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We calculate the new physics effects to the branching ratios of the lepton flavor conserving Aecays
—1717 in the framework of the general two Higgs doublet model. We predict the upper limits for the

couplings|& ., and[&Y ,.| as 3x 107 GeV and 2X10? GeV, respectively.
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. INTRODUCTION and axial vector coupling constants and a; in Z decays

) ) have been measured at the CERNe™ collider LEP[11].
In the standard modelSM) of electroweak interactions ¢ ,rthermore, the measurements of the weak electric dipole
lepton flavor is conserved. This conservation can be brokep, - onie of fermions have been performe®]. In Ref
W'tlh the g ex_tt(?]nsmn (.)f the SM SUCht as ;geM standar_f[jt. mOdeEIS], various additional types of interactions have been stud-
enlarged with massive, mixing neu rinGgSM), permi N9 jed and a way to measure these contributions in the process
the existence of the massive neutrinos and the lepton mixing "~ .+ s described. In Ref15], a new method to mea-

mechanism[1], »SM, extended with one heavy ordinary L
Dirac neutrino or two heavy right-handed singlet MajoranarS]:;egggnegar%t;%vsvggk mixing angle Zndecays to tau leptons

neutrinos[ 2], the Zee mode]3], and the general two Higgs -
doublet model, which contains off diagonal Yukawa cou- In the present work we study th? L Il dec_ays_,
wherel =e, u, 7, in the model Il version of 2HDM, which is

li in the | Al - : X L
plings in the lepton sectd] he minimal extension of the SM. Since the SM prediction

LeptonicZ decays are among the most interesting lepto ) .
flavor conserving(LFC) and lepton flavor violatingLFV) or these o_lecays, even in the tree _Ieve_l, is almost the same as
experimental one, the contributions beyond the SM,

interactions and they reached great interest since the relatd ich ist at least in the | level. should b I
experimental measurements are improved at present. witffhich can exist at least in the loop Ievel, should be sma
the Giga-Z option of the OESY TeV Energy Superconduct-e_nough not to exceed the experimental results. This dISCL.IS-
ing Linear AcceleratofTESLA) project, there is a possibility slon stmplates us to study t'he BR's of these processes with
to increaseZ bosons at resonangs. the a_lddltlon of the.contrlbutlons beyond th_e SI\D/I ano! t.ry to
The processeE—I|~1* with | =e, u, 7 are the among the Predict upper limits for the new couplingsy;;, 1]
LFC decays and they exist in the SM even at the tree level= & /.7 €xisting in the model used. The restrictions of these
The experimental predictions for the branching ratios ofcouplings have been studied in the literature extensively. In

these decays afé] Ref. [16], the coupling|§',3,#7| was predicted in the range
. 10°—10° GeV, by using the constraint coming from the ex-
BR(Z—e e")=3.366+0.0081 %, perimental limits of theu lepton electric dipole moment

EDM [17]. Furthermore, the couplin@ﬁyerl could be ob-

BR(Z—p"u")=3.367£0.013%, @ tained as 10* GeV using the upper limit for the procegs
BR(Z— 7 r")=3.360+0.015 %, —ey, since this process fixes the combinatiélf, €3 ¢,
However, the upper limit for the couplingf .. could not be
and the tree level SM predictions are predicted by using above processsse Ref.[16] for de-

tails). Recently, the LFVZ—17 1, decays have been studied

in Ref.[4] and it was shown that it is possible to reach the
@) experimental upper limits of BR(—i*j*) where i,j

=e,u;e,7;u,7. Since these experimental data need im-
BR(Z— 7 7")=3.328%. provement, more strict constraints for the couplings under

consideration cannot be obtained in this case. However, the
71+

BR(Z—e e")=3.331%,

BR(Z—u p*)=3.331%,

Comparison of these experimental and theoretical result§M contribution to the BR’s of the LFZ— decays is
shows that the main contribution comes from the SM in thdarge enough to describe the experimental results within ex-
tree level and the |00p Contributions1 even the ones beyonﬂerimental errors and, therefore, an analySiS can be done for
the SM, should lie almost in the uncertainity of the measuremore strict upper limits of the new couplings appearing in
ments of these decays. model Il
In the literature, there are various experimental and theo- In model lll, the neutral Higgs bosom andA° play the
retical studie§7—15). A method to determine the weak elec- important role for the physics beyond the SM, in the calcu-
tric d|p0|e moment was deve|0ped in Rég] The vector lation of the BR’s of the LF&Z—1"1* decays. This analysis
shows that the predictions of the upper limits for the cou-
plings [&) . and [&,,| are ~3x10°GeV and ~1
*E-mail address: eiltan@heraklit.physics.metu.edu.tr X 10° GeV, respectively, however, an upper limit for the
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. D _with the vacuum expectation values
coupling| &y ¢,] cannot be found due to the small contribu-

tion of new physics effects to the BR of tde~e~e* decay.
Here the predicted upper limit f¢_',3w| is more strict com-
pared to the previous studies. Furthermore, the upper limit
for [&X.,,] can be obtained. Here, the coupligl ; is de-
fined asgﬁy,iz \/4GF/\/2§ND’” and the definition of the cou-
pling £, is given in Sec. II.

The baper is organized as follows. In Sec. Il, we presen
the explicit expressions for the branching ratios of

((]51):%(2), (¢2)=0, 5

ﬁelps us to decompose the SM patrticles and beyond in the
tree level. In this case, the first doublet carries the SM par-

—171" in th? framework of the mode_l lll. Section Il is ticles and the other one is responsible for the particles be-
devoted to discussion and our conclusions. yond the SM. Therefore, we take, andH, [see Eq(4)] as
. the mass eigenstaté8 andA° respectively, since no mixing
IIl. Z—171" DECAY IN THE GENERAL TWO HIGGS betweenCP-even neutral Higgs bosor® and the SM one

DOUBLET MODEL HO occurs at the tree level. In E¢3) gﬁ are the Yukawa

In the SM, lepton flavor is conserved since the mattermatrices and they have in general complex entries. Notice
content forbids the lepton flavor violation. However, mostthat in the following we replace® with &3 where “N”
theories beyond the SM may bring flavor changing neutrafenotes “neutral.”
currents(FCNO) at the tree level, unless some discrat The general effective vertex for the interaction of on-shell
hoc symmetries are imposed to eliminate them. The model £ boson with a fermionic current is given by
and Il versions of the two Higgs doublet mod2HDM) [18]
are the examples of the theories beyond where FCNC at the 1
tree level is forbidden. In model I, the up-type and down- Iu=7u(fy=fays)+ m(fMJFfE“Ys)%vqu (6)
type quarks are coupled to the same scalar doublets, how-
ever, in model Il, they are coupled to two different scalar
ones. In the model Il version of 2HDM, treed hocdiscrete

symmetry in the Yukawa Lagrangian is not considered ange . magneti¢electric dipolé moment of the fermion. Here

the FCNC interactions at the tree level are allowed. Thi . -
: . ; " P(—p’) is the four momentum vector of leptdantileptor).
makes the LFV interactions possible. Furthermore, the emsﬁ%r t?ugZ—>I*I+ decay, the couplings, angf(i have[z) cc?n-

tence of FCNC at the tree level brings new contr_|but|ons totributions from the SM’f\S/M andf,?'\", even at the tree level,
LFC decays. The most general Yukawa interaction for the g L
and all the couplings have contributions beyond the SM,

whereq is the momentum transfeg?=(p—p’)?, fy (fa) is
ector (axial-vectoy coupling, fy(fg) is proportional to the

leptonic sector in model 1 s foevond where | =V,A,M,E. The explicit expressions for
Ly= Rl diEje +ETL 2B+ Hoc., (3  these couplings are
wherei, | are family indices of leptond, andR denote chiral f\S;M: '9 Cy,
projectionsL(R) =1/2(1% ys), ¢; for i=1,2, are the two oSty
scalar doubletd,; andEr are lepton doublets and singlets
respectively. The choice ap; and ¢,, i
sm__'9
1[f o V2" 1 vaH? FA"= Costy A 7
Pi=2 om0/ Tlixe [ 27 5 Hytin,)
(4 and
|
. self, self
_|g 1 Lho LAO 1 1-x 1 _ 1 1
foevond_ = f dxoyn’(—1+x)| In—5— +f dxf dy! s (=1+x+y)mm-u | e —ver—
v 32 COS@W’JTZ( 0 Sy 7; ( ) Mz MZ 0 0 y 2( y)mim;-a; L\r:g:.\o Lx%rho

+Cy

1 1
[—nivmi2+(—1+x+y)7;i+mim,f]LTS,—[ni\’mi2+(—1+x+y)ni+mim,f]LTeO,
h A

1 LV%T Lv%r
h A
+pV[2— (@Pxy+ M (= 1+ x+Y)?]| e+ —ver "1(—2—2 :
ho LAo M
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|g sglf self 1-x L\ég;\o LX%BO
beyond_ +
™= 35 costy? deCA”'( 1+x) In—;—;) fdxf dy} —2cam In—7= — 7~
Loy 1
tcCa [77i _( 1+X+y)77| mim;-] ver+[77 Pt (= 1+X+Y)77| mm- | — L ver
ho AO
ver
, 1 Ly L8
+ V12— (0Pxy—m(— 1+ x+Y)?]| e+ —ver| TIn| —2— —% ,
o Lao s
1-x 1 1
beyond_ 9My f x4+ _ |+ — m(v—y¥)— +

X[— g m+2(—1+x+y)p'm-]+

G

fbeyond_ 9Mwy dX 1= Xd 2(1— ™ N 1
256008{9\,\/772 ¥y 2( Xy [77I m (x— y)77| m-] —er—

1
—a (7 Mi(x—y)—Acy(x+y)[ 7 m+2(—1+x+y) p'm-]) |,

LhOAO

1 1
—[ i mi+2(y—x) 7'm-1 e [ver +H{mil 7 (y=x)+4cyn (x+Y)]+2(y—x)(—1+x+y) n'm-} <5

L pop0 L p0
+ - \Y 1
H{mi[ 7" (x—y)+4cyn (X+y)]=2(x—y)(—1+x+y) 7, ml—}LTer ' (8
hO
where
Lﬁg”— mho(l X)+[m2— mI (1—x)]%, LSA%" ﬁg(mhoaon) Lyo= mﬁo(l—x—y)+mi2(x+y)—q2xy,
L nono= MpoX+MZ(1=Xx—y)+(Ma0— a2y, Luo=Lyg(Mpo—mao), Lyg0=Lyo0(My,—Mao), 9)
and
§N|I§NI|1 77| gN il N|I+§N |I§N li» gN il N|I gN |I§N i - (10)
I
The parametersc,, and c, are ca=-—1/4 and cy=1/4 lll. DISCUSSION

—sir? 4y. In Eq. (10) the flavor changing couplinggﬁyIi

represent the effective interaction between the internal lepton Flavor conserving —

i, (i=e,u,7) and outgoingincoming |~ (I ") one.
In general the Yukawa couplingﬂIi are complex and
they can be parametrized as
Eni=lénale', 1y

with lepton flavors, | andCP violating parameterg,, . No-

tice that parameterg;, are the sources of the lepton EDM.

Finally the BR for the LFC procesg—I|~|", for the
vanishing external lepton masses, can be written as

_ mz 1
BR(Z*)' |+):12771_‘Z[ fV 2+ fA 2+—2 co§ 0W(|f,\/||2
i), 12

where fy=foM+fovond £, = fSMy gbeyond  gng £y,
= fpevond f_— gpevond Herel', is the total decay width o
boson, namely’,=2.490+ 0.007 GeV.

I "1~ decays are possible at the tree
level in the SM model and the contribution of one loop cor-
rections to the tree level result is small. Our aim is to deter-
mine the new physics effects to the BR of these decays and
to predict the restrictions for the free parameters of the model
used. The model we study is the model Il version of 2HDM,
which may bring considerable contribution to the BR (
—1%17) beyond the SM. However, in model llI, there are a
large number of free parameters, namely, the masses of
charged and neutral Higgs bosons, the Yukawa couplings that
can be complex in general. The dimensionfull Yukawa cou-
plings in the lepton sector a@'ij , 1, j=e, u, Tand it is
necessary to restrict them using the present and forthcoming
experiments.

The CouplingsEtN"ij, i, j=e, u can be neglected com-
pared to &y ; i=e, u, 7 with the assumption that the

strength of these couplings are related with the masses of
leptons denoted by the indices of them. Furthermore, we
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TABLE |. The values of the input parameters used in the nu- 35 T T T T T 7]
merical calculations. - /]
T\ //,
Parameter Value +z 25 |- 7 -
mg 0 (GeV) £ 20 |- /// -
m, 0.106(GeV) Eé/ 15 - 7 .
m, 1.78(GeV) 2 10 //’ -
My 80.26(GeV) | s /,/ i
m, 91.19(GeV) 4__--———1"’//. | | |
Ge 1.1663% 10°% (GeV ) 05 s m I ” Y 30
r, 2.490(GeV) 1072 |82 | (GeV)
. WUT
sin 6y v0.2325

FIG. 2. [&] .| dependence of the BR™ (Z—u u*) for
mpo=80 GeV andm,o=90 GeV. Here the soliddashedl line rep-
resents the SMbeyond contribution.

assume thafﬁyij is symmetric with respect to the indices

and j. Therefore, the Yukawa couplingg ., éx..., and  loop diagrams including the chargéti” bosons beyond the
EEI T play the main role in our |ept0n Conserving deca&sy SM, S.|ncem|_|i IS |arge[21] Compared to the masess of neu-
’ tral Higgs masses, namelyy,+>5mo n0. We see that, with
-D . . . this additional part, the BR’s of the—1"1" decays can be
For &y, .-, the constraint coming from the experimental h d. by adiusti h K i d th
limits of 4 lepton EDM[17] enhanced, by adjusting the Yukawa couplings and the upper
' limits of these Yukawa couplings can be restricted using the
0.3x10 Y¥e-cm<d,<7.1x10 %ecm (13)  existing experimental measurements. Notice that in the the-

Ref[16] for detail he deviati f th | oretical calculations, we take the Yukawa couplings complex,
(see Ref[16] for details or the deviation of the anomalous 1, yever we use their magnitudes in the numerical analysis,

magnetic momen(AMM) of muon over its SM prediction  gjnce the BR's of the processes under consideration are not
[19] due to the recent experimental result of muon AMM BY sensitive to theCP violating part of these couplings.

theg—2 Collaboratior{20], can be used. The couplii§ .,  Throughout our calculations we use the input values given in
is restricted using the experimental upper limit of the BR of Taple |.

—|*.

the procesgt— ey and the above constraint fEﬁlw, since Now we would like to parametrize the BR as

un—ey decay can be used to fix the Yukawa combination BR= BRSM-+ pRbeyond (14)
2D D : -

€N ur ENer- Using the the experimental bounds @fiepton  \yhere BRM is coming from only the SM part. In Eq14),

EDM and the upper limit of the BR of the proceas-ey,  BR°®°"gets contributions from the combination of the SM
|EE,W| (EE,ETl) has been predicted at the order of the mag-and beyond, which we denote as BRY and from only
nitude of 16— 10 (10 °—10 %) GeV (see Ref[16]). For  beyond the SM, which we denote as R Peyond

|€X .| no prediction has been done yet. Figure 1 representfh .| dependence of the BRC™
The present work is devoted to study on the lepton flavoZ—e~e™) for m,0=80 GeV andm,o=90 GeV. Here the
conserving decay&—|"1", wherel=e, u, 7. The main  coupling [&} .| stands in the range 16—10 3GeV re-
contribution to the BR’s of these processes come from thgpeacting the above restrictions and the®®RYcan take the
SMin the tree level. In the calculations, we take into account,gjyes at most at the order of the magnitude of 0 This

the one loop %ontributions including the neutral Higgsyajye is negligible compared to even the uncertainity in the
bosonsh® and A® beyond the SM and we neglect the one

37 T T T >

T T T T T T T T -

_)
w
=

|
AY
AY
A
1

10 BR(Z — e*e™)
@
&
T
AN
AY
AN
1

29.5 30 30.5 31 315
10" €5, | (GeV) 1072 |€R .| (GeV)

FIG. 1. |EB,eT| dependence of the BR° (Zz—e e™) for FIG. 3. The same as Fig. 2 but the enlarged one around the
mpo=80 GeV andm,o=90 GeV. BR(Z—u u*)~3.3%.
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FIG. 4. €8] (i=u,7) dependence of the BR™ (Z
— 7 71") for my=80 GeV andmao=90 GeV. Here the solid line FIG. 5. The same as Fig. 4 but the enlarged one around the
is devoted to the SM, dashed line to t@,nj dependence for BR(Z— 7 7")~3.3%.
|€R ,,|=10°GeV, small dashed line to th&, .| dependence for
|éR.-,=10°GeV and dotted line to théy .| dependence for

N that BR®°"can reach the SM value for the large values of
|€R. .,/ =3X 107 GeV.

the couplings [ ,,|~3.0x10°GeV and [&] ,|~3.0

. . - X10*GeV. Our aim is to get a BR"*"so that the BR does
experimental result of the BRZ(~e"e™), ~0.008%. This  not exceed its experimental value. To ensure this, first, we
cqncludes that t_he new physics effects in model 11l 9035 NOthoose the upper limit of the couplindf[,jw| as 3
bring any contribution to the BR of the procegs-e e X102 GeV, respecting the BR°"(Z— 4~ u*) and then

and a new constraint for the COUD”WER,J_ cannot be yse the uncertainity of the experimental result for BR (
found. Notice that the BR'® besyond(zﬁe*eﬂ is at the or- 7~ 7*), namely, 0.015%. We predict the upper limit of the
der of tpe magnitude of 1G% We also stud?j/ the Higgs coupling ag& .| <1x10% GeV (see dotted line in the Fig.
bosonh® massmyo dependence of the BR°" (50<myo 4). Notice thanBFqure beyond(7_,e~e*) can reach the SM

- _ )
80 GeV) and observe that, fan,0o=50 GeV, there is an vplue forlgﬁ,wl~3.5>< 10° GeV and|EB,TT|~3><103 GeV.

enhancement more than a factor of 2 larger than the result fo
myo=80 GeV. For completeness we study the mase dependence of the

BRP®Y°"d (50<m,0<80GeV) and observe that fomyo
=50GeV, there is an enhancement less than a factor of 2
- + _ _ 1

(Z—p " p") for myo=80GeV andmao=90GeV. Here the |, 401 than the result fom =80 GeV. Figure 5 is the en-
solid (dashedl line represents the Skbeyond contribution. larged version of Fig. 4 around the BRZ{7 7)

It can seen that the BR°"can reach the SM values for the 320, " ciilar to Fig 3

large values of the couplingéy, ,,.|~3.1x 10° GeV, which As a summary, we study the BR°"s of the lepton fla-
lies in the above constraint region. Not to exceed the experiyor conserving decayg—1~1"(I=e,u,7) in model lll. We
mental result of the process—u~ u*, we need to predict observe that the one loop diagrams due to neutral Higgs
an upper limit for this coupling. By taking into account the hosonsh® andA° can give considerable contributions and it
uncertainity of the experimental result, namely, 0.013% wes possible even to reach the tree level SM result. This forces
get the wupper limit of the coupling aéE[N"M|~3 one to predict the upper limits for the Yukawa couplings in
X107 GeV. The BRU" b®¥°nd(7_,e~e™) can also reach the the lepton sector: An upper limit for the couplingy |
SM value for |EBW|~3.5>< 10°GeV. Furthermore, the cannot be found since the new physics effects to theZBR(
Higgs bosonh® massmyo dependence of the BR° (50 —e e™) are extremely small compared to the SM result, we
<mo<<80 GeV) shows that fom,o=50GeV, there is an predict the upper limit of the coupling a@’MT|<3
enhancement more than a factor of 3 larger than the result fog 1(? GeV; we predict the upper limit of the coupling as
;nrig;nilothG:\éR?gure‘BJ;s tr31e303nlarged version of Fig. 220 | 1% 102 GeV. Furthermore, BRY*™is not so much
— ~3. . aiti
_ : pop )2 sensitive to the masg®io.

Figure 4 is devoted tf thgy | (i=pu,7) dependence of In the future, with the more reliable experimental result of

the BR® (Z—7 r") for mp=80GeV and My  the BR’s of above processes, it would be possible to predict

=90 GeV. Here the soliddashed, small, dottedine repre-  the values of the free parameters, existing in the models be-
sents the SMbeyond. The dashed line is devoted to the yond the SM, more accurately.

|€8.-.| dependence fof¢y, .|=10°GeV, the small dashed
line is to the|&y ,,| dependence fof¢y, ,,|=10° GeV, and

In Fig. 2 we presentéy, .| dependence of the BRO™

the dotted line is to théeR .| dependence foEtN"m|=3 ACKNOWLEDGMENTS
X 10° GeV, which is the upper limit OEBYWL obtained us- This work was supported by Turkish Academy of Sci-

ing BR®Yd (7 .~ ™). From this figure, it is observed ences(TUBA/GEBIP).
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