y = my/my, sy = /1 —c3,, and
my and m; denote the masses of the W boson and the Z
boson, respectively. For the CP-even boson couplings one
finds that 5}(/ = $p_o and &l = Cp-q> Whereas the coupling
to the CP-odd boson is &) = 0.

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

~Lyw = Y LI fh+ EFFH + & FrsfA]

f=u.d.l

V2.
+ o [#(E,VckmmaPr — E,m, VexmPr)dH

+ &omPrIHT + H.c.], (6)

where the parameters SJ’}H 'A, with f = u, d, 1, are defined as:
fj'c = Spa T $¢Cpqs (7)

5}1 = Cpoq — &S pas (8)

&y =—if, and & =if,,. )

The particular values of & for the four 2HDM types shown
in Table II. Notice that the couplings é’j’;H of the CP-even
Higgs boson coupling to fermions can be understood as the
value of the coupling normalized to SM prediction.

The potential in Eq. (1) defines the interactions in the
scalar sector, also involving the SM-like Higgs boson.

TABLE II.  Values for &; in the four Z, conserving 2HDM
types.
Type IV/
Type I Type I Type lI/Flipped/Y Lepton-specific/X
&, cotp cotf} cotf cotf}
£, cotfp —tanp —tan cotf}
& cotfp —tanp cotf} —tanf}

We define the triple Higgs couplings 4, couplings such
that the Feynman rules are given by —ivn!/lhhihj, where n

is the number of identical particles in the vertex. Concretely,
the coupling hH ™ H~, playing a dominant role in this work,
is given by:

1 _
b - = 2 [(m}; + Zmi{t —2im*)sy_,

+ 2 cot2(mj, — m?)cp_g). (10)

In the so-called alignment limit, where cs_, — 0, all h
interactions present in the SM tend to their SM values at
tree level. However, even in the alignment limit some BSM
interactions can be nonzero, such as hHTH~ or HZA.

III. T'(h — bs) IN THE 2HDM

In this section we will analyze the partial decay width of
h — bs in the 2HDM with a softly broken Z, symmetry.
Within this model, this observable was already computed
for the first time in Ref. [13], prior to the Higgs-boson
discovery. In this paper we update that prediction with the
knowledge that there is a SM-like Higgs boson with a mass
~125 GeV. Furthermore, we will pay special attention to
the effects of the triple Higgs coupling A,z+z- on the
prediction of I'(h — bs).

In our model setup the only nonconserving CP effect in
this process will come from the CP violating phase in the
CKM matrix, that it is known to be very small. Therefore, we
will compute solely the decay width of the process & — b5
and multiply it by 2 to obtain the complete prediction for
['(h — bs), to be understood as the sum of I'(h — b5) and
['(h — bs). The analytical and numerical results shown in
this work were obtained with the help of the public codes
FeynArts [19], FormCalc, and LoopTools [20], where the imple—
mentation of the 2HDM was made with the public code
FeynRules [21]. In Appendix C we provide more details about
the numerical computation of this decay width.

All one-loop diagrams® contributing to the process
h — bs in the 2HDM are depicted in Fig. 1. It should
be noted that this process is loop induced because the Z,
symmetry imposed in the 2HDM forbids flavor changing

*These diagrams were drawn with the help of the public LaTex
code Tikz-Feynman [22].
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b

(16) (17)*

FIG. 1.

(18)

One-loop diagrams that contribute to the process i — b5s. The quark g inside the loops can be any u-type quark. The diagrams

with an asterisk (*) do not appear in the SM. The red dot marks the A,y triple Higgs coupling.

neutral currents at tree-level in the scalar sector. The total
amplitude of the process can be written as:

3 18
_ g =

Mh=bs)=—F — S"vev. b Y4 :

( - S) 6471’2””%‘/(1:”,5_; aba (p1)<,’1 >s<p2)

(11)

where V;; are the CKM matrix elements and A; (with
i =1...18) denotes the contribution to the amplitude of
each of the 18 diagrams with the same numbering as shown
in Fig. 1. p; and p, denote the momenta of the b and 5§
quarks, respectively. The explicit expressions of the 2HDM

Feynman rules involved in the computation and the
amplitudes A; in the 2HDM can be found in Appendix A.

It should be noted that the particular fermions that are
involved in this process are the various quarks, but not
leptons, running in the loops and therefore, the prediction
of the amplitude in the 2HDM types I and IV will be
identical. Likewise, the prediction in types II and III will be
also identical (see Table II). The quark ¢ running inside the
loops in Fig. 1 can be any u-type quark, accounting for a
total of 18 x 3 = 54 diagrams. All these diagrams are
included in the computation of this decay. However,
numerically some diagrams are more important than others.
First, all contributions to the amplitude are proportional to
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either m Py or m,P;, where Pp; = (1+y°)/2 are the
right/left chiral projectors. Since m < m,,, the contribution
proportional to P; will dominate. On the other hand,
concerning the u-type quark running inside the loop, the
contribution from the ¢ quark is the leading one because it
has the larger Yukawa couplings to Higgs bosons and the
CKM suppression is milder with respect to other diagrams
since V,;, ~ 1. As said above, the computation reported here
is a complete one with the inclusion of all the 54 diagrams
present in the 2HDM. However, for illustrative purposes,
approximate and simpler expressions considering only the
leading contributions to A; described above can be also
found in Appendix A.

Finally, another important contribution in the 2HDM to
the i — bs decay is the one coming from diagram 6, that
depends on the triple Higgs coupling A,y+y-. In our
convention, this triple Higgs coupling is dimensionless,
such that the Feynman rule of the vertex hH*H™ is given
by —ivA;,y+y-. This coupling is a derived parameter within
our setup of the 2HDM and its expression as a function of
the input parameters my,, my=, my,, tan f#, and c4_, can be
found in Eq. (10). It should be noticed that the coupling
Ang+pg- does not vanish in the alignment limit, i.e., setting
Cp—q = 0, and therefore neither does diagram 6. We will see
later that this diagram and its interference effects with the
rest of the diagrams is of crucial importance to the
prediction of the decay width of 7 — bs.

One key fact of the process & — bs is that it is very
suppressed due to the unitarity of the CKM matrix. In
particular, the unitarity relation that suppresses this decay is

> Vi Ve =0. (12)

q=u,c,t

Therefore, any contribution in the amplitudes .4; that does
not depend on the mass of the u-type quark inside the loop,
will factor out from the amplitude and vanish because of
the unitarity of the CKM matrix. In order to find these
m,-independent parts of the amplitude, is crucial to perform
the Passarino-Veltman reduction to scalar one-loop integrals
in the amplitude. Thus, these terms in the amplitude were
removed explicitly from the numerical evaluation.

Since this is a loop induced process, the full one-loop
result should be free of ultraviolet divergences. The only
nondivergent diagrams are diagrams 3 to 7, both included,
and diagram 12, whereas the remaining diagrams are UV
divergent. The total divergence in the amplitude sums up to:

7
64n>ms3, o
X $(p2) Auy [miysp_q — (mg(Eq = E,)(Eaéy + 1)
= Eamiy)Cpal (13)

where Ayy = 1/e =2/(4 = D), D = 4 — 2¢ is the number
of dimensions, and ¢ is a small parameter close to zero.

div(M) = VZbVqu(Pl)(mbPL + m,Pg)

If cs_, = 0, one recovers the same divergence as in the SM,
which vanishes thanks to the unitarity of the CKM matrix,
in particular due to Eq. (12). Similarly, in the generic case
with cz_, # 0 the terms proportional to m%, also vanish
because of the unitarity properties of the CKM matrix. The
remaining terms proportional to mé vanish because the
relation (&; —&,)(E;E, + 1) =0 always holds in a Z,
conserving 2HDM, see for instance Table II.

The partial width of the process & — bs can be finally
obtained as:

F(h — bs) = F(h — bE) + F(h — l_JS) ~2 X F(h — b§)
W22, it md)

= 2N
¢ 16zm;

M, (14)

where N = 3 is a color factor, A(x,y,z) = (x —y —z)> —
4y%z% and |[M|?> = > spin | M|? is the spin-averaged squared
amplitude of Eq. (11). It should be noted that we have
neglected the possible CP violating effects in this process,
as we discussed at the beginning of this section.

A. T'(h — bs) in the alignment limit

In this subsection, for illustrative purposes and to
simplify the analysis, we will first restrict our study to
the alignment limit, i.e., Chpg = 0. Under this condition, the
tree-level interactions of 2 with fermions, gauge bosons and
Goldstone bosons recover their SM value. Therefore,
diagrams containing SM particles and the SM-like Higgs
boson & (i.e., diagrams without asterisk in Fig. 1) are as in
the SM. In consequence, in the alignment limit, the new
contributions to 7 — bs within the 2HDM arise only from
diagrams with H* propagating in the loops. Hence, we can
write the amplitude of &7 — bs as:

Malign (h - bE)

g3

= Wﬁ{:umvzb Vsb(p1)[Asm + Ay=ls(pa),  (15)
where Agy, is the contribution from the SM-like diagrams
in the alignment limit and Ay= is the contribution from
diagrams 2, 6, 14, and 17, those that feature a H*
propagator in the loop. The remaining diagrams 4, 5, 9,
and 11 vanish in the alignment limit.

In addition, for comparison, we have also computed the
SM decay width under the same considerations described
in the previous section and we have obtained the following
value:

Tgm(h — bs) = 4.22 x 10719 GeV, (16)
which is in agreement with the predictions in Refs. [5,6].

We will use this value throughout this work to compare
consistently the 2HDM prediction with the SM.
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Type [/IV, tan 8 = 2

—— myy =0 GeV My = Myt /€355
: — My = 100 GV — )‘ILH+H‘ =0
10*9-5: — myy = 200 GeV SM
. : —— myz = 500 GeV
2
9,
— 6x10710
w
~=
T
= g0
—
9 —10
3x 10710 —_— Aff}l
........ Ag)i + Ag)i
2% 10710 T H
103 101
151070 Type I/1V, tan 5 = 10
.0 X
— myps =0 GeV M1z = Mp+,/C355
—— M= 100 GeV —— X, iy =0
4.4 x 10710 — mys = 200 GeV SM
. —— my2 = 500 GeV
>
g 43 % 10°10 feuees.,
=
S . R A
T a2 10710 ¢
S o
=
Full
4.1x 10710
« —— A,
........ .A(HO)i + A(I_}l
4% 10710 T ’
10° 10¢

mpy= [GeV]

Type II/1I1, tan § = 2

mys = 0 GeV M1y = My+/C555

mig =100 GeV —— )\, pipy- =0 L

mig = 200 GeV SM
mia = 500 GeV

1077

10—10 4

10711

107124 ".: 7 Full

: 1 1 —_ 4O
10—13_ ‘AHi

........ _A(HO)i +-A(]})i
10~ T T
10% 10*
. Type II/I11, tan 8 = 10
10 <3
; —— = 0 GeV

miy = mHi\/(W

myz = 100 GeV —— N\, pig- =0 3
miz = 200 GeV SM
mys = 500 GeV

10—10 4

10—11 4

10—12 4

10—13 4

10—14

FIG. 2. Prediction of ['(h — bs) in the 2HDM types I and IV (left) and types II and III (right) as a function of my- in the alignment
limit for tan # = 2 (top) and tan # = 10 (bottom) and for different values of m,,. Dot-dashed and dotted lines correspond to the 2HDM
prediction of I'(h — bs) with the charged Higgs boson effects approximated by a large m -+ expansion given by an effective vertex V;i;fi

Eq. (23) with .Ag)l (for the choices of fixed mj,) and A(:l + Agl respectively. Dashed yellow horizontal lines indicate the SM

prediction.

One interesting question here is, for which combination
of 2HDM input parameters the SM prediction is recovered,
corresponding to A+ = 0, see Eq. (15). One could expect
naively that this .4+ contribution should vanish for a very
heavy H, since it appears suppressed by a factor ml‘fi from
each H* propagator. In fact, that is the case for the
contributions from diagrams 2, 14, and 17. However,
diagram 6 could exhibit some nondecoupling effects given
the fact that A,5+y- contains a term proportional to mzi.
This coupling is nonzero in the alignment limit and has the
following expression [see Eq. (10)]:

e _ mi +2m?,. — 2in?

. =
hH*H ’U2

(17)

For a very large value of my- the triangle loop function in
diagram 6 scales « ml‘fi [see Egs. (A16) and (B6)-(B8)],

whereas the term in A+ p- o m? ives rise to a
hH*H

Hi

nonvanishing contribution, which is constant with my=
in this heavy mass limit.” To suppress this contribution, one
should then tune the prediction of 4,4+ y- via a choice for
m, such that 1,5+ - does not contain a term that depends
quadratically on my-. Nonetheless, it should be noted that
outside the alignment limit one can still find BSM effects
even with a heavy H* since the interaction hH G~ is also
proportional to mzi. This coupling can only be zero if
Cp—q = 0 and/or if my: = m), ~ 125 GeV.

The numerical prediction of I'(h — bs) as a function of
mpy+, in the alignment limit, is shown in Fig. 2 for tan § = 2
(top) and tan § = 10 (bottom) for 2HDM types I/IV (left)
and types II/IIl (right). The different solid color lines
indicate several choices of the m, parameter. The SM
prediction from Eq. (16) corresponds to the yellow dashed

*It should be noted that this leads to nonperturbative values of
Ang+ - for large values of miy:.
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horizontal line. In this figure, one can see that the lines
corresponding to m, = 0, 100, 200, 500 GeV tend at large
my+ to a fixed value of I'(h — bs) # Tgm(h — bs). As we
discussed above, this is because the nondecoupling con-
tribution from diagram 6 due to the presence of A,y+y-.
That constant value of I'(h — bs) reached for large values
of my-= is larger than the SM value in types I/IV and smaller
in types II/IIl. This implies that there is a constructive
(destructive) interference between diagram 6 and the rest of
the diagrams in types I/IV (II/III) for very large values of
my+. Hence, those negative interference effects lead to the
deep dips found in the prediction of the partial width in
types I/III. Conversely, regions with m = my+- which
imply A,g+p- SO show smaller I'(h — bs) in the
2HDM than in the SM in types I/IV, while in types II/III
the 2HDM rates are larger than in the SM, probing these
interference patterns. These different patterns among the
various types can traced back to the different signs of &,
between 2HDM types I/IV and II/III, that enter in the
Yukawa interactions of H* [see Eq. (6) and Table II].

On the other hand, the red solid line in each plot of Fig. 2
corresponds to a value of m;, such that the coupling 4,5+ 5-
in Eq. (17) is equal to zero." Therefore in that case the only
remnant 2HDM contribution in A+ comes from diagrams
2, 14, and 17. For all 2HDM types, this line reach the SM
prediction for my+ = 2 TeV, just as expected. The olive
line indicates the prediction for the choice m, =
myiy/cosfsinf (or equivalently m = mpy+), which
implies the particular setting of A,5+5- = m3/v%. In this
case, since 4,4+ y- does not depend on my-, there is not a
nondecoupling effect from diagram 6 and the prediction for
I'(h - bs) also reaches the SM value for sufficiently
large my-.

In fact, the appearing gap at large my- between the
predictions with a fixed value of m;, and the red line with
Jwr-n- = 0, or the olive line with A5+~ = m3/v* high-
lights the nondecoupling contribution from diagram 6 for
parameter choices that lead to A,g+y- méi. It also
confirms that the interference effects discussed above are
caused by the presence of diagram 6, and consequently, the
value of A,y+y- is crucial in the 2HDM prediction of
['(h — bs).

B. One-loop effective hbs vertex from the
large mpy: expansion

Given the presence of possible decoupling and non-
decoupling effects in I'(h — bs) described in the previous
section, here we present a large m+ series expansion that
will capture such effects. We work again in the alignment
limit, i.e., we set c¢g_, = 0. The analytical results will be

presented in the form of a one-loop effective vertex, VS&,

2

“In the alignment limit this corresponds to mi, =

sinffcos f(m2,. +m3/2) or m* = m?, +mj /2.

for the hbs interaction generated from integrating out the
heavy mode H¥, which is valid at large my=. Such an
effective vertex can be useful to obtain a rough estimate of
the most relevant numerical contributions from H* to the
h — bs decay rates in the 2HDM.

In order to obtain this effective vertex, we have per-
formed a series expansion of the 2HDM contribution AT
in powers of a small dimensionless variable x -, assuming
that

X = Mgy /my. < 1, (18)

where mpgyw denotes generically any mass-dimension
parameter (other than mpy+) involved in the computation,
ie., my, my, m,, and m,. Furthermore, for the results in
this section, we have considered only the dominant con-
tributions to A+, which are globally proportional to
m?my,. In summary, the validity of our assumptions in
this section applies in practice to the following mass
hierarchy: my= > m,, my,, m;, > m;, > my, m., m,. (The
case mpy+ ~ mj, will be discussed separately below.) This
hierarchy, on the other hand, (as discussed in the beginning
of Sec. III) implies that the result for the effective vertex
will only involve the left projector P;, since the Py
contribution is always proportional to m, and can therefore
be safely neglected. The analytical computation presented
below was performed with the help of the public code
PackageX [23].

We have computed the first two contributions in this
series expansion,

A — A9 A (19)

H*

where A(f?i is the leading order contribution, i.e., (’)(x%i),

and Agl is the next to leading order contribution, i.e.,
O(x,.). The dots in the above equation correspond to
terms of O(X;‘F), with n = 2, 3, ... In the following of this

subsection we first present the analytical results of Ag)i and

Agl in the generic case where 4,4+ - has been replaced by
the expression in the alignment limit given by Eq. (17).
Subsequently, we compare them with the analytical results
of the two cases with the particular choices of 1,5+p- =0
and Ay~ = m3 /0%

The result obtained for the leading order contribution is
the following:

1
A = m%mbPLz:u{E = 2c§d}. (20)

This is the nondecoupling contribution (valid under the
above given assumptions) discussed in the previous section
that comes solely from diagram 6. With the particular
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values of £, and &, from Table II in Eq. (20), we get the
following nondecoupling effects for the four 2HDM types:

Ajfl:{

Hence, A has different signs in types I/IV and II/III in the

large mpy= limit.
The result for the next to leading order contribution is the
following:

2
1 mim, P&, _s _l
A = S {36m (2@, Séu

+mi(11&, — 46&,) — 120m?¢,

+ 12¢, <2(m§ + 5m?)V4r — larccot(V4r — 1)

()

with r = m?/mj,. In the above result, the effects from H*
are suppressed by m % and come from diagrams 2, 6, and
14. Diagram 17 is proportional to m, and therefore
negligible in our approximations. A more detailed deriva-
tion of the above equations can be found in Appendix B.

In summary, and for practical purposes, the effects from
the H* in the alignment limit to the 2 — bs decay rates can
be approximated by a one-loop effective hbs vertex VEIL,
whose value, according to Eq. (11), is given by:

Types 1/1V,
Types II/11I.

—3mimy,Pcot’

ImImyPp (4 + cot?p)

b
h----- L ViR = 73 v Vie Aff-
. HE* — 647T thVits HE >
S
(23)
where A‘l’;i as defined in Eq. (19), receives contributions

from leading order and next to leading order in x - as given
in Egs. (20)—(22).

The approximate prediction for I'(h — bs) with the
effects of the heavy H* described by the effective vertex
in Eq. (23) is also shown in Fig. 2 for the cases of fixed m,
values. Both results with ngi given by the leading order

contribution, .A(;I)i (dot-dashed lines), and by the sum of the
leading and next to leading contributions, A + A
(dotted lines) are shown for the different fixed Values of my,.

One can see that the approximation given by Ag)i
already works quite well, specially for large values of

my=, just as expected. For example, for m;, =0, this
approximation is very close to the full prediction in
type I/IV for values of my:+ around hundreds of GeV
while for types II/IIl the approximation works fine from
around 1 TeV. As expected, for the lines with larger values
of my,, it is required to go to larger values of my+ in order

that Ag be a good approximation of A,-. Also, this
leading order approximation can reproduce quite well the
dependence of the nondecoupling contributions for differ-
ent values of tan . In fact, this leading contribution can
already describe that the gap between the SM and the
2HDM nondecoupling value increases with tan # in types
[I/IIT and decreases in types I/IV.

Turning to the prediction with the effective vertex
including both leadmg and next to leading order contri-
butions, Azi + ‘AHi’ we also see in Fig. 2 that it
approximates better the full result than considering just
the leading order, in particular in the low m+ region where
the O(mgy/m3,.) corrections are more relevant.
Furthermore, in types II/I11, it also reproduces with a good
accuracy the location of the deep interference minima
present in these types, particularly if it takes place for a
large value of my-.

Finally, we comment on the effective vertex approxima-
tion for choices of m, that do not lead to the dependence of
Anp+H- m . for large values of mHi In F1g 2 this is
realized for the particular choice of m?, = m? 7 sinffcos ff
that leads to A5+ g- = m3 /v, and for the choice of m?, =
sinﬂcosﬂ(mzi +m37/2) that leads to A,g+y- = 0. For
these parameter choices, m?, is constrained to contain a
term directly proportional to mzi, i.e., the required
expansion condition m, < my+ shown in Eq. (19) is
not satisfied. Therefore, the consistent way to perform the
series expansion in these cases is to consider the particular
expression for mp,, and the resulting value of A,4+g-,
before the series expansion. As noted above, the absence of
a term proportional to mili in A,g+g- implies complete
decoupling in the prediction of I'(h — bs) for large values
of my-. Thus, for both scenarios, after doing the expansion,
we find a vanishing leading term:

A9 —o, (24)

which summarizes the absence of nondecoupling effects in
these two cases. However, there are still nonvanishing

contributions to AHi’ which are suppressed by m%]i and
therefore summarize the decoupling effects in these two

particular cases. If 1,5+y- = 0, the result for the next to
leading order contribution is
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2
1 mimyPr¢,
Al = W {—4mi§d + 6m7 (3¢, — 8&,)
+ 12&, <2(m%l + 5m?)V4r — larccot(vVdr — 1)
m2.
— (m3 + 6m?) log( . >> } (25)
my

which only receives contributions from diagrams 2 and 14.
On the other hand, if m, = my=++/sin f cos 3, correspond-

ing to Ayy+y- = m3/v?, the result for Agi also receives
contributions from diagram 6. In this case the result is

A mim,PE,
) = Tbl Lou
H 36mzi

+ 12&, <2(m%l + 5m?)V4r — larccot(vVdr — 1)

— (1} + 6m?) log (”f:)) b (26)

It should be noted that the two expressions above are
different from the previous result of Eq. (22), as expected.
In that result, there are additional decoupling contributions
of O(ml‘fi) coming from diagram 6 that are absent if m, =
my++/sin fcos f or Aypey- = 0.

The numerical results of the effective vertex considering
the explicit expressions of Agi in the effective vertex VeI,
are also shown in Fig. 2. The dotted red line shows the
result from the approximation in the case that 1;,5+5- =0
[Eq. (25)], while the dotted olive line shows the result of the

approximation for /1 = my- [Eq. (26)]. Since Al = 0 in
both cases, they can reproduce the expected decoupling
behavior given these parameter choices for my,.
Additionally, the convergence to the SM prediction is also
well reproduced by the effective vertex approximation

{m121<9§u - 40§d) + 6mt2(3§u - 85[1)

considering the results for Agl for both cases. In particular,

the approximation yields a very good agreement with the
complete prediction when my= = 500 GeV.

C. I'(h — bs) outside the alignment limit

Once we studied the behavior of I'(h — bs) within the
alignment limit, the next step is to consider this observable
outside this limit. The fact that c4_, # 0 implies that the
couplings of h to the fermions, gauge bosons and
Goldstone bosons are not SM-like. Consequently, devia-
tions with respect to the SM can arise from all diagrams.
The h coupling to fermions scales with .f? = Spq T $rChoq
[see Eq. (6)]. Regarding the A couplings to gauge and
Goldstone bosons, they are now proportional to ss_, and
Yukawa-type independent, and consequently they are
always smaller than or equal to the SM Higgs-boson

couplings. Furthermore, another interactions involving
the charged Higgs boson H* are now also present in the
prediction, like hH*GT,hH*WT Cp—q» and conse-
quently they will depend on the sign of ¢;_, and will be
potentially small if c;_, is also small. Finally, the last new
effect can enter thought 45+ y-, that is a function of ¢4_,
given in Eq. (10). Due to these features appearing outside
the alignment limit, it is not possible to split the 2HDM
result for the decay amplitude into the SM and the H*
contributions as in Eq. (15), and neither to write the
(possibly) most relevant contribution from the 2HDM by
means of just an effective vertex for very large my: as in
Eq. (23). Thus, we present in this section the numerical
results using the full formulas for the decay amplitude and
we do not employ anymore the approximate formulas with
the effective vertex discussed in the previous section. Since
we investigate here the analytical dependencies of I'(h —
bs) we do not apply any experimental or theoretical
constraints. This will be done in the phenomenological
analysis in Sec. IV.

In Fig. 3 we show the effects of c;_, # 0 on I'(h — bs)
in the plane my+ — tan f with m = 600 GeV for the 2HDM
types I/IV (left column) and II/III (right column). The
prediction for ¢;_, = —0.1, 0.0, 0.1 is shown for both cases
in the top, middle and bottom rows, respectively. The
dotted pink contour lines indicates where the partial decay
width has the same value as in the SM. The gray contour
lines in the plots correspond to constant values of the triple
Higgs coupling 4,5+ -, i.e., the parameter that controls to a
large extend the size of the contribution of diagram 6.

We first focus on the plots in the alignment limit as
shown in the middle row of Fig. 3. In types I/IV (middle left
plot), we see that for A,z+y- < 0(Z0) very important
destructive (constructive) interference effects are found.
These interference effects are mainly dominated by the
effect of diagram 6, the one containing A,5+y-, just as we
found in the previous section. In fact, there is a narrow
region where the prediction of the partial width can be
below 107!2 GeV, just in the region where 4,5+ ;- becomes
negative. If we turn now to the prediction in types II and III
(middle right plot), the situation is the opposite as com-
pared to types I and IV. Now the strong destructive effects
are found when A,g+y- 2 0, while in the region where
Ang+r- <0 they are absent. It can also be seen that the
contour lines become flat for larger values of m -, these are
the nondecoupling effects for fixed m,, that, as discussed in
the previous section, can be approximated by Eq. (20). In
the case of types II/III it would be necessary to go to larger
values of my= to reach this flat behavior. Furthermore, we
can also see the effects of large tan f in these plots. In types
I/IV, it can be observed that the prediction of I'(h — bs)
exhibits a strong dependence on tan f for lower values of
this parameter, whereas the dependence is less pronounced
in the region of large tan . This is because all diagrams
with a H* running inside the loop are proportional to
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Prediction of I'(h — bs) in the plane my+ — tan ff with im = 600 GeV for 2HDM types I/IV (left column) and types II/IIT (right

column). c4_, is set to —0.1 (top), O (middle) and 0.1 (bottom). Dotted pink line corresponds to the SM prediction. Solid gray lines show

contour lines for different values of Ajz+y-.
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£; = cotf, so they are very suppressed in this region of
large tan 5. Nonetheless, in types II/Ill, £, = —tan# and
these diagrams are relevant when tan g is large. In fact,
some leading contributions are proportional to &,&,, and
therefore in these 2HDM types we see tan f# independence
in the contour lines for I'(h — bs).

We turn now to the cases where cs_, #0. We can
understand these results as distortions from the alignment
limit case. In types I/IV, we see that overall the partial width
is slightly larger (smaller) when c;_, = —0.1(40.1) with
respect to the alignment limit case, specially for large
values of m:. The reason for this behavior is that the SM-
like diagrams are slightly enhanced for cs_, >0 and
diminished for c4_, > 0, and thus account for these subtle
differences. Now we turn to types II/III, where we see
noticeable differences between the plots with ¢z_, = +0.1
and the prediction in the alignment limit, contrary to what
we have seen in types I/IV. As before, the contribution from
diagram 6 dominates the pattern of the prediction of
I'(h — bs) for low and moderate values of tan # < 5, where
the prediction is very similar to the alignment limit case.
However, in the large tanf region there is a new non-
negligible 2HDM effect coming from diagram 14, which
can be enhanced by £, = —tan f. In addition, the SM-like
diagrams can be also strongly enhanced by the same
parameter, like for example diagram 13. Furthermore,
because of the interplay between all these contributions,
the deep minimum due to the negative interference can be
found around tanf ~20 for lower values of mg: and
Cc f—a == +Ol

It should be noted that the SM prediction, corresponding
to the pink dashed contours in Fig. 3 is found in both sets of
Yukawa types (I and I'V vs II and III) in different regions of
the parameter space. In contrast to our discussion of the
alignment limit in Sec. III A, in these regions the sum of the
SM-like diagrams do not yield the SM value: their non-SM
contributions are canceled by the non-SM diagrams involv-
ing the H*.

IV. ALLOWED VALUES OF BR(k — bs)
IN THE 2HDM

After the theoretical study of the prediction of
I'(h — bs), in this section we will analyze the possible
size for the branching ratio still allowed by the current
theoretical and experimental constraints of the 2HDM. The
restrictions on the parameter space for the 2HDM was
studied recently in Refs. [17,18]. Here we follow the same
procedure and only briefly summarize the considered
constraints:

(i) Electroweak precision data. New physics effects on
electroweak observables from extended Higgs sec-
tors can be parametrized in terms of the oblique
parameters S, 7', and U [24,25]. The values for the
oblique parameters reported by the PDG [26] are

very close to zero, meaning that the new physics
contribution should remain small. Within the
2HDM, the most constraining oblique parameter
is T, that is very sensitive to mass splittings between
the additional Higgs bosons. Therefore, in the rest of
this work, we will consider m, = my=, because this
choice keeps the T under control at the one-loop
level, even outside the alignment limit.”

(i1) Theoretical constraints. These constraints consists in
tree-level perturbative unitarity and the stability of the
2HDM potential. For the tree-level unitarity, we set
an upper bound on the modulus of the eigenvalues of
the two-body s-wave scattering amplitude matrix
between the scalars fields [28-30]. For potential
stability, we demand the 2HDM potential to be
bounded from below [31,32]. Additionally, we also
require that the minimum of the potential is a true
minimum [33]. All these constraints can be translated
to inequalities involving the parameters 4; from the
2HDM potential in Eq. (1) and can be found in
Ref. [18]. Typically, these theoretical constraints
impose the hardest bounds on the tripe Higgs
couplings size and, in particular, on A;z+y-.

(iii) Higgs searches at colliders. We require that the
Higgs bosons predicted by the 2HDM avoid the
known experimental searches for new particles at
the 95% confidence level (CL). We made use of the
public code HiggsBounds5.9 [34—39], that determines if
a particular configuration of an extended-Higgs
model is excluded at the 95% CL by the existing
experimental bounds. The theoretical predictions
required by HiggsBounds to check the experimental
bounds were computed with the public code 2HDMC
[40]. HiggsBounds contains experimental bounds from
LEP, Tevatron, and the LHC, including also all
relevant results from the LHC Run 2.

(iv) Rate measurements of the 125 GeV Higgs boson.
We have identified the & state from the 2HDM with
the 125 GeV SM-like Higgs boson discovered by the
LHC. The properties of & should be in agreement
with the experimental measurements of the mass and
the signal strengths of such Higgs boson. To evaluate
this agreement we made use of the public code
HiggsSignals2.6 [39,41-43], that performs a statistical
x? analysis considering all the Higgs boson signal
strength and mass measurements available from
Tevatron and the LHC, including most relevant
results from the LHC Run 2. Again, the theoretical
predictions needed by HiggsSignals to compute the y?
fit are obtained with 2HDMC. We will consider the
allowed region to be not further away than 2¢

*We will not consider here possible changes in the determi-
nation of the S, 7, U parameters due to the recent measurement of
my by CDF [27].
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(Ay* = 6.18 for a two-dimensional scan, ie. a
plane) from the SM, where y2,, = 85.76 with 107
observables. It is known that the discovered Higgs
boson is in a very good agreement with the SM
predictions, therefore the results from HiggsSignals
will be translated into allowed values of c;_, very
close the alignment limit. Stronger constraints on
Cp—q are expected in types [I-1V, where the h — bb
and/or the i — 77 rates are enhanced by large values
of tan # (depending on the type, see Table II).

(v) Flavor observables. The new Higgs bosons in the
2HDM can induce relevant loop corrections to several
rare b-flavored meson decays. In many BSM models
the most important new contributions to these
B-physics observables come from the effects from
diagrams mediated by charged Higgs bosons, H*. In
our analysis, we will consider the 95% CL limits from
the experimental average of BR(B — X y) and
BR(B; — pu), as given in [26]. The theoretical
computation of these BRs within the 2HDM was
done with the public codes SuperlSO [44,45] and
2HDMC. Stronger bounds are known to be found for
all types in the low tanp region with light H*.
Furthermore, in types II and III, there is a nearly
tan f-independent bound on my- = 500 GeV.

A. Results of BR(h — bs)

The results in this section will be given in terms of the
ratio between the BR(k — bs) prediction in the 2HDM
with respect to the SM, given by:

M UBR(h = bs)gy

(27)

The computation of the total width of & needed to estimate
BR(h — bs)yypy Was done with the public code
2HDMC [40]. For the BR(h — bs)gy,, prediction we used
the following value of the total width:

TCgm(h) = 4.353 x 1073 GeV, (28)

obtained with 2HDMC via setting ¢4_, = 0 and 4,5+ - =0
via a tuned value of m12.6 This choice allows for a
consistent comparison of both quantities at the same
accuracy level.

In Fig. 4 we show the prediction for Rogpy in the
plane my: —m in the alignment limit for tanp =2,

The 2HDMC code only includes & decays to gg (with QCD
corrections), [T1~, WW*, ZZ*, yy, and Zy, without EW correc-
tions. With ¢;_, = 0, the h tree-level couplings to SM particles
go to their SM values. With A,y+p- = 0, the new H*-mediated
diagrams in the yy and Zy decays vanish. See [46] for further
details.

my, = 125 GeV, my = m — 50 GeV and my = my:. The
Roppm prediction for types I/IV are shown in the left
column of the figure, while the 2HDM types II/III
predictions are shown in the right column. In the upper
axis we show the corresponding value of m,, which is
related to /n by the equation m}, = im?sin fcos f = 2in?,
for the chosen value of tan /3. Since we are in the alignment
limit, our prediction for the total width of z does not depend
on the model type and therefore the values of BR(h — bs)
are equal in types I/IV and in types II/IIL.

First, we comment on the shape of the allowed area by
our set of constraints in the four types, whose boundaries
are shown as solid black lines. For all types, there is a
diagonal line, close to my+ = m, coming from the potential
stability constraints. On the other hand, the boundary close
to the A,y+y- =30 contour corresponds to tree-level
unitarity. These theoretical constraints are model indepen-
dent and therefore equal for the four types. The lower
bound for m = in all types comes from B — X,y for types
I/IV and from B, — uu for types II/IIl. Finally, there are
some disallowed areas in types II/III for low values of m
due to BSM Higgs-boson searches. In both types, the
bound below my+ ~ 800 GeV originates from a BSM
search in the pp — H,A — 7zt channel [47], while the
additional bound in type II for my: = 800 GeV comes
from a gg > A - HZ — bbll search [48].

Now, we turn to the discussion on the values for Roypym
in Fig. 4. Overall, the contour lines for R,ypy follow
straight lines with different slopes in the m y+-m plane. This
reflects the dependence of the diagram 6 amplitude on these
parameters, which is the dominant contribution to the
process, as we have discussed above. Furthermore, the
same interference pattern as before can be observed: in
types I/IV, for A,y+y- 2 0(<0) the interference is con-
structive (destructive), and the opposite happens in types 11/
III. Since negative values for A,5+gz- are disallowed by the
theoretical constraints [17,18], inside the allowed region we
find an enhancement with respect to the SM prediction in
types VIV (Roypm > 1) and a decrease with respect to the
SM (Ryppm < 1) in types II/IIL. In particular, in this plane
for types I/IV, Roypym can reach values up to 1.4 close to the
left “tip” of the allowed region, around my= ~ 1 TeV and
m ~ 300 GeV (or m, ~200 GeV). In types I/, Roppm
can be orders of magnitude smaller than 1, just around that
same region. In principle, there should be a contour line
where R,ypym 18 exactly zero, but numerically that is not
possible, and we find values as low as Roypy ~ 1077,
inside and outside the allowed region. As a consequence of
this destructive interference pattern, it is very difficult to
find values for BR(h — bs) larger than the SM prediction
within the allowed region in types II/IIL.

To emphasize on the relevance of the triple Higgs
coupling A,z+y-, in the prediction of BR(h — bs), in
Fig. 5 we show Ryypy in the plane cp_, — Apy+y- for
tanff =2 and my = my+ = 1 TeV. Since in this figure, in
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FIG. 4. Prediction of Roypy = BR(A — bs),ypy/BR(A — bs)gy in the plane m-my= with m;, = 125 GeV, my = in + 50 GeV,
my = mpy=,tanf = 2, and cz_, = 0 for the four 2HDM types. The black contour lines indicates the boundary of the allowed region by

all considered constraints. The dashed pink contour correspond to Roypy = 1. Solid gray lines shows contour lines with different values

of ﬂhH*H"

contrast to our previous plots, we are using as an input
parameter 4,5+ y-, according to Eq. (10), m and m;, should
be set to the respective derived values:
2
=2 M
sinficosf}
_ (m?+ meqi )Sp—q+2mics_qCOL2B— 0 Ay -

25p_q+2cp_qCOt2f

. (29)

Furthermore, we choose my = m + 120 GeV for types
IV, and my = m 4 50 GeV for types II/IIl. These par-
ticular choices are made with the goal to obtain the

maximum possible distortion for Rypypy # 1, together with
a sizable allowed region, specially in types I/IV.

First, we comment on the shape of the allowed regions
plotted in Fig. 5. The right curved boundary in types I/IV is
present due to tree-level unitarity constraints. The curved
right border in type I covering values of 4,y+y- from O to
20 is due to the potential stability constraints. The addi-
tional upper irregular bounds for A,g+y- > 20 in type I
originate from an analysis combining several pp - H —
WW,ZZ searches [49]. The “left” and “right” limits on
Cp—q ~ £0.05 in types II/IIl and also the “left” limit in type
IV are given by the LHC rate measurements of the 125 GeV
Higgs boson. The upper bound for 4,5+ 5- ~ 30 in type II

095047-13



F. ARCO, S. HEINEMEYER, and M. J. HERRERO

PHYS. REV. D 108, 095047 (2023)

Type I

30

25

20 4

15 1

AnH+H-

10 1

Final
allowed region

—0.15-0.10—0.05 0.00 0.05 0.10 0.15
Type IV

30

25

20 4

15 1

A+ H-

10 1

Final
allowed region

—0.15—0.10—0.05 0.00 0.05 0.10 0.15
Ch—a

Type I1
100
10
2
1.8 Ez
16 %
14 7|2
13 ZE
F1.2 m”
IR
1 =
0.5 o
0.1
0.01
0.001

~0.10 -0.05 000 005  0.10

Type III
100
10
2
18 F=
16 Az
e 711
13 ZE
F1.2 mn
BRI
1 g
0.5 o
0.1
0.01
0.001

~0.10 —0.05 000 005  0.10
Ch—a

FIG.5. Prediction of Ryypy in the plane 4+ - — ¢ Withmy, = 125 GeV, my. = 1000 GeV, tan f = 2, and my; = m + 120 GeV
for 2HDM types I and IV and my = m + 50 GeV for 2HDM types II and III. The black contour lines indicates the boundary of the
allowed region by all considered constraints. The dashed pink contour correspond to Roypy = 1.

come from a search in the pp — H — 77 channel [47]. In
the case of type 111, this bound is not relevant in that region
and the upper limit on 4,5+~ appears due to the tree-level
unitarity conditions. In addition, the small cracks in the
allowed region present in type III around A,y+y- ~ 30
come from searches in the channel pp - H - ZZ —
41,212q,212v with [ = e, p [50]. In all types, the bound
for low values of 1;,y+y- are present due to the potential
stability conditions.

Now we turn to the predictions for R,ypy in types I/1V,
shown in the left panels of Fig. 5. For these types, the
contour lines for this variable follow straight lines with a
constant slope, where Roypy 1S larger for lower values of
Cp—q and larger values of 4+ y-. This is in agreement with
our discussion in Sec. Il C, where negative values of c;_,

slightly enhance the prediction of BR(h — bs) because of
the effects from the SM-like diagrams. In addition, the total
decay width of 4 has also a small effect on R,ypy in that
direction because it decreases with cj_, in types I/IV. The
predictions of R,ypym look very similar for both types, but
there is a small, hardly visible difference in the total width
of h, and therefore in R,ypy, due to the differences in the
leptonic decays. Within the allowed region, the maximum
values of R,ypwm are reached in both types for large (but
allowed) values of 4,5+~ ~20-30 and the lowest allowed
value of c4_,. Concretely, Ryppy can reach values up to 1.7
in type [ and 1.5 in type IV. The choice for my in types I/IV
is such that the region allowed by the theoretical constraints
is “shifted” to negative values of cj_,, where BR(h — bs)
is larger. Larger values for Roypy are difficult to obtain
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while satisfying all considered constraints. For instance, the
prediction for R,ypy could be larger for smaller values of
tan 3, but that would imply heavier H* values to avoid
flavor constraints. Such large values of m =+, together with
large values of A,y+y-, easily violate the constraints from
tree-level unitarity, especially outside the alignment limit.

Finally, we comment on R,ypy in types II/III, shown in
the right column of Fig. 5. Both Yukawa types yield very
similar predictions. Again, there is a tiny difference in
R-ypm between both types due to different 4 decay rates to
leptons. In this case, the predictions for R,ypy decrease for
large values of A,y+y-, reaching a minimum in the upper
region of the plot. Again, the reason is the destructive
interference governed by diagram 6 in the prediction of
[(h — bs). The contour lines are nearly c;_,-independent,
but the tilt is slightly stronger for larger values of 4,4+ y-.
These extremely low values of the BR(h — bs) prediction
can also be found in other regions of the parameter space of
types II and III, in contrast to the maximum values found in
types I and IV, which are only found in the indicated
parameter space.

B. Experimental prospects for & — bs

In this section we discuss on the future prospects to
detect experimentally the decay channel 4 — bs. It is very
challenging for the LHC, as well as the future HL-LHC, to
measure any flavor-changing decays in the quark sector for
the SM-like Higgs boson. These searches suffer from
extremely large hadronic backgrounds and therefore, in
practice, they are inaccessible for these machines, see for
instance Ref. [7]. However, possible future e*e™ colliders
provide a much cleaner environment and a priori could be
able to detect this process. In particular, there is an analysis
of the experimental prospects at the International Linear
Collider (ILC) [8]. It was found that the ILC could set an
upper bound on BR(h — bs) of order 1073 at the 95% CL.
To our knowledge, there are no further analyses of this type
for other lepton colliders, such as CLIC, FCC-ee, or CEPC.
The possible future upper bound of O(1073) is five orders
of magnitude above the SM prediction. Furthermore, in the
previous section, we found that only enhancements up to
70% or 50% with respect to the SM (i.e., R,ypy = 1.7 and
1.5) could be realized within 2HDM types 1 and IV,
respectively. In the case of 2HDM types II and III, the
predictions are in general below the SM prediction in
almost the entire parameter space. In consequence, it
appears that there is no collider projected at the
medium-large term with sufficient experimental reach to
measure such values of BR(h — bs), neither within the
SM, nor in the 2HDM. Conversely, any signal detected in
the & — bs channel at the projected future experiments
would clearly point to models beyond the SM and the
2HDM with a softly broken Z, symmetry.

One could ask the question if the prediction for Roypm
could be larger under some circumstances. The main

limiting factor to have a larger decay width for & — bs
are the flavor constraints. In particular, for types I and 1V,
B — X,y sets the strongest bounds at low tanf in our
analysis. If in the future this bound relaxes (due to a shift in
the central experimental value or any other reason), the
2HDM could allow larger rates for 4 — bs. For instance,
from Fig. 3 it can be seen that I'(h — bs) ~ 10~ GeV for
tanf =1 and my: =1 TeV, leading to Roypy ~ 2.5.
Nevertheless, it does not appear likely that such bounds
would relax below tanf = 1. On the other hand, large
enhancements for very light H* could also be realized
coming from diagrams without 4,4+ -. However, these low
values of my= are strongly disfavored by experimental
searches, see, e.g., Refs. [51] (LEP) and [52-54] (LHC).
Consequently, only a slightly larger prediction for
Roypm ~ 3 could be possible if the flavor bounds on the
low tan f region become less constraining in the future.
However, even such enhancements are still very far away
from the expected experimental reach for this process.
Therefore, the conclusion holds that if any evidence of the
decay h — bs is detected in the near future, this would
imply the presence of new physics beyond the SM and the
CP conserving 2HDM with a softly broken Z, symmetry.

Another interesting physics scenario is the case that the
discovered 125 GeV Higgs boson is identified with the
heavy CP-even boson H, implying that m, < 125 GeV
and that the alignment limit corresponds to cz_, — 1.
This is known in the literature as “inverted” hierarchy
(m;, < myg ~ 125 GeV), compared to the usual “normal”
hierarchy (m;, ~ 125 GeV < my). In the alignment limit,
the prediction of the decay rates for H — bs in the
“inverse” hierarchy is identical to 7 — bs in the “normal”
hierarchy. Outside the alignment limit, there are some
contributions in H — bs that change sign with respect to
h — bs (e.g., the vertices hH*GT vs. HH*GT), but all of
these differences are small since they are proportional to
Sp—q ~ 0. Consequently, we do not expect any significant
impact on our conclusions for BR(H — bs) in the
“inverted” scenario compared to BR(h — bs) in the
“normal” one. The similarity between h—bs and H— bs
in the “normal” and “inverted” hierarchies respectively was
also observed in Ref. [13]. Furthermore, concerning the
experimental restrictions the fact that both CP-even Higgs
bosons are light in the “inverted” scenario would imply an
upper bound on the mass of my= below 1 TeV (see, for
instance, Ref. [55]). Therefore, we expect very similar
conclusions in both scenarios.

Finally, we would like to highlight the differences
between our work and the previous results of Ref. [13]
from 2004. As discussed before, we update and comple-
ment the results of Ref. [13], which investigated the
BR(% — bs) only in the 2HDM types I and II. In the
present work, we have analyzed the allowed values for
BR(h — bs) in the four 2HDM Yukawa types considering
all the latest relevant constraints, including the measured
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properties of the later discovered Higgs boson with a mass
around 125 GeV. Additionally, we also highlight the
relevant role of the triple Higgs coupling A,y+y- in the
final prediction of BR(k — bs). We discuss how this
observable can exhibit nondecoupling effects induced by
At a-» and we have also computed an effective vertex hbs
valid for large values of my+ in the alignment limit, going
far beyond the analysis of Ref. [13].

V. CONCLUSIONS

Within the 2HDM we have analyzed the phenomenology
of the flavor-changing decays of the SM-like Higgs boson to
a strange-bottom quark pair, 7 — b5 and h — bs, which we
denote together as 1 — bs. We have assumed the lightest CP-
even Higgs boson, denoted as 4, to be the SM-like Higgs
discovered by the LHC. We consider a Z, symmetry that
forbids FCNC:s at the tree level, which is softly broken by the
parameter m,. This is in contrast to other recent works that
study this process within a 2HDM with tree-level flavor-
changing Yukawa interactions [14-16], which can predict
more sizable rates, but has to be fine-tuned to avoid large
FCNC:s disallowed by the current experiments. Hence, this
work provides an updated analysis of the previous result for
one-loop generated FC Higgs decays within the 2HDM from
Ref. [13], published before the discovery of the Higgs boson
at ~125 GeV. Furthermore, a significant focus of this paper
is the analysis of the 2HDM contributions mediated by the
charged Higgs bosons H*. More concretely, we emphasize
the role of the triple Higgs coupling 4,5+ - , which was found
to be crucial in this decay process.

We started our analysis of the 4 — bs decay width in the
alignment limit, which implies that the 2HDM couplings of
the & that are present in the SM recover their SM values.
Under this assumption, we found that the amplitude for the
decay process & — bs can be split into two parts. The first
part corresponds to the set of diagrams as in the SM, while
the second one consists of a pure 2HDM set of diagrams
involving the charged Higgs boson, H*. Among these
2HDM diagrams, the one with the triple Higgs coupling
Ang+g- stands out because its contribution can be of a similar
order or even larger than the SM-like contribution.
Consequently, the interference between the diagram with
Ang+g- and all other contributions turns out to be crucial in
the analysis of the prediction of the decay width. Concretely,
this interference is positive (negative) for A;,z+z- > 0in the
2HDM types I and IV (types II and III). Furthermore, this
diagram can possibly lead to nondecoupling effects that do
not vanish even for heavy H* due to the dependence on ;-
of the triple Higgs coupling 4,5+ y-. We captured these one-
loop effects of a heavy charged Higgs boson in the prediction
of I'(h — bs) by a series expansion in inverse powers of
My up to (mpw/my-)?, assuming this mass to be much
larger than all other occurring masses. Using this series
expansion, we presented a one-loop effective vertex descrip-
tion of the heavy charged Higgs effects in &7 — bs in the

alignment limit. This effective vertex approximation yields
reasonably accurate predictions of the decay width for large
values of m = above 500 GeV, and are particularly good for
low values of tan f < 10.

Subsequently, we analyzed the effects outside the align-
ment limit, obtaining similar conclusions since the effect of
moderate values of cg_, #0 slightly modifies the &
couplings to other particles. Therefore, the interference
pattern between the diagram with 4,5+ 5- and the remaining
contributions holds similarly as in the alignment limit.

We studied the possible range of BR(k2 — bs) allowed
by all relevant theoretical and current experimental con-
straints on the 2HDM parameter space, based on previous
analysis from Refs. [17,18]. Mainly positive values of
Angtp- are allowed by the 2HDM potential stability
constraint. Consequently, due to the interference patterns
found in the decay width prediction for the 2HDM Yukawa
types, we find enhancements of BR(% — bs) with respect
to the SM prediction in types I and IV and a decrease in the
allowed values for the BR in types II and III. More
concretely, in types I and IV, one can find enhancements
of the BR prediction of around 70% and 50% with respect
to the SM, respectively. These predictions are realized for
negative values of c¢;_, and large values of A,p+y-. The
principal constraints that yield this maximum in the BR
predictions are light Higgs-boson rate measurements at the
LHC, which do not allow for a large deviation from
the alignment limit, as well as the theoretical constraints
on the potential, due to the large values of A,g+y-.
Regarding types II and III, the negative interference effects
in these types lead to significantly suppressed BR(h — bs)
by up to several orders of magnitude compared to the SM.

Finally, we discussed the prospects to observe and probe
the & — bs decay experimentally. We conclude that the
allowed ranges for the 2HDM prediction of BR(h — bs)
are several orders of magnitude beyond the experimental
reach of present and even future collider experiments.
Therefore, in the hypothetical case that any signal from this
h decay channel is detected experimentally, it would
require from physics beyond the SM and the 2HDM with
a softly broken Z, symmetry.
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APPENDIX A: FEYNMAN RULES hGEGF: — imSpq (A7)
AND EXPRESSIONS FOR THE AMPLITUDES v
OF h — bs IN THE 2HDM
F2 2
The 2HDM Feynman rules that are needed to obtain the hHEGTF: — i(my, - mHi)Cﬂ—a (A8)
amplitudes to the process & — bs are the following: v '
pui: — "e0ma F Cupoa) (A1) RWEWF: igmy sy oo, (A9)
v
hdc_i: _ in’ld(Sﬂ—a + édCﬁ—a) ’ (A2) hHiH$ - l'1)/1hH+H—, (A]O)
v
- =2 with A,y+y- defined in Eq. (10) and all momenta going
udH™: ud(mdfdPL - mufuPR)’ (A3) inward.
. With the above Feynman rules, the specific expressions
QdH* - —iv2 Vo i(mg€aPr — m,&,Py) (A4) for the amplitudes of each diagram with the same number-

Al = m121<sﬂ—a + Cﬂ—aéu)‘{msPR [B(()l)
+ thL[B(()1> + mﬁcﬁ” + mzzacgl) -

Ay, = —m (Sﬂ a T o) {imy PR[mbfd(
+ my P [m2E(CE) + 207y + m28(CY
mi(cy) + ¢+

2
Ay = mlsy_g{m,PpmiC?

Ay = C/;'—a(mﬁ Hi){m Pg [mbfd

_mbPL [fdms (CE) ) + C(l ) + C ) qfu(

As = _Cﬁ—a(mlzz - m2 {mgPg[—m qéfu(
—my, P [m 54 Yt mq(é:dc cfu(

Ag = =0y {my PR[_ éfu(éddf) +¢&,C
—myPp[m 2551 )+ mqfu(fd §u(

A7 = —Zm%vmé(sﬂ_a + Cﬂ_a§u>{msPR[C(()l) + ZCEI)] —_ mbPL[C(<)1>

) 42cf )+mq~f( ) 42cf
"2y - g4, (B + 2m2C) + micS

+ mq (édc

ing and notation as in Fig. 1 and Eq. (11) are given by:

+mi(Cy =20) + it + mi(cy +2( + &)
m2(c’ +2¢" + V) +

1 1 1
m3 (3¢ +2(¢ + SN (Al

) =&l (BY +2m2Cy) + micd)))

2 2 2 2
Ay = =miysy_o{m Pelm3(Ce" = CF) + mi(CY +2C57)

—my P [By) = (m} —2m3 — m3,)C
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As = mycp_o{miPrlmié (€ + P = ) - za,(cff) ~ )
—myPL[m2E,(—C) + ) + D) = &y(BY + m2.CY = miCY —m2(CY) =N, (A19)

Ao =mlysp_o{miPr[B +m2(2CP + )+ m2(2CY + CP) +m2, €7+ m2 (=2 + ) —m2 () + P + )]
+my P [m3(—CF +CP) = m2 (2 + )]}, (A20)

A = miyepo{mPelmié, (C)) = ¢V = V) - 25d<c£;‘> + c<“> -+ :dwé” + iy G+ miC

—m2(CY) + €Y+ 3C)] + my P m2e,(CY) + €Y = €8y — m2e, (5 - ), (A21)
_ 4 (2) (2)
Ay = 4dmyysp_o{mPrCy" +m,PLC7 }, (A22)
Sp-a T Cp_oba 1 | 1
Ay = =P i Pl B+ m(2BY + B)] + my P [y m?) B+ (m} o+ mE)miBLV)). - (A23)
b K

§ —-a + ¢ (16 3
Avg = T B it Prlm3g (B + BY) + mig, (<2285 + &,(B5 + B)]

z _m?
+ my Py m2m2E, (=&, + &,)BY) + &,BYY) + mi&,(-m2€,BS) + m2e,(BY + BY))}.  (A24)
Ais =— Zm%[,(s/;;, i cgﬂ_aé:d) {mbmx(msPL + mbPR)B(l])}’ (A25)

my — mg
Ay = LT ;;:_Cﬁm S Pl (0, -+ m2)B 4 o+ m)BY] + P 2B+ 3B + B} (A26)

Ay = %ﬁf‘l{ m,Pyl=mimi o, By +mi (B + BLY) + mig, (&4 + )8y + &,81Y))
+mym2 P [m2&(BY + BY) + m2e, (26,85 + &,(BY + B}, (A27)
Ajg = zma(;i;a_—'—m(;ﬂ_agd) {mpmg(mPp, + mbPR)B(12)}7 (A28)
b s

where B; and C; are Passarino-Veltman functions with the following arguments: 35” B;(m?, m}, m),

(2) 2 .2 2 ®3) 2 2 2 4) 2 2 2 (1 2 .2 .2 .2 2 2 (2)
B = B;(mj,mg, my,), B = Bi(ms,mHi,mq), B; :Bi(mb,mHi,mq), Ci' = Ci(my, mg, my, my, mg, my,), C;” =
2 .2 2 2 92 2 ¢G) _ 2 02 2 2 2 2 4) _ 2 .2 2 2 2 2 6 _
C,-(mb,mh,ms,mq,mw,mw) C; Ci(my, my, mg, my, . ,mg,mg), C;7 = Ci(mg, my, mj, my.,mg,my), C; =
Ci(mi, m3, my, m2 . .m;, mi,), and C' = C;(m2.m2, m2. m2,..m%., m2), where we use the same convention for the
i b 5 he HY W i he 5 b HT? Hi’ q)

Passarino-Veltman functlon as in FormCalc [20].
If we consider the approximation that the first and second quark generation are massless we get the following reduced
expressions:
Ay = mymPy(sp-a+ cpal){By +miC +mc) +m? 3¢y +2(CY + )}, (A29)

Ay =—mymi P&, (s5-0+ Cpal ) {mPE(CE) +2C7)) +4(— B —2m2CE) —mi S +mi (€ + ) +C5))}. (A30)

Ay = mym2m?Pysy_{CY + Y, (A31)
A, = 2 2 2 P C(4) C(4) A32
4 = Cp_oIMpMy (my, mHi) 1&ACy + Gy %, ( )
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As = cp_gmpmi (mj, — m%_]i)PL{fd fu(c ) + C( )>} (A33)

A = =mymi PLo* -+ &, { — fd o+ fu( ® + C( "+ CE(’))}, (A34)

Az = 2mymiyymiPr(spq + Cﬁ—afu){cél) +2(ciV + )}, (A35)

Ay = mymyPrsy o{By + (2mF + m)C5) + m2CY —miCy + mi(=Ci + G} (A36)

Ag = cpmymy PL{mZE,(C = CF = C) 4 &(BY + (=m3 + m2)CF) + (md = m)C)}, (A37)

A = mymd,m2Pysp_{-CY + P}, (A38)
A= Cﬁ—ambm%vmtzPLgu{—C((f) + C§4)}7 (A39)
Ap = dmymi,Pps, o C\7, (A40)

Ajz = —mymiPp(sp_o + C[f—agd)B(gl)7 (A41)
Ay = —mpymiPréy(sp_q + Cﬂ—a‘fd)guB(()S)v (A42)
Ais = A=A = A =0. (A43)

APPENDIX B: LARGE my- SERIES EXPANSION

In this appendix we present the analytical expressions of the relevant Passarino-Veltman functions needed to perform the
large my- series expansion described in Sec. III B. We consider only the #-mediated loop diagrams and we neglect the
masses of the bottom and the strange quarks in the loop functions.

The Passarino-Veltman functions in diagrams 2, 14, and 17 have to be known up order one in xy = m2:

H*®

2

lo
1 g(m2>
B§)3) _ B( ) _ = B,(0, mHi,mt) = —|— 1 —|—log<nf ) - : (B1)

2

H* H*
m2 1
log(-%) —3
() _ p) _ 2 L3 1 (e ( (m?) 2)
Bl _Bl (0 mHi» ) _26_4_210g<m?_]i + m%_]i ’ (BZ)
m2
2\/4r — 1arctan< 1 ) - log(ﬁ) -1
Var—1 m?
C(()) Co(o mh,o mHi’m%’m%) = 2 ’ (B3)
m?,
—/4r - larctan< L ) +llog(m§’2i> +1
c? = ¢,(0.m2,0, m2..mi, m;) = 4r2_1 : i ! (B4)
m?.,
mz
. 6r — 6(r — 1)v/&r — Tarccot(v/4r — 1) —3log( ,;;:) ~1
cy) =) = Cy(0,m3, 0, m2. . m2, m2) = : . (B3)

2
9m T

with » = m?/m? and € as defined below Eq. (13).
The Passarino-Veltman functions in diagram 6 have to be known up to order two (i.e., x
Ang+g- as a common multiplicative factor:

2

e O M 4), due to the presence of
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2
mh 10 + m?
6 1 g( t
C(())— (mh,OOmHi, f{i,mtz):— 5 e ) , (B6)

H* Hi

1 m? —9m?
2 2 h i
My, m;) = 1 + S6mt.

c\¥ = ¢, (m2.0,0,m,., (B7)

© _ " 5 1 m3, — 36m? 10g<
C Cz(mh’o 0 mHi’ Hi’ml‘) 2m + 36’/}1[{i

) + 54m?

The result of this series expansions were performed with the help of the code Packagex [23].
The final contribution from diagrams 2, 6, 14, and 17 in the alignment limit up to order one in xy= is

1 m; s
Ay = mig, (5 Su— 2§d> (mgPg + m,Pp) + om 2 log< ,:2 >(5m?7PL§d§”
t

+ mbPLgd(5m§<2§d - éu) - Zm%léu) + 2msPR§u(5mt2§u - m%&d))

1
367 (12m2?V/4r — larccot(V4r — 1) (m3 PpE,E,(2m? — Sm?)
mym

+ myPLEq(2myé, + Smy(m3 (&, = 28,) +2m7E,) + 2mim; (28, — &,))

+ 2mg P&, (i€ + Smymi (&g — &) + 2mi&,)) — mi&a&, (my Pr(mj, (=31my — 72m°

+ 46m3 + 31m?2) + 24m?(m3 + 5mi. — m?)) + 2mim Pp(—36m> + 23m3 + 60m?))

+ mym &4 (=18m*mi,(myPg + myPr) + 11mj} (my,Pr + myPy) + 26msmm? Py — 48mm} Py )

+ m?E (mymi Py (11m7 — 18im*) + mPr(=18m*m; + 11m} + 26mam? — 48my))), (B9)

where we have neglected the m,-independent terms, because they vanish due to the unitarity of the CKM matrix.
Under the assumption that m; = 0 we get:

1 _
H*

1
AHi = mtzmbPqu{E fu - 25(1 +

—24(m3 + 5m3)m7&E, + mi(11m; — 18m? )¢, + 6&,4 <2\/4r — 1(m3(2m? — 5m3)

m2,,
+ 2(m} + 5mim?))arccot(vV4r — 1) + m3 (5m3 — 2m3) log< nfz ))) } (B10)

t

Finally, if m,, is neglected with respect to m,, m,,, and m;, we get:

1 1 1
Aps m?mbPqu{Efu 280+ ——5 36n2% (36’712 <2§d - 5@) + mj(11&, — 46&,)

m2
— 120m2¢, + 12&, (2(mfl + 5m?)V4r — larccot(V4r — 1) — log( i))) } (B11)

ny

APPENDIX C: NUMERICAL INPUT PARAMETERS AND CONSIDERATIONS

The correct implementation of the unitarity of the CKM matrix is key to compute the partial width of the decay & — bs.
Therefore, we parametrized the CKM matrix Vg in the “standard parametrization” consisting in three rotation angles and
a CP phase 8, yielding a CKM matrix that is unitary by construction. Furthermore, we considered the CP phase to be zero,
since the CP effects in the observable i — bs are negligible. By doing this, the CKM matrix becomes real and the unitarity
conditions are easier to fulfill numerically. In summary, the CKM matrix that we used in our computation is
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C12C13
Vekm = | =S12023 — €12523813
$12823 = €12€23513
where s, = 0.22500, 5,3 = 0.04182, 573 = 0.00369,

according to PDG [26]. In order to ensure with high
numerical accuracy the unitarity of the CKM matrix, we
have computed the Passarino-Veltman functions present in
the amplitude (shown in the previous appendix) with the
help of LoopTools [20] with quadruple precision.

In addition, we also considered the masses of the final-
state quarks, m;, and my, in the MS scheme at an energy
scale of the SM-like Higgs boson mass, in order to include
leading contributions from QCD corrections. We used the

$12€13 S13
C12€23 — 812523813 $23C13 | (Cl)
—C12523 — 512623813 €23C13

values as given in Ref. [56]: m,(m,) =2.768 GeV and
mg(my,) = 0.052 GeV. The rest of the masses involved in
the computation were taken from PDG [26]: m, =
2.16 x 1073 GeV, m, =127 GeV, m, =172.5 GeV,
my = 80.377 GeV and m;, = 125.25 GeV. In our calcu-
lation we employed the Gp-scheme, where the EW
parameters are derived from the Fermi constant G =
1.1663788 x 10~5 GeV~2. In particular, v = (v2G )2 =
246.22 GeV and g = 2my /v ~0.65.
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