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Abstract We revisit the rare leptonic decay By — ™™
in the two-Higgs doublet models (2HDMs) with a softly bro-
ken Z, symmetry, namely type-I, type-II, type-X and type-Y
2HDMs. We have derived the relevant full one-loop Wilson
coefficients of the four 2HDMs from the recent calculation
in the aligned 2HDM by Li, Lu and Pich, which could be
mapped to all the four 2HDMs for both large and small tan 3.
It is found that a new term associated with the soft Z, symme-
try breaking parameter M can be enhanced by tan? 8 in the
type-1I 2HDM, which has not been considered in the litera-
ture. Imposing both theoretical and experimental constraints,
we have renewed the bounds on the parameter spaces of the
four 2HDMs. Different from our previous paper, however, we
find that all the four 2HDMs give sizable and similar contri-
butions to E(Bs — ™) within the stringently restricted
parameter spaces, but very tiny as regards the mass-eigenstate
rate asymmetry Ar; this makes it unfeasible to discriminate
the four types of 2HDM with the correlations between the
observables in By — utu™ decay.

1 Introduction

The discovery [1,2] of a new boson with a mass close to
125 GeV has been well anticipated as the standard model
Higgs boson [3-6] and provided the first experimental evi-
dence of the Higgs mechanism [7-9]. Itis a great triumph, but
not an end, of the giant campaign for Higgs hunting in the
development of particle physics. Although the subsequent
more precise measurements [ 10-14] at the LHC have shown
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the properties of the Higgs boson are well consistent with
the predictions of the standard model (SM), the precision of
the current experimental data still leave open the possibil-
ity of an extended Higgs sector [15,16]. Among many new
physics scenarios beyond the SM, the two Higgs doublet
models (2HDM) [17-19] are the simplest extensions of the
SM.

In the 2HDMs, an additional Higgs doublet is introduced
to the SM Higgs sector, which could result in rich phenom-
ena, in collider physics [20-29], flavor physics [30-37], neu-
trino physics [38], dark matter [39—41], and cosmology [42,
43]. However, unlike the SM, unwanted tree-level flavor-
changing neutral current (FCNC) interactions in the 2HDM
are not forbidden by the Glashow-Illiopoulos—Maiani (GIM)
mechanism. Besides some other solutions [44—48], this issue
is usually addressed by the natural flavor conservation (NFC)
hypothesis through imposing a discrete Z, symmetry [49].
According to different Z, charge assignments, there are four
types of the NFC 2HDM, referred to as the type-I, type-II,
type-X and type-Y 2HDM, respectively. Of course, there are
new parameters in the 2HDM:s to be determined or excluded
by the measurements of electroweak processes. To this end,
B-meson decays are usually employed to constrain their
parameter spaces.

Among the rare B-meson decays, the leptonic processes
B, — utu= (g = d, or s) are of special inter-
est [50,51]. They suffer from very few hadronic uncer-
tainties and are induced by FCNC transitions, which make
them sensitive probes to the effects of physics beyond
the SM, especially models with a non-standard Higgs sec-
tor [52-56]. Recently, the next-to-leading order (NLO) elec-
troweak corrections and the next-to-next-to-leading order
(NNLO) QCD corrections [57-59] in the SM have been
calculated. On the BSM side, a full one-loop calculation
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in the aligned 2HDM (A2HDM) has been performed in
Ref. [60].

Motivated by this progress, in this paper we perform a
detailed study of the By — u ™ decay within the 2HDMs
with Z, symmetry. At present, this process is calculated in
the type-II 2HDM in large tan 8 limit only [61-63]. Using
the Higgs base correspondence between the A2HDM and
the 2HDMs, we will derive the relevant full one-loop Wilson
coefficients of the four variant 2HDMs contributing to the
By — utu~ decay from the recent A2HDM results [60]
without the large tan 8 approximation. We also investigate
the possibility to discriminate the four different types of
2HDM in the light of the recent collider and flavor physics
data, as an update of our previous work [64]. We combine the
constraints from B 4 — ntu~, Bs,d—és,d mixing, B — tv
and B — Xy [65,66], with the experimental data from the
direct search for Higgs bosons at LEP [67], Tevatron [68,69]
and LHC [70,71], and the constraints from perturbativity,
tree-level vacuum stability and perturbative unitary. For the
By — uTu~ decay, the correlations between its branch-
ing ratio and the mass-eigenstate rate asymmetry Aar are
also reevaluated with the constrained parameter space of the
2HDM s obtained in this paper. We have found that Aar can
slightly deviate from the SM prediction in the type-11 2HDM
only, and that the ratio of time-integrated B(By — utu)
gets similar contributions from the four 2HDMs; this makes
it very hard to discriminate the four types of 2HDMs with the
correlation between A and B(B; — wT7) as suggested
in our previous work [64].

The paper is organized as follows. In Sect. 2, we give a
brief overview of the By — p ™ decay. In Sect. 3, full one-
loop contributions from the 2HDMs with Z, symmetry are
derived explicitly. In Sect. 4, we give our detailed numerical
results and discussions. We conclude in Sect. 5. The relevant
theoretical formulas are recapitulated in the Appendix.

2 B, —» ptp~ in the SM

In the SM, the leptonic decays B, — wru™ (g =dors)
arise from the W box and Z penguin diagrams. Generally,
these decays can be described by the low-energy effective
Hamiltonian

Gr «o

—5 ViV (10010 + CsOs + CrOp),
w

Hefr = —
eff \/ETK

2.1)

where a, denotes the QED fine-structure constant and V;;
the CKM matrix elements. The semi-leptonic operators are
defined as

O10 = (qyu PLb) (uy*ys i),
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m,mp _ _
Os = —L5=(g Prb) (ijs),
ny
m,mp _ —
E—=(q Prb) (iLys ).
myy

Op = (2.2)

In the SM, the contributions from the scalar operators O and
Op are highly suppressed (the corresponding Wilson coeffi-
cients are given in Eq. (A.1)), but C1¢ will play the dominant
role. Its explicit expressions up to the NLO QCD corrections
can be found in Refs. [72-74]. Recently, calculations of the
NLO EW [58] and NNLO QCD [59] corrections have also
been completed [57]. This progress will be incorporated into
our calculations.

With the effective Hamiltonian Eq. (2.1), the branching
ratio of B; — '~ reads

_ B G4 m4
BB, » puru) = 487:5 W|thVl’;|2f§quqmi
4m?
x | 1= =EqPP ISP, @3)
mBq

where m By TB, and fp , denote the mass, mean lifetime, and
decay constant of B, meson, respectively. The short-distance
contributions S and P are defined as

2

My m
P=Cio+-—- (—b )cp,
2my, \mp +my

2.4)

As discussed in the following section, there is no BSM phase
in the 2HDMs with Z> symmetry. Therefore, we only con-
sider the case that both S and P are real in this paper.

As pointed out in Ref. [75], the measured branching ratio
of B; — wt ™ should be the time-integrated one, denoted
by E(Bq — pTu7). In order to compare with the exper-
imental measurements, the sizable effect of B;—B; oscilla-
tions should be taken into account [75,76], and one has

1+ AAFyS
1—y2

N

BB, - ptu) = ( )B(Bs — putuo),

B(By — p ™) ~ B(Ba — nFu7), 2.5)
where the mass-eigenstate rate asymmetry Aar can be
expressed as

|P?> —|S|?

App = 2 Z B
AT PRSP

(2.6)

The observable Aar is independent of the branching ratio
of By — uT ™ and provides complementary information
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on the short-distance structure of this decay. In the SM,
Aar = +1.
Following Ref. [75], it is convenient to introduce the ratio

B(B; — ptu)
B(By — utu=)sm

R =

|P|? NE 1
= 2 2 (2'7)
I—ys 14/ [Ssml* + | Psml

where both hadronic uncertainties and CKM matrix elements
are canceled out.

3 By — utu~ in the 2HDMs with Z, symmetry

In the 2HDMs with Z, symmetry, b — st~ processes
receive contributions from box diagrams with charged Higgs
and penguin diagrams with Z boson and neutral Higgs
bosons. The Wilson coefficient C1¢ has been calculated in
the type-II 2HDM [54]. For Cs and Cp, only the leading
contributions in the large tan 8 limit have been computed in
the type-II model [61-63]. However, the remaining contribu-
tions could be important for some specific tan 8 values in the
other types of 2HDMs. In this section, we first of all give a
brief introduction to the 2HDMs with Z, symmetry, and then
show that the Wilson coefficients could be derived explicitly
from the recent full one-loop results of the A2ZHDM [60].

3.1 2HDMs with Z, symmetry

The 2HDM extends the SM Higgs sector with an additional
scalar doublet. With the two Higgs doublets ®; and &5, the
CP-conversing 2HDM potential with a softly broken Z, sym-
metry reads [19]

V=4mld ) + midid; — m3(@] 0, + ol )
Al %) t
+ Z@[0) + (@)D + A3 (@[ 01) (D)D)
+ 24(D] D) (DI D))

A
n 75[(@}%)2 + (@)1, 3.1)

where m%(@I@z + CDECI)]) is a soft Z, symmetry breaking
term and the parameters m_3 and Aj_s5 are real. The two
Higgs doublets @ and &, can be generally parameterized
as

w
R 1
(Dl_(\%(vi‘f‘hi—izl'))’ 3.2)

where the two vacuum expectation values (VEVs) vy and vy
are real and positive. From the vacuum condition [77]
2. 2 —lk 3—1A 2_
m3vy — mjvj 1V] 345V1V5; = U,
2 2
3.3)
2 2 1 3 1 2
m3v| — myvy — 5)‘2')2 — 5)»3451)11)2 =0,

they can be expressed as other parameters in the Higgs poten-
tial, where X345 = A3 + A4 + A5 is defined. By intro-
ducing the VEV v (v = vsm = 246GeV), the mixing
angle B and the soft Z, symmetry breaking parameter M
as vy = vcos B, v, = vsin B and M? = m%/s/gc,g, we can
use (v, B, M, L1—5) as independent 2HDM potential param-
eters.

Physical Higgs states are obtained by the following rota-
tions:

()0 (0 ()-5n(7)

+ +
| _ G
(w; )— R(ﬂ)(m), (3:4)
where the rotation matrix is given by
cosf —sinf
R©) = (sin@ cos 6 ) ' 35

The mixing angle « is determined by the Higgs potential of
Eq. (3.1) [77],

(M? = X3450%)s28

tan 2o = .
(M2 — A1v2)c§ —(M? - A2v2)s§

(3.6)

Inthe 2HDM with Z, symmetry, the physical Higgs spectrum
consists of five degrees of freedom: two charged scalars H ™,
two CP-even neutral scalars 47 and H, and one CP-odd neutral
scalar A. The quartic couplings %; in the Higgs potential can
be expressed in terms of their masses as [77]

1
Al = m(—séMz + sém% + cim%{),

B
1
Ay = -3 (_6/23M2 + cém% + sgm%{),
V7S
M2 + 1 S2a 2 2
A= —— + 225 4 =, — m}),
3 v2 v2 v2 528 H "

1
Ay = E(JW2 + mi - Zmlzqi),
1
As = E(Mz —m?). (3.7)
Therefore, the eight parameters in the Higgs potential m1_3

and A1_s can be rewritten equivalently by the four physical
Higgs masses my, mpy, ma, mpg=+, the two mixing angles

@ Springer
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o and B, the VEV v = wvgpm, and the Z; symmetry break-
ing parameter M. In the case of A; = A, which is consid-
ered in Refs. [62,63], M can be eliminated and the 2HDM
potential parameters can be expressed by seven parameters
(o, B, v, mp, mpg,ma, my+) as

1 2 2 Co2a 2 2
M=k = m(mh +my) — ma(mh —my),
1
Az = —m(mi +m3 —4mi.)
1 2 Cu $2a
- (m I Jateid
21)2( k= H) (Czﬁ Szﬂ)
1 1
k4:¥(mA ZmHi)—i— 2(mh +mH)
1 Coa 2 2
21)2 Czﬂ (mh mH)’
2
m €2
xsz——A+—(mh+ H)+——°‘( —m),

2_ Lo lew o
M _2(mh+mH)+ (mh mH). 3.8)

2 ¢
In the interaction basis, the general Yukawa Lagrangian
of the 2HDM can be written as

—Ly = Qr(Y{®y + Y§®o)dg + Qr(Y{'®y + YiD)ug
+ Lp(Y{®y + Yido)eg + Hee., (3.9)

where &Ji = iagd:'?‘, Q1 and Ly denote the SM quark and
lepton doublets, and ug, dg, and eg are the right-handed up-
type quark, down-type quark, and lepton singlet, respectively.
The Yukawa coupling matrices Y,.“’d"Z are 3 x 3 complex
matrices in flavor space.

In order to avoid tree-level FCNC, a discrete Z, symme-
try is introduced [49]. All the possible nontrivial Z; charge
assignments are listed in Table 1, which define the four well-
known types of 2HDM, i.e. type-I, type-11, type-X, and type-
Y. In the mass-eigenstate basis, the Yukawa interactions can
be written in the form

~Ly=+ Y [mff
f=u,d,t
+ (SLef Frne=Leg fru—i=Le] fysra)]

Table 1 Charge assignments of the Z, symmetry in the four types of
2HDM

3 @, UgR dr LR O, Lt
Type-I + - - - - +
Type-11 + - - + + +
Type-X + - - - + +
Type-Y + - - + - +

@ Springer

V2 _
+ Tu(muvg;;PL + VmgES PrR)dH™T

14

+ %ﬂmﬂ# +Hec., (3.10)
where Py, p = (1 F y5)/2. The Yukawa couplings Ehf,H,A in
the four types of 2HDM are listed in Table 2. In addition, the
couplings of the light CP-even Higgs boson % to gauge bosons
WT W~ or ZZ can be written as gyyy = sin(f — a)ghvv,
which is normalized to the corresponding couplings of the
SM Higgs boson ghVV [19].

Recently, the LHC Run I data confirm the SM Higgs-like
nature of the 125 GeV boson discovered at the LHC [3-6].
If the light CP-even Higgs & in the 2HDM is identified with
the observed 125 GeV boson, global fits to the LHC Higgs
data suggest that all four types of 2HDM should lie close to
the so-called alignment limit [78—84]

sin(f —a) =1, 3.11)
where both the Yukawa and the gauge couplings of /z are iden-
tical to the values of the SM Higgs boson. From Eqs. (3.3) and
(3.6), the alignment limit can be achieved when the quartic
couplings in the Higgs potential satisfy [85-87]

Al — A34s

tan’ B = or A=Ay = Azss. (3.12)

Ay — 35’
For recent studies on the alignment limit in the 2HDM, we
refer to Refs. [85,86].

Since the 2HDMs with Z, symmetry are particular cases
of the A2HDM [48], there exists a one-to-one correspon-
dence for Yukawa couplings between these two models.
However, the correspondence is not so straightforward for
Higgs cubic couplings. Unlike the 2HDMs with Z> symme-
try, the A2ZHDM potential is usually defined in the so-called
“Higgs basis” [88], in which only one Higgs doublet gets a
nonzero VEV. Therefore, the parameter tan 8 defined in the
NFC 2HDMs is not a physical parameter in the A2HDM [89].

3.2 By — wtu~ in the 2HDMs with Z; symmetry

In both the A2HDM and the NFC 2HDMs, By, — utu~
decay is induced by gauge boson Z, Goldstone boson GO,
and Higgs bosons ¢ = {h, H, A} penguin diagrams, as well
as box diagrams mediated with W*, HE, and G*. At one-
loop level, their contributions to the Wilson coefficients are
divided into the following different parts:

Cio= (Cﬁ) SM + Clljgx SM) + (Clzo 2HDM)’

Cs= (Cgox, SM + Cgox, 2HDM + Cg 2HDM)

)

Cp=(Cy M4 M4 55 (3.13)

+ (C}Z) 2HDM+C1G), 2HDM)

+ (le))ox, 2HDM+C£, 2HDM),
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Table 2 Yukawa couplings in

d ¢ d ¢ d ¢
the four types of 2HDM & & & 37 97 37 A &4 £4
Type-1 Ca/SB +co/sp +co/sp Sa/sp Sa/Sp Sa/sp —cotf +cot B +cot B
Type-IL Ca/SB —Sa/cp —Sa/cp Sa/sp co/Cp ca/Cp —cotp —tan 8 —tan 8
Type-X  co/sp +co/sp —Sa/cp Sa/sp Sa/Sp ca/Cp —cotp +cot B —tan 8
Type-Y  co/sp —Sa/Cp +co/sp Sa/sp ca/Cp Sa/spg —cotf —tan 8 +cot B

where each part in the parentheses is gauge invariant. This
gauge invariance is validated by the actual calculation in both
the Feynman and the unitary gauges in the A2ZHDM [60]. The
Wilson coefficients labeled with “SM” denote the contribu-
tions from the diagrams involved with only the SM fields
(with the Goldstone bosons but not the Higgs boson), whose
expressions are given in Appendix A. Those with “2HDM”
contain the Higgs contributions. For simplicity, their explicit
expressions are given in the unitarity gauge in the following,
where the Goldstone boson contributions are absent.

The Higgs bosons affect the box and Z penguin dia-
grams with Yukawa interactions. Their contributions to Wil-
son coefficients in the NFC 2HDMs can easily be obtained
from the A2HDM results with replacement of the Yukawa
couplings,

box, 2HDM box, A2ZHDM

Co P Unitary = Cs P Uitz . (G149
§. P Unitary =S P UMY (¢, oy, c0)— (—84 6465

CZ,2HDM _ CZpenguin, A2HDM
10, P, Unitary 10, P, Unitary (guygd,s‘()*(—ff{fzfﬁ)

For making this article self-contained, we present the Wilson
coefficients after the correspondences made in Appendix A.

The Higgs penguin diagrams involve Yukawa couplings as
well as Higgs—gauge couplings and Higgs cubic couplings.
Therefore, their Wilson coefficients cannot be derived from
the A2HDM results so straightforwardly as in the box and Z
penguin diagrams, as discussed in previous section. Since
the A2HDM Wilson coefficients are given for individual
Higgs penguin diagrams in Ref. [60], we use the follow-
ing approach. For every Higgs penguin diagram in the NFC
2HDMs, its contribution is derived from the A2ZHDM results
with the replacement of the Higgs—gauge vertex and the triple
Higgs vertex. Then the total contributions to the Wilson coef-
ficients are obtained,

Cv-2HDM _ xEf @ @  2v? o
S, Unitary — 2% —Sa—p& TCa—pgH + ﬁ H+ - 80
¢ 2
X'EH (a) (a) 2v H
+ +Co— +Sa— + 2 _ ,
2xy ( a—p8| a—p82 m%v H+H-80
4
0. 2HDM X4 (@)
CP, Unitary — _m 83 > (3.15)

where x; = m%/m%,v, XnH A = m% o A/m%,, the functions

g(()a_)3 = g(()”_)3 (x,, xp+, —£4, 5/041) defined in Eq. (A.4), and

the Higgs cubic couplings are defined as

(m} — 2m% )cq_3p+(—4M>+3m%+2m3,, )carp

(m%i — Zmi,i)sa,w +(—4M2+3m%_1 +2m%_li)sa+ﬁ
0

- 2v2szﬁ

(3.16)

where the soft Z, symmetry breaking parameter M has been
defined in Sect. 3.1.

In the literature [61-63], it is found that the Wilson coeffi-
cients can receive large tan 8 enhancement only in the type-
II 2HDM and the branching ratio with large tan 8 depends
only on the Higgs masses my+, myg, my and the mixing
angle «. However, as shown by Egs. (3.15) and (3.16), a
term proportional to M2/ m%l in our full one-loop Wilson
coefficient Cy is also enhanced by tan? B, which comes from
the heavy Higgs H penguin diagrams mediated by charged
Higgs bosons. Using the parameter m3 in the Higgs poten-
tial of Eq. (3.1) directly, this term is proportional to m% / m%,
and enhanced by tan® 8. This M dependent term has not
been considered yet in the previous studies in the literature.
Therefore, its effects are worthy of a detailed investigation.

The soft Z, symmetry breaking parameter M is associated
with the spontaneous CP breaking [17,90-92] and character-
izes the masses of all the Higgs bosons [77]. This parameter
enters the By — ut ™ decays through the Higgs penguin
diagrams. However, it is found that the M term cannot make
more significant contributions than other terms of the Wilson
coefficient Cs. Here, we would choose / as the Higgs boson
discovered by ATLAS [1] and CMS [2] and take the align-
ment limit § — o = /2, which is favored by the current
2HDM fits [78—84]. Then the cubic couplings in Eq. (3.16)
read

A —2M? +2m?,, +mj
ML= =3 | oot 2B(2M? —2m3,) (3.17)
My 0

@ Springer
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Focusing on the coupling A’}# y—» it can be seen from

Egs. (2.4) and (3.17) that large contributions from this cou-
pling would require |M? — m%_li [/v? > m%,v / sz. However,
we know |[M? — m?,.|/v* = |k4 + As|/2 < 47 from the
2HDM vacuum condition [77] and perturbativity [93]. It is
also noted that the Higgs penguin diagrams can be enhanced
by very large tan 8 or cot §. In all the four types of 2HDMs,
the )‘}Ilﬁ -~ contributions could be enhanced by large cot? B.
In practice, cot 8 2 3 has been excluded by the perturba-
tivity [93]. Similarly, the coupling A Z+ - can make a large
contribution if M?> /m%{ > m%v / m%. Among the four mod-
els, this contribution is enhanced by tan® 8 only in type-II
2HDM. However, the ratio M?2 / m%l still suffers from the
theoretical constraints, which will be discussed with numer-
ical results in the following section.

Although the effects from the operators Og and Op
are suppressed by m% / m%v, these two scalar operators can
make significant contributions in the two parameter regions:
(i) in the type-II 2HDM, since both Cg and Cp contain
tan B enhanced terms, the effects of the scalar operators are
enhanced in the parameter space with large tan . (ii) The
contributions from the CP-odd Higgs penguin diagrams are
inversely proportional to the mass of the CP-odd Higgs boson
A. Thus, the Wilson coefficient C p becomes much more sig-
nificant in the region with small values of m 4! in all the four
2HDMs.

In the particular case of the type-II 2HDM, our result of
C1o agrees with the one calculated in Ref. [54]. For the Wil-
son coefficients Cs and Cp in the 2HDM, the calculations
have been performed by various groups [52,53,61-63,94—
97]. The latest results are presented in these three papers [61—
63], where the 2HDM contributions are computed in the
type-II model in some specific cases. In Ref. [61], the Wil-
son coefficients are calculated in large tan 8 limit, i.e., only
tan? B enhanced terms are kept. However, the Higgs pen-
guin diagrams with trilinear hkHYH~ and HHTH™~ cou-
plings are not considered. In Refs. [62,63],% after including
these penguin diagrams, the calculations are performed again
in the large tan 8 limit but with the assumption A; = Aj
for the couplings in the Higgs potential.> Considering only
terms proportional to tan® 8, our result agrees with the one

of Ref. [61] in the case of A%, = A#, =0, and
those of Refs. [62,63] in the case of A1 = Ai;. Gener-

! For the CP-odd Higgs in the MSSM, the LEP experiment put a lower
bound on its mass m 4 > 93.4 GeV [99].

2 In Ref. [63], it is mentioned that their result is different from the one
in Ref. [62]. However, the two results agree with each other after the
erratum for Ref. [62] has been taken into account. In addition, there is a
typo in Eqgs. (3.30) and (3.31) of Ref. [62]: a global factor o, /7 should
be included.

3 InRefs. [62,63], the convention for the Higgs potential (i.e., the cou-
plings A;) is different from the one defined in Eq. (3.1). This condition
is also expressed as A; = X, by the couplings used in our paper.

@ Springer

ally, the 2HDM contains eight free parameters, i.e., m1_3
and A;_s in the Higgs potential of Eq. (3.1). They can be
rewritten equivalently in terms of the Higgs masses my,
mpy, ma, my+, the mixing angles « and B, the parame-
ter M, and the VEV v = vgy. If the condition A = Ap
is assumed, M can be expressed by the other parameters,
as shown in Eq. (3.8). It is the reason why terms depend-
ing on the Z, symmetry breaking parameter M were absent
in the previous calculations [61-63] but are present in this

paper.

4 Numerical analysis

Searches for By 4 — wt ™ decays have been performed at
the BaBar, Belle, and Tevatron (for a review, see Ref. [98]).
At the LHC, measurements by CMS [100] and LHCb [101]
collaborations with the full data of LHC Run I have resulted
in the averaged values for the time-integrated branching
ratios [102]

B(Bs — ntpu™) =287 x 1077,
BBy — ™) =391 x 1071,

where the errors are dominated by the statistical uncertainties
and expected to be significantly reduced in the near future.
Both of them are in good agreement with the latest updated
SM predictions [57], B(B; — utu™) = (3.65 £ 0.23) x
1072 and B(By — ptp™) = (1.06 £ 0.09) x 1071, in
which the NLO EW [58] and the NNLO QCD [59] correc-
tions have been included. Thus, strong constraints on the
2HDM parameters are expected.

In the NFC 2HDMs, the relevant parameters are the two
mixing angles « and S, four Higgs mass parameters m y=,
mp,mpy,and ma. Inthe By 4 — wt ™ decays, the Z, sym-
metry breaking parameter M also enters into the decay ampli-
tude and is independent from these parameters. As discussed
in Refs. [103, 104], we choose the light neutral Higgs 4 in the
2HDM as the SM Higgs observed at the LHC and adopt the
alignment limit sin(8 — «) = 1. Then the model parameters
are reduced to (my, ma, my+, M, tan B). As discussed in
Ref. [64], we shall restrict these parameters in the following
ranges:

mpy € [mp, 10001GeV, mpys, ma, Me[l,1000]GeV,
tan g € [0.1, 100]. “.1)

Starting from these parameter spaces, we will start our
numerical scan.

In the numerical analysis, we impose experimental con-
straints in the same way as in Ref. [64]. To constrain the
2HDM parameters, we have taken into account (i) flavor pro-
cesses: By 4—Bs. g mixing, B — Xy, B — tv and By g —
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Fig. 1 a The M dependence of the branching ratio of By — u*u~
in the type-II 2HDM for tan § = 20 (solid) and tan 8 = 40 (dashed).
The SM prediction (dotted) and 20 experimental range (dot—dashed)

wtu~ decays, (ii) direct searches for Higgs bosons at
LEP [67], Tevatron [68,69] and LHC [70,71], both of which
have been discussed in detail in our previous work [64]. Addi-
tionally, we also consider the oblique parameter Ap in the
EW precision measurement [105-110] and require the cou-
plings A1_s to satisfy (iii) theoretical constraints: perturbativ-
ity [93], tree-level vacuum stability [90,111,112] and pertur-
bative unitarity [19,113] (see Ref. [114] for the expressions).

For By — ™~ decay, both the NNLO QCD and the
NLO EW corrections in the SM and the full one-loop contri-
butions in the 2HDM are included. As discussed in Sect. 3,
the effects of the soft Z, symmetry breaking parameter M
can be enhanced by large tan 8 in the type-II 2HDM. The
M dependence of the branching ratio E(Bs — putu)is
shown in Fig. 1a in the type-II 2HDM for various tan 8 and
m g values. As expected, the effects of M become significant
when the two ratios M2/ mz and tan § are large. However,
it is found that the theoretical constraints from perturbativ-
ity, vacuum stability, and perturbative unitarity have put the
bound M?/m%, < 1 (and M < 1TeV) in the parameter
space of Eq. (4.1). Therefore, the soft Z, symmetry breaking
parameter M cannot make more significant effects than the
other tan 8 enhanced terms in Cg and Cp.

After considering the current experimental data, the
allowed parameter spaces of all the four 2HDMs are obtained.
Since the constraints from By — u* ™ appear to be more
or less weaker than those from By — u™u™, we only
show the results from the latter one, which are plotted in
the (tan B, m y+) plane in Fig. 1b. Compared to our previous
results [64], the parameter space with small tan § is excluded
for all the four types of 2HDMs. This change is caused by
the contributions with small tan 8 neglected in the previous
calculations [61-63] but included in the present full one-
loop computation as discussed in Sect. 3. For the large tan

10°

= (b
:( ) — - — - type-I
K type—II
> 107E ---- type-X
L L type—Y
© fha ype
g 0g 2
Eoi ALLOWED
o
0 4 Ll v b
1010-' 10 107

tanf

are also shown. b Allowed regions of the parameter space (tan 8, m =)
from B(B; — ut ™) for the four types of 2HDM

region, only the type-II model is bounded, which is in agree-
ment with our previous result but still weaker than the one
from B(B — tv).

Combining all the constraints aforementioned, we obtain
the survived parameter space of all the four types 2HDMs, as
an update of our previous results [64], which is shown in the
(tan B, m y=+) plane in Fig. 2a. It is found that the small tan 8
region is restricted for all the four models by Bs—By mixing
and B — Xy, while the large tan 8 region is constrained
only in the type-Il 2HDM by B — v and By — pu™u™
decays. Compared to our previous results, the current con-
straints on the large tan 8 region in the type-II 2HDM are
more stringent. This is mainly because the theoretical con-
straints are included in the current analysis.

In these constrained parameter spaces of the four 2HDMs,
the correlations between the observables Aar and R defined
in Egs. (2.6) and (2.7) are reevaluated, which are presented
in Fig. 2b. Unlike our previous results [64], the correlations
in the four different types of 2HDMs are almost indistin-
guishable. The allowed ranges of R are the same for all
the four models, while Aar can deviate slightly from the
SM prediction only in the type-II 2HDM. It is found that
the difference from our previous results is mainly caused by
the theoretical constraints and the new full one-loop Wilson
coefficients considered in the current analysis. In the type-1I
2HDM, the bounds on tan 8 are more stringent compared to
our previous results as discussed above. Thus, the allowed
range of Cy is restricted more stringently in the current anal-
ysis. In this case, Aar can deviate from the SM prediction
very tiny, which can be seen from Eq. (2.6). As discussed
in Sect. 3, our results of the Wilson coefficients can also
be applied to the small tan 8 region in all the four models,
while some terms are not included in C p used in our previous
analysis. In the case of small m 4, Cp is enhanced and these

@ Springer
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Fig. 2 a Combined constraints on the parameter space of the four types of 2HDM, plotted in the (tan B, m =) plane. b Correlations between R

and Aar in the four types of 2HDM

terms make the allowed regions of R in the type-I and type-Y
2HDMs as large as the one in the type-X model. Meanwhile,
the value of R is almost independent of AAr in the type-II
2HDM.

5 Conclusion

In this paper, we have performed an updated analysis of
the rare leptonic decay By — utu™ in the 2HDM with
a softly broken Z, symmetry. We have derived the full one-
loop Wilson coefficients Cyg, Cs, and Cp from the recent
A2HDM results [60], which can be applied to the contri-
butions of all the four types of 2HDMs for both large and
small tan 8 value. Our main conclusions are summarized as
follows:

e Compared to Cjg, the Wilson coefficients Cs and Cp are
negligible in the entire 2HDM parameter space, except
for large tan B in the type-II 2HDM or small CP-odd
Higgs mass m 4 in the four models. In addition, only the
Wilson coefficients Cs and Cp in the type-1I 2HDM can
be enhanced by large tan .

e The soft Z, symmetry breaking parameter M enters into
the Higgs penguin diagrams and affects the Wilson coef-
ficient Cs. The dominant contributions are proportional
to M?/ m%i and enhanced by tan? £ in the type-Il 2HDM,
which have not been considered in the literature [61-63].
However, after combing the theoretical constraints from
perturbativity, vacuum stability and perturbative unitar-
ity, we have found that the parameter M cannot make
more significant contributions than other terms in the
Wilson coefficients.

e Afterimposing the experimental constraints, regions with
small tan B are excluded for all the four types of 2HDM,
which are quite different from our previous results [64].
As expected, large tan 8 region is only excluded in the
type-11 2HDM.

@ Springer

As an update of our previous analysis [64], we have also
investigated the possibility to distinguish the four types of
2HDM in light of the recent updated flavor physics data,
the collider data from the direct searches for Higgs bosons
and the theoretical progresses. The combined bounds on the
2HDM parameters have been derived for the four models.
In the survived parameter regions, the correlations between
Aar and R in all the four of the 2HDMs are almost indistin-
guishable from each other. In the 2HDMs with Z; symmetry,
Aar can only have a very tiny deviation from the SM pre-
diction, while R could deviate from the SM one sizably. This
could be tested by the much more precise measurement of
By — uT ™ at the LHC in the coming years.
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A The Wilson coefficients in the SM and the 2HDMs

In this appendix, we recapitulate the relevant expressions of
the Wilson coefficients in the SM and the four types of the
2HDMs for completeness, which are obtained from Ref. [60].

In the SM, the one-loop Wilson coefficients of the scalar
operators can be written as

SM __ ~box, SM h, SM
Cs" =Cy +Cy ,

(A1)
Clng — CIIDJOX, SM + CIZJ'SM + C}G), SM'
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In the unitary gauge, their expressions read

box, SM x (ot (x;—2)(3x2—3x,+1)

. = — 1 ,
S, Unltary 48(xt_1)2 24(Xt — 1)3 nx;
3x
h, SM t
CS, Unitary — _%’ (A2)
chox SM x(T1x2 — 172x, — 19)
P, Unitary — 144(xt — 1)3
Xt —12x7 4+ 34x2 —x, — 2 Inx
24(x; — 1)* r
LM _ 1 [x,(18x) — 137x? 4 262x, — 95)
P, Unitary — E 6(x, — 1)3
8xf — 11x) — 15x2 + 12x, — 2
+ In x;
(x; — 1)4
B ﬁ x;(18x7 — 139x2 4 274x, — 129)
36 2(x; — 1)3
24x} —33x} — 45x7 + 50x, — 8
+ Inx; |,
(xr — 4
where C73M denotes the contributions from the SM

S, Unitary
Higgs penguin diagrams. The other Wilson coefficients

box, SM Z,SM .
Cs P Unitary @4 Cp’ Gpigyry are same in the SM and the
2HDMs.

In the four types of the 2HDMs, the various contributions
in the Wilson coefficients of Eq. (3.13) are obtained by the
replacement of the Yukawa couplings in Eq. (3.14), which
are given in the unitary gauge,

Cbox, 2HDM _ guelx xg= In(xpe/x0)
S, Unitary 8()CH:t — xt) (XHi — x[)
_ pdge X InCen=/x0) A3
S48 dlxpe —x;) (A3)
chov v _ Sk
P, Unitary — S(XHi — xz)

2x2 — xpix; — Xpgt
x[1+ ! Ll " In x;

(xr — Dxpx —xp)

xp+ (1 —2x; + xp+) i|
1 Hi
(gt — Dxgs —x;)

Xy In(x g+ /x;)

dgl
B TEm—

_ XH+ ln(xHi/x,)]

2
Z,2HDM 2 X 1
ClO, Unitary — +(EX) Ez |: (xps — xt)2

X+ — Xt
Xt
CZ,ZHDM

P, Unitary — 4()([.11 _ )C[)Z

deu Xr+xpg+ XX+ Xy+
— — 1
X{ EAEA[ 2 +xHi—x, n Xt :|
2 2
—8xpyrx;—17x
U2 xHi H t t _
+(5A) |: 36(xps—x1) X (Xp+—X;)

2
3
n (Xr Bxpx +x1) n X[XH:E) In TH ]]

6(xy= — x;)2 X

sa,x,

6(xp+ — x;)2

S5x; —3
x{—s/‘iéz [7)" S

xy+(2xy+ — 3x;) xHi]
+ — " In
Xp+ — X, X

B (52)2[(4xili _

3
+ *thHi) In i

12xzixt +9x = x?+3x]

6(xp+—x;)?

2 Xt
B 17x2,, — 64xpex +71x7 3 “

36(xy+—x;) _Ex[(xHi —)

c? 2HDM
S, P, Unitary

given in Eq. (3.15), where the functions g(()“_)3 are defined as

The Higgs penguin contributions have been

1
4.XHj:

g0(xs, xp+, —€4, D) =

x [—E464Cfi + ot i+ 1)+ €D

(eon )]
3

8\, xpe, —E4 ED) = 7

—EXES(fL 4 Fat )+ ED (= )

ey oy, xppe, —E4, 69 = —(EDPELfi + ELED (S + f)
+EDI s — fa) +ELf — fo) +EL 1.

gy (o, xpe, —E4, ED) = —(EDPEL i +ELED (s — f)
— EX(fs + fa) — E4(f1 + fo) +EL A1 (A4)
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Here the one-loop functions f; are abbreviated as f; =
fi(x¢, xg+) with the definitions

f](x,y)=ﬁ[x—y+ylny—xlnx],
(x,y) = ! _—yx(l -1 )]
falx,y _2(y—x) _x y—x ny—Inx) |,
N ) B
Ay = — |y Iy xGy x)lnx],
2(y—x) y—Xx y—x
B [x By—x) y’x
Ja(x,y) = do—27 | > —y_x(lny—lnx)i|,
_ 1 Tx=3x)  yx(y—2%) 3
f5(x’”‘4(y_x)2 T2 x (Iny lnx)]

X (x2—3yx+9y—5x—2) y (yx—3y+2x)

(AS)

LT S 4y—D(y—x)?
y2 (—2x3—}—6xz—9x—i-2)—i—?;y)cz()62—2x—i—3)—x2 (2x3—3x2+3x+1)
i A= DIy
24x-8 2
) = (x*+x—8) y(y+2)

8x—12  4(y—D(y—x)
y (x3—3x2+3x+2)+3 (x—2)x2 i
4x—1)3(y—x)

nx.

nx,

It is noted that the divergence in the Higgs penguin dia-
grams at one-loop level is canceled by a FCNC local operator
in the A2HDM [60]. In the 2HDMs with Z; symmetry, we
find that the divergence automatically vanishes after adding
all the Higgs penguin contributions.

For the four types of 2HDM, the values of the relevant
Yukawa couplings are listed in Table 2. When deriving the
expressions of the Higgs penguin diagrams in Eq. (3.15), the
following identities have been used:

&, = —cos(a — P&, —sin(a — B),
g = —sin(a — B)&; + cos(a — B),

A.6
gl = +cos(a — B)Ed — sin(a — B), (A-6)
£ = +sin(a — )ET + cos(a — B),
and
E+eDEsES - =0, (A7)

which can be obtained from Table 2. It should be noted that

there is a freedom in the definitions of the functions f;, since

adding the LHS of Eq. (A.7) to Eq. (A.4) does not change
(a)

80-3-
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