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Lepton flavor violation in the two Higgs doublet model type l1lI
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We consider the two Higgs doublet mod@HDM) of type lll which leads to flavor changing neutral
currents(FCNC) at the tree level. In the framework of this model we can have, in principle, two situations: the
case(a) when both doublets acquire a vacuum expectation value different from zero and thib)asben one
of them is zero. In addition, we show that we can make two types of rotations for the flavor mixing matrices
which generates four types of different Lagrangians. Two of the four possible Lagrangians correspond to the
2HDM type | and type Il plus flavor changir&C) interactions. The analytical expressions of the partial lepton
number violating widthd"(n—ee@ andI'(u—evy) are derived for the casds) and (b) and both types of
rotations. In all cases these widths go asymptotically to zero in the limit when all Higgs boson masses go to
infinity. We present from our analysis upper bounds for the flavor changing trangitiee, and we show that
such bounds are sensitive to the VEV structure and the type of rotation utilized.
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I. INTRODUCTION sign. Another mechanism was proposed by Cheng and Sher
arguing that a natural value for the FC couplings from dif-

Flavor changing neutral currentSCNC) are forbidden at  ferent families should be of the order of the geometric aver-
the tree level in the standard mod@M). However, they age of their Yukawa couplingsl6].
could be present at one loop level as in the casb-efsy Taking this natural assumption and since Yukawa cou-
[1], K= u*u™ [2], KO~ KO [3], t—cy [4], etc. In general, Plings in the SM vary with mass, it is plausible that the same
many extensions of the SM permit FCNC at the tree leveloccurs for FC couplings. Hence it is expected that FCNC
The introduction of new representations of fermions differentinvolving the third generation can be larger, while the ones
from doublets produce them by means of theoupling[5]. ~ involving the first generation are hoped to be snia8,17.

In addition, they are generated at the tree level in theAnother clue that suggests large mixing between the second
Yukawa sector by adding a second doublet to the [B}4  and third generation in the charged leptonic sector, is the
Such couplings also appear in supersymmédySy) theo-  large mixing between second and third generation of the neu-
ries withoutR parity [7]. Theories with FCNC were previ- tral leptonic sector. This is predicted by experiments with

ously considered unattractive because they were strongf§tmospheric neutrinosig].

constrained experimentally, especially due to the srall The increasing interest in LFV processes is due to the
—Kg mass difference. Nevertheless, nowadays it is hoped t8{rong restrictions that experiments have_ imposed on them.
observe such physical processes in laboratory, as a resdifis consequently determines small regions of parameters
many theories were proposésee above for new physics of any theory bgyond'th'e SM. Some specific

Owing to the continuous improvements in experimentaldecays have been widely studied within the framework of
accuracies, lepton flavor violatici.FV) has become a very SUPErsymmetric extensions, because in supersymmetric theo-
important possible source of new physics. Experiments t6/€S the presence of FCNC induced Byparity violation
search directly for LFV have been performed for many yearsgenerates massive neutrinos and neutrino oscillafib®is In
all with null results so far. Experimental limits have resulted "€cent papers the decays—ey and u— 3e with polarized
from searches foKEH,uJ’e‘ 8], KE—>7TO,LL+8_ [9], K+ muons he_l\_/e been gxamlned in the context of supersymmetric
—mtpte [10], ut—ety [11, u* —etete” [12] and grand unified theories to get bounds in l’m@R—|Ao| plane
u N—e N [13] [20].

There are several mechanisms to avoid FCNC at the tree On the other hand, a muon collider could provide very
level. Glashow and Weinbefd 4] proposed a discrete sym- interesting new constraints on FCNC, for exampig
metry in the two Higgs doublet modé2HDM) which for-  — u7(e7) mediated by Higgs exchang@3] which test the
bids the couplings that generate such rare decays, hence th@jxing between the second and third generations. Addition-
do not appear at the tree level. Another possibility is to conlly, the muon collider could be a Higgs factory and it is well
sider heavy exchange of scalar or pseudoscalar Higgs fieldéown that the Higgs sector is crucial for FCN@4]. Fi-

[15] or by cancellation of large contributions with opposite nally, effects on the coupling of muon and tau in the 2HDM
framework owing to anomalous magnetic moment of the

muon could be significantly improved by E821 experiment at
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p-parametef21]. Referencg21] also explored the implica- neously, so one of the Yukawa couplings remains nondiago-

tions of FCNC at the tree level foete (u*u~)—tc  Nal, generating the FCNC at the tree level.
+1c, t—cy(Z,g), D°~ DO, and Bg_gg_ Moreover, there The Yukawa Lagrangian is as follows:

are other important processes involving FCNC. For instance,
the decayB (D )—K u*7~ which depends onu—r
mixing and vanishes in the SM. Hence it is very sensitive to >~
new ghysics. Another one iB‘(D‘)HK‘,u*ey‘ whose + 6 QLD+ 7 T P1Efe+ €5 1T Do
form factors have been calculated[itb,22. +H.c., (2.7

The simplest model which exhibits FCNC at the tree level
is the model with one extra Higgs doublet, known as the twavhere®, , are the Higgs doubletmﬂ and fﬂ are nondiago-
Higgs doublet mode[2HDM). There are several kinds of nal 3x3 matrices and,j are family indicesD refers to the
such models. In the model type |, one Higgs doublet prothree down quark®=(d,s,b)", U refers to the three up
vides masses to the up and down quarks, simultaneously. quarksUE(u,C,t)T, andE to the three charged leptons. The
the model type II, one Higgs doublet gives masses to the upuperscript 0 indicates that the fields are not mass eigenstates
quarks and the other one to the down quarks. These formgfet. In the so-called model type I, the discrete symmetry
two models have the discrete symmetry mentioned above tgyrbids the terms proportional t@ﬂ , meanwhile in the

avoid FCNC at the tree levdll4]. However, the discrete model type Il the discrete symmetry forbids terms propor-

symmetry is not necessary in whose case both doublets gefipnal to §H’O' 775,0, ﬂiEj’o-
erate the masses of the quarks of up-type and down-type, |n this kind of modeltype Il), we consider two cases. In
simultaneously. In the literature, the latter is known as thghe casga) we assume the VEV as

model type 111[25-27). It has been used to look for physics

beyond the SM and specifically for FCNC at the tree level 0 0

[21,15. In general, both doublets could acquire a vacuum <‘D1>o=( /\/E) <c1>2>0=( /\/E) 2.2
expectation valugVEV), but we can absorb one of them U1 v2

rotating the Higgs fields properly. Nevertheless, we Sha'hnd we take the complex phasewfequal to zero since we

show that a substantial difference arises from the case igre not interested iC P violation. The mass eigenstates of
which both doublets get the vacuum expectation valugne scalar fields are given g8

(VEV), this is because a rotation of the Higgs fields implies
to fix one parameter of the model. Therefore we will study (qu) ( cosp sinﬁ) ( ¢,1i)
the model type Il considering two cases. In the first case, the = + |
two Higgs doublets acquire VEYcase(a)]. In the second b2
one, only one Higgs doublet acquire VEWase(b)]. In the

_ _U0~0F 110 D,0~0 0 U,0~0 0
—Ey=7;;"QiLP1Ujr+ 7 Qi  P1Djr+ & Qi  P2Ujr

H* —sing cosp

latter case the free parameter faris removed from the G? _[ ¢osB  sing V2 Im ¢
theory making the analysis simpler. A° —sing cosp/| V2Img3)’

In Sec. I, we describe the model and define the notation
we shall use throughout the document. In Sec. Ill, we show HO cosa sina\(\2Re¢d-v;
that we can make two kinds of rotations for the flavor mixing ( 0) =( , ) 0 ) ,
matrices which generates four types of different Lagrangians, h —sina  cosa/| J2 Regg—v,

and that in the framework of the first rotation we arrive to the 2.3

case(b) from the casda) in the limit tanB— o , while with where taB=uv,/v, and @ is the mixing angle of the

the second rotation we obtaib) from (a) in the limit tang CP-even neutral Higgs sectdBy v, are the would-be Gold-

—0. Fu_rthermore, we find that two of the four possible stone bosons faZ(W), respectively. AncA® is the C P-odd
Lagrangians correspond to the models of types | and Il plu%eutral Higas bosonH™ are the charged phvsical Hidds
flavor changing FC) interactions. 99 ged phy 99

. bosons.
b In Sec. IV we get bounds on LFV in the 2HDM type Ili The casgb) corresponds to the case in which the VEV
ased on the decays—ey and u—eee Such decays are are taken as
examined in the context of both cases and (b) according
to the classification made above, and with both types of ro- 0 0
tations. We find that such constraints depend on whether we <q>1>0=( ) (@2>0=( ) (2.9
use casesa) or (b) and on what kind of rotation is utilized. vi/\2 0

The mass eigenstates scalar fields in this cas¢2&,&0

Il. THE MODEL
The 2HDM type lIl is an extension of the SM plus a new Gw=¢1, H =¢7,
Higgs doublet and three new Yukawa couplings in the quark
and leptonic sectors. The mass terms for the up-type or G2=\2Im¢?, A°=\2ImeJ, (2.5

down-type sectors depend on two matrices or two Yukawa
couplings. The rotation of the quarks and leptons allows usind the neutraC P-even fields are the same as in the former
to diagonalize one of the matrices but not both simulta-model just replacing,=0. A very important difference be-
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tween both models is tha, is a linear combination of
components ofp; and ®, in the model(a), meanwhile in MEiao—y, | = ,P. 0y P2 2 ¢DO|yT
the model(b) is a component of the doubldt;. \/E \/—
U2
Il. GENERATION OF MODELS TYPE | AND I mdiao=T1, \/_7;“ 04 \/_gu'o TL. 3.2
FROM TYPE Il 2 2
D,0 £U,0 T
To convert the Lagrangiaf®.1) into mass eigenstates we V& can solve fog=", £~ obtaining
make the unitary transformations 2 _ v,
0= ~=vMEev— 2P0,
DL,R:(VL,R)DE,R
gU \/ETTMdIagT 77U ,0 (33)
UL,R:(TL,R)UE,R (3.1 U2

Let us call Eqs(3.3) rotations of type I. Replacing them
from which we obtain the mass matrices. In the context ofinto Eq. (2.1) the expanded Lagrangian for up and down

case(a) sectors are
_gan___ 9 Gydiaskp DG+__ig Umdiag,, UGl — 9 UMy (sinaH %+ cosah®)
Y(U) \/EMW u L w ZMW U 5 z ZMWSinﬁ ]
igcotB— gcotB . [[R— (I
— UM a9y UAL— UMY39kp DH* + UnYysUAY— U YU
2My u s \/— My U L \/Esinﬁ 7 7s \/Esin,B 7
1
><[sin(a—,8)H°+Cos(a—B)h°]+WUWUKPLDHJW—H.C., (3.4
_gan_ 9 ——UKM%39p DG JriDM"'ag DG°+LﬁMd‘agD(sinaH%coSaho)
Y(D) \/EM R w 2M Vs z ZMWSin,B D
cotp— ) igcotp— . i 1
.9 BUKMg'agPRDH++ 9 'BDMg‘agySDAO— D %P ysDA°~——D 7P
V2My, ZMw ﬁ sing JV2sing
X[sin(a— B)H+cog a— B)h°]— SmBUKnDPRDH++Iepton|C sector H.c., (3.5

whereK is the CKM matrix andn"® =T (V) 7V T (V)" and similarly for£V®). The superindexd,!) refers to the
case(a) and rotation type |. The leptonic sector is obtained from €05 replacing the dowrup) quarks by the charged
leptons(neutrinos.

It is easy to check that if we add Ec{§ 4) and(3.5) we obtain a Lagrangian consisting of the one in the 2HDM ty[28|,
plus the FC interactions, i.e. ﬁ, +£ (D) - Therefore, we obtain the Lagrangian of type I from E@s4) and(3.5) by setting
n°=7nY=0. In addition, it is observed that the cad® in both up and down sectors can be calculated just taking the limit
tanB— .

On the other hand, from E@3.2), we can also solve fopP, 7" instead oféP:% Y0, to get

\/E i U2
nD,OZ _V’[MglagVR__gD,O,
U1 U1

vo_ V2

. U2
V0= = TMEReT— 2 U0 (3.6
Uq U1

which we call rotations of type Il. Replacing them into EJ.1) the expanded Lagrangian for up and down sectors become
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_pe(all)y_ g — diag +_ ig 11nqdiag 0+ g 11nqdiag 0_ o 0
£V \/EMWUMU KP. DGy _ZMWUMU vsUG> —ZMWcos,BUMU U(cosaH"”—sinah®)
igtang— . g — 1 — —
+ UM%y UAS+ tanBUM 339K P DH* — ——U&KP DH* + ———U¢gYU
2MW u s \/EMW B U L COSB L \/ECOSIB
i _
X[sin(a— B)H+cog a— B)h°]— ———U &Y ysUA+ H.c, (3.7
\J2 cosp
—£<a'“>=iiBMdiagy DG+ —3 UKM‘“agPRDG++LSMdiagD(COSaHO—SinahO)
Y(D) 2MW D 5 z \/EMW D w ZMWCOSB D
igtanB— . tanf— . 1 — _
-9 BDMg'agysDAo—g BUKM%“"‘QPRDH++—UK§DPRDH++—DgDD
2Myy 2Myy, cosp J2 cosB
TR
X[sin(a— B)H+cog a— B)h°]+ ———D &Py DA+ leptonic sectot H.c. (3.9
J2 cosp
|
The superindexd, 1) refers to the casé) and rotation Gragm’
type II. In this situation the cas@) is obtained in the limit  T@I( 4 ey)= Mmosa sin(a— B)F1(Myo)
tanB—0, for up and down sectors. Moreover, if we add the 4m*\2codp

Lagrangians(3.4) and (3.8) we find the Lagrangian of the
2HDM type 11 [28] plus the FC interactions, i, +£%(p, -
Similarly like before, Lagrangian type Il is obtained setting
£éP=yY=0. Therefore, Lagrangian type Il is generated by
making a rotation of type I in the up sector and a rotation ofyynere
type Il in the down sector, it is valid sincg’ and &° are
independent each other and sameytbP.

In addition, we can build two additional Lagrangians by
adding £7)+£75) and £30)+£{5) . So four different
Lagrangians are generated from the céme On the other

—sina cog a— B)F(Myo)
+sin BF 5(Mpo)|? 4.1

log x?/m?]
F1(0=~2F,(x)= ———*. 4.2

hand, terms involving would-be Goldstone bosons are the The decay widths for the procegs—eee in the two

same in all the Lagrangians in the gauge, while in the
unitary gauge they vanig28].

Finally, we can realize that in both cades and(b) with
both types of rotations, FCNC processes vanishes when all
Higgs boson masses go to infinity. We shall show it by using
the rare processgs—eeeand u—ey.

cases read

IV. LFV PROCESSES

In the present work, we study the procesges ey and
pn—eeein the 2HDM type lll. The decay width ofi—ey
in both casega) and (b) comes from one loop corrections,
where we have used a muon running into the loop. The first
interaction vertex is proportional to the muon mass and the
final vertex is proportional to the flavor changing transition
u—e. The decay widths in the two types of rotations are
given by

ré(u—eee=

5.:n2,.2
GFm,u,me 7],u,e

J251273sin' 8

sina sin(la—B)

2
mHo

2
N cosa coga— ) cosﬁ’

mﬁo mio‘ ,
F(a,ll)( _eeq= GFmimg ie cosa sin(a— B)
# J251273cod s m2o

. . 2
sina cog a— B) sm/s”
a 2 2 | -

Mo mAO‘

4.3

GFaemmZ/, nie
47*\2 sirfB

+ cosa cog a— B)F1(mpo)

reD(u—ey)=

—cosBF,(Myo)|?,

|sina sin(a— B)F1(myo)

The corresponding expressions for the cédseare ob-
tained taking the appropriate limits, in rotation type | fan
—o and in rotation type Il tag— 0. These FC processes
vanish when all Higgs boson masses go to infinity.

Now, by using the experimental upper bounds for LFV
processe$l11,12
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tanf
0.005
0.004
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0.002
0.001
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(a,)) and (a,ll) with respect to the parameter fanWe have taken
the Higgs boson magso to infinity and = 7/16 andmo=myo
=300 GeV. The curve that increases with fagorresponds to the
model(a,l).

Mao going to infinity. We plot 7(§) .. vs tang, for «
= 7/16 andmyo=m,o=300 GeV for the model&,l),(a,ll),

are quite different in a long range of {@nAdditionally, near
to the critical points of ta@(=0,0), the models take
complementary values.

1600 The 3D plots ¢(£) ,e.mp,m3) are shown in Fig. 3 for

FIG. 1. Figure 1 corresponds to 3D plots of the fraction of FC my=500 GeV,a= 77/16.ar.1d tag=1. They represent the
couplings coming from the ratio of the muon contribution and taumodels (a) and (a,ll),_ similar to Fig. 2. Once again, we
contribution in the radiative corrections for the processey. We  realize that the behavior of both models is quite different.
set a= /16, myo=300 GeV andmuo is going to infinity. The Figure 4 corresponds to the modeg|l) and (b,Il) in
figure on the top corresponds ta,l) and the other one t(a, II). which myo=300 GeV anda= w/16. For the modela,ll)

ma

I'(u—ey)<3.59x 10 GeV,

I'(p—eea<3.0x10 3 GeV, (4.4
0.006

we get restrictions toy(¢) parameters which generate FC at .
the tree level. We see that the upper bounds imposed by 7
— ey are much more restrictive. €002

We use a muon running into the loop for the calculation o
of u—ey instead of a tau as customary. We take the quo-
tient T@7/T@» where'®#) represents the width of
—ey with a muon into the loop for the cade), and simi- ik
larly for T®7 with tau into the loop. Supposing that s
r@mir@n~1 and settingnyo=300 GeV, a==/16 and
ma—, we plot the quotients

004

0.004

Nue , §,ue (4.5) 0.003
NurMre g,u,rgre f 002
0.001

VS mﬂ and tangB. We notice from Fig. 1 that the values ob-
tained for the fraction cover a wide range. Consequently, it is o
not necessary that the tau contribution is more important thar
the muon one.

We turn now to derive constraints for the parameters of
the Higgs sector. Let us consider the procgssey in both FIG. 3. Figure 3 is for the parameter sp§ieg¢) ., mp,ma] for
cases and both types of rotations for different values of théhe models(a,l) and (a,ll), respectively. We set tgh=1, myo
Higgs boson masses and mixing angles. In Fig. 2 we take-500 GeV, andu= 7/16.

400

600

mh

095007-5
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respectively. We can observe that the behavior of the models
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ma

NS

mh 600

FIG. 4. Figure 4 is for the parameter spaggd,mf),my) for the
models (a,ll) and (b,Il), respectively. We semyo=300 Gew
=7/16. We use tag=1 for the model(a).

we use taB=1. These graphics illustrate that the ca&ms
and (b) are substantially different.

V. CONCLUSIONS

In the present work we examine a 2HDM type Ill which
produces FCNC at the tree level. We classified the mod
type Ill according to the VEV taken by the Higgs bosons and
to the method used to rotate the mixing matrices. All that, in
order to write down the Lagrangian in the mass eigenstate
When both doublets acquire a VEV we have called it dase

PHYSICAL REVIEW D 63 095007

of £&P0 £Y0 and the mass matrices we call it a rotation of
type Il.

In addition, we observe that the 2HDM of type | plus FC
interactions is generated by adding the Lagrangian of type
(a,l) in the up sector and the Lagrangian of ty(ael) in the
down sector, £,)+£%p,. Meanwhile, the Lagrangian of
type Il plus FC interactions is generated by adding the La-
grangian of typda,l) in the up sector and the Lagrangian of
type (a,l) in the down sector, &\, +£%(p, . Other two dif-

ferent combinations are possible, i.e.{{ +£(H and
£G) +£5D) . Moreover, if we began with a Lagrangian of
type (a,l) we would obtain the Lagrangiatb,l) taking the
limit tan B— o, while if we started with a Lagrangian of type
(a,ll) we would obtain the Lagrangiaftb,Il) in the limit
tang—0.

In order to emphasize the difference between the c@ses
and (b) we can notice that cagé) could be obtained from
the casdga) by rotating the Higgs fields properly, in order to
set one of the VEV equal to zero. However, making a rota-
tion implies to fix one parameter of the model, in this case
tanB=v,/v;—0, . Nevertheless, it is well known that
physical observables are in general sensitive tgBtazonse-
quently the caséb) is a particular occurrence of ca&®.

Furthermore, to illustrate the importance of the classifica-
tion made in Secs. Il and Ill, we show graphics to find
bounds on the FC coupling(§) ., coming from the process
u— ey and we realize that such bounds are sensitive to the
type of rotation and also to the structure of the VEV. We also
calculate the procesg— 3e for both kind of rotations but
the constraints obtained were less restrictive than the ones
obtained with the process—ey.

Finally, to evaluate such bounds we have used a muon
running into the loop for the procegs— ey instead of a tau

s usual. Consequently, we plot the quotig®) in terms of

no and tarB, getting a wide range of allowed values for that
quotient. So, the tau contribution is not necessarily more
émportant than the muon one.
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