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The standard model predicts that the Higgs boson couples to the fermions in the mass eigenstates.
We consider the effects of lepton flavor violating (LFV) Z boson couplings in the case where the Higgs
boson has flavor nondiagonal Yukawa interactions with the muon and the tau lepton generated from
physics beyond the standard model. We list the formulas of the couplings of the effective interactions
among the 7 lepton, the muon and the Z boson. Using these formulas, we calculate the branching fractions
of various leptonic and hadronic LFV 7 decays, and the LFV Z boson decay: Z — zu. Although the
Z-boson contributions to LFV tau decays cannot be ignored in terms of the counting of operator dimensions
or chirality flippings, it turns out that they are not very significant for r — 3u and 7 — pp decays. We also
calculate the branching fractions of the processes, 7 — ur, 7 — un") and T — pa,, which are dominated by

the Z-boson exchanges due to the spin and the parity of the hadrons.
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I. INTRODUCTION

The Higgs boson has been discovered at LHC [1-3] in
2012 with mass around 125 GeV [3-5], and all particles in
the standard model (SM) are now discovered. Nevertheless,
the nature of the Higgs field and its potential is still
unknown. It is quite natural to expect that there is some
larger framework, physics beyond the standard model
(BSM), that provides us with better understanding of the
nature of the Higgs boson.

The lepton flavor violation (LFV) is one of the clear
signals of BSM. Although the observation of neutrino
oscillation phenomena (see Ref. [6] and references therein)
implies that lepton flavor is not conserved in the neutrino
sector, simple incorporation of the neutrino mass in the SM
does not result in the charged lepton flavor violation at the
observable level [7,8]. Since the Higgs field is the origin of
the flavor structure in the SM, it is quite conceivable that
BSM hidden behind the Higgs mechanism induces the LFV
processes with their rates much larger than the ones
predicted from the neutrino mixings. Indeed, it has been
shown that various scenarios of BSM predict large branch-
ing ratios of LFV processes, for example in supersymmetric
models [9-17], multi-Higgs doublet models [18] (for a
review see [19]), the littlest Higgs model with T-parity
[20-22], the model with flavor symmetry [23], and the SM
extended by extra dimensions [24-28].

After the recent discovery of the Higgs boson, there have
been many studies on its properties such as spin-parity and
couplings [4,5]. One of the nontrivial predictions of the SM
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is that the Higgs boson couples to fermions in the mass
eigenstates [29]. This prediction is not necessarily true in
BSM physics, and thus searching for flavor off-diagonal
couplings opens up the opportunities to probe the physics
behind the Higgs mechanism. The possibility of LFV
couplings of the Higgs boson has been originally studied
by Bjorken and Weinberg [18] (see also [30-35]), and after
the start of the LHC experiments the model has been paid a
renewed attention [36—42]. In these works LFV processes
induced by the off-diagonal Higgs couplings have been
discussed, especially y — ey, T — py and 7 — ey decays.
Bjorken and Weinberg have pointed out that two-loop
diagrams provide the main contribution to these processes
rather than one-loop diagrams due to the chirality structure.
It has later been estimated that the two-loop contributions
are a factor of a few larger than the one-loop ones [38,43].

LFV processes have been searched for in the decays of
the muon and the tau lepton. The current experimental
limits on the branching fractions are B(u — ey) < 5.7 x
10713 [44], B(u — 3e) < 1.0 x 10712 [45] and B(uAu —
eAu) <7 x 10713 [46] for muons. For LFV tau decays,
there have been searches for decay modes such as 7 — uy,
7 — 3 leptons, and 7 — p + hadrons [47], and the upper
bounds have been obtained as O(107). In particular, the
BABAR and Belle experiments set a limit 5(z — py) <
4.4 x 1078 [48,49]. Although the upper bounds look much
stronger for muon decays, tau decays may be more
important if the origin of LFV is related to the Higgs
mechanism as the Higgs field couples strongly to matter
in the third generation. In the future, the sensitivity to the
branching ratios of the LFV tau decays such as 7 — uy and
7 — 3u will be improved to at the level of 10-~10) [50] at
the Belle II experiment.

© 2015 American Physical Society
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In addition to the B factory experiments, there have been
searches for the LFV Higgs decays at the LHC experi-
ments. Recently, the CMS collaboration has reported the
upper limit of the LFV Higgs decay into the tau and the
muon using 19.7 fb~! of /s = 8 TeV data set taken in
2012 [51], and this provides us with the upper limit on
LFV Yukawa couplings of O(1072) [38,51]. Interestingly,
the analysis of CMS has also reported a 2.4¢0 excess in the
H — tu decay mode [51].

In the literature on the LFV tau decays through the
nondiagonal Yukawa couplings, one-loop and two-loop
photon mediated diagrams and the tree-level Higgs
exchange diagrams are evaluated for 7 — py, 7 — 3y and
7 = u + hadron decay processes [38,39]. According to
their formulas the sensitivities to the LFV couplings at
the future B factory experiments are found to be similar to
those at the LHC experiments.

In this paper, we discuss the Z boson mediated con-
tributions to the LFV tau decays in the model with the
flavor off-diagonal Higgs interactions. Such contributions
have not been calculated in literature although, based on the
dimensional analysis and the chirality structure, the con-
tributions of the Z boson to effective LFV four-fermion
operators are expected to be comparable to other diagrams,
such as photon mediated diagrams. Moreover, in 7 decays
there are final states which are allowed only through the Z
boson. We first list the coefficients of effective z-u-Z
interactions for both the monopole and the dipole types.
Although the dimension of the dipole operator is higher
than that of the monopole type, one cannot ignore the
dipole one since the contribution to the decay amplitude is
comparable considering the chirality structure. Using these
coefficients, we evaluate the LFV tau decays as well as
LFV Z decays. It turns out that the Z boson mediated
contributions to the tau decays are numerically subdomi-
nant when there are contributions from photon mediated
diagrams such as 7 — 3y and 7 — pp decays. For the
hadronic decays into pseudoscalar and axial vector mesons,
the Z boson contributions are dominant, and the dipole
operators are found to be numerically less important
compared to the monopole ones.

In Sec. II, we discuss the model of the LFV Yukawa
couplings and gauge invariant higher dimensional oper-
ators which generate the couplings. In Sec. III we list the
coefficients of the effective 7-u-Z interaction obtained by
evaluating the one-loop Z penguin diagrams, then by using
the coefficients we evaluate the LFV Z decay. By using the
effective Lagrangian, we calculate the branching ratios
of LFV tau decays in Sec. IV. We summarize our result
in Sec. V.

II. LEPTON FLAVOR VIOLATING HIGGS
COUPLINGS

Although the couplings of the SM Higgs boson are
predicted to be flavor diagonal, the BSM contribution
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represented by higher dimensional operators can modify
the prediction. In this section, we review how such flavor
off-diagonal Yukawa couplings are generated from
dimension-six operators.

One of such operators is Legp (¢ @), where L and ¢ are
left-handed lepton doublets and the Higgs doublet, respec-
tively, and e is right-handed lepton fields. The Lagrangian
which is responsible for the Yukawa interaction of lepton
fields is

Cij
- !Liehp(p'p) + He., (2.1)

‘CYukawa = _yijl_‘[E;Q A
where y;; and C;; are dimensionless coupling constants.
Indices i, j = 1,2, 3 indicate the generation of the lepton
fields, and A is an energy scale for the normalization.
The Yukawa terms Lyawa are expanded around the VEV
of the Higgs boson as follows:

Y,e) ey H — i¥ ;&) ehpy + Hee.

Lyukawa = mz]eLeR

- (W) Cijéiefé
[gb o+ (3H2 +2iH¢p, + gbz)}

+He + -, (2.2)
il (o) e
el () oo

where in a general gauge the Higgs doublet is expanded
around its vacuum expectation value (VEV), v, as

= (¢*, (v+ H + ih,)/\/2)". The charged and the neu-
tral Nambu-Goldstone bosons are denoted by ¢ and ¢,,
respectively. One can see that the factor of three in Eq. (2.4)
prevents us from simultaneously diagonalizing the mass
and the Yukawa matrices unless C;; = 0 or C;;  y;;. In the
mass eigenstate of lepton fields with mass matrix
m = diag(m,, m,, m.), the Yukawa matrix Y has, thus in
general, nonvamshmg off-diagonal elements. In addition,
there are new flavor violating interactions such as the fourth
term in Eq. (2.2), which is necessary to maintain gauge
invariance.

In this work, we consider the effects of 7-u-H interaction,
and we assume other off-diagonal elements are zero for
simplicity. In the mass basis of the charged leptons, the
Lagrangian is given by

_mlzL lg -

[’Yuakwa = YliLlRH _ﬂ(YﬂTPR + Y;yPL)TH

+He. +--, (I=eu,1), (2.5)
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where Pr = (1+41y5)/2 and P, = (1 —y5)/2. We also
assume that the diagonal components of the Yukawa matrix
is SM-like, i.e., Y; = m;/v.

These LFV Yukawa couplings are directly constrained
by the searches for H — zu process at the LHC experi-
ments. The current experimental upper bound is B(H —
ttuF) = B(H — t'pu”) + B(H - v u") <151 x 1072
[51], whereas the theoretical prediction is

B(H - t*uT) = 1.2 x 10°(|Y,, |* + |V ,..[*). (2.6)
where the Higgs boson mass is taken as my = 125 GeV
and we use the SM prediction of its width I'y = 4.0 MeV
[52] at my = 125 GeV in the evaluation.

III. z-u-Z FROM LFV YUKAWA COUPLING

A. Calculation of z-u-Z vertex from one-loop amplitudes

In the presence of the flavor violating Yukawa inter-
actions, the effective 7-u-Z couplings are induced by one-
loop diagrams. The 7 — pZ* transition amplitude is in
general parametrized as follows:

Mz~ = u=Z%(q))
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where ¢ is the four momentum of the off-shell Z boson,
and s = ¢ and 6" = (i/2)[y*,7"]. The wave functions of
the muon and the tau lepton are denoted by u, and u,,
respectively. The polarization vector of the Z boson is
denoted by ¢ (g). We set the initial 7 and y in the final state
as on-shell.

The dimensionless effective couplings B% ; (s), C% , (s)
and D7, (s) are in general functions of s. In the calculation
of Z boson decays and tau decays, the contribution from
B% , (s) can be neglected since g,e* = 0 for an on-shell Z
boson and ¢,J* = O(m;) where J* and m/ are, respec-
tively, the current and the mass of the light fermions in
the final states. Although the terms with couplings C% , (s)
and D7, (s), respectively, correspond to dimension-four
and five operators, the ones with D%, (s) can be equally
important in general as we will see later.

The one-loop level diagrams which generate the above
amplitudes are shown in Fig. 1, where we omit diagrams
which are suppressed by the muon Yukawa coupling.
Summing all six diagrams we obtain a finite result which
does not depend on a gauge parameter.

By evaluating diagrams in Fig. 1, we obtain

o gZYfo;t

e e CHs) = Ty (o + Pyl (32)
= —ﬁ”< R pp+—L PL> uig'e;(q)
’ ’ A _ gZYTY;T v e _ a e
~ 84 (R (5)Pr + CF (5) Py ey (4) U =g VR = Fi)) - 33)
DZ* (S) DZ*(S) .
— g ot ZR A2 P L P 2i . gZY Y v e a e
wo (Dt PR Juiauita DF(s) = LT Py (o) + Fp0). (34)
(3.1)
H
/ - } ) h \
z ) N
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I/ \é lI \e Z
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FIG. 1.
coupling.

One-loop finite and gauge invariant set of diagrams which contribute to 7-u-Z vertex. Black dot denotes the LFV Yukawa

075021-3



TORU GOTO, RYUICHIRO KITANO, AND SHINGO MORI

9z YTY

D%(s) - 6472

EFp(s)gy — Fb(s)g5)s
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(3.5)

where the functions F};“(s) and F;“(s) are expressed in terms of the Passarino-Veltman functions By, and C;, (i = 1, 2, 12,

22, 00), defined in Appendix A as follows:

Fy(s) = 2m3(Cy + Cy + Ca + Cyp) +4Cy0)(0, s, mZ, mg;, m?, m?)
+2(2m; — my)Co(mz, 5,0, my, mz, mz)

+4m%Cy(s, m2,0,m3, m%4, m?) + 4m%(Cy + C,)(s,0, m?, m3,, m%,0)

my 2,2 2
+ 4_m2 (BO(mf’mH’mr
T

+ By(0, m%{, m?) — 2By (s, m2, m2

) = Bo(0.mz;. m3))

) (3.6)

F(s) = 2m2(=Cy — Cy + C1a + Cyy) +4Cy0) (0, 5, m%, m3;, m2, m?)
—2(m% +2m2)Cy(m2, 5,0, m%, m?, m?) — 4m>%(Coy + C»)(s,0, m2, m2,, m%,0)

+4(=mzCy + m;Cpy — m5Co + 2Co0) (s, mz, 0, my, m7, mz)

2
T (’"H - 4) (Bo(m2. mi3. mi2) = o0, m3y. m2))

mz

— By(0, m%, m%) — 2By (s, mz, m%)

F)(s) = =m2(Cy +2Cy + C1a + Cy)(0, s, m?, m3;, m%, m?)

2 (Cy (5. 0.m2 iy m,0) + Cy (s, m2, 0, my, 3 m2)).

Fp(s) = _mg(cl —2C, = Cj, = Cx)(0, s, m%,m%,m%,m%)

- 2m$(C2 + C12)(s, m?,0, m%{, m%, m%)

+ 2m%(C1 (5,0, m2, m%i, m3,0) — Cy(s, m2,0, m%l, m%, m?)).

In our notation the Z-boson interaction with fermions
(f = u, d, e) which have electric charge Q; are given by

Li = 927" ng;rgf‘Pﬁng;g{‘PL fZ,. (3.10)
g, = T% = 2sin*(0y) Q5. (3.11)
gfl = _T3’ (312)

where 0y, is the Weinberg angle and 7% = 1/2 for up type
quarks and T3 = —1/2 for down type quarks and charged
leptons.

Because of the mass relation m, < myz, my, the func-
tions F“(s) and F;“(s) can be approximated by expand-
ing in terms of r, = m?/m2,. We find F};*(s) and F%)(s) are
of O(r?) while F¢ (s) is of O(r,). The fact that F};“(s) and
F})(s) are the same order stems from the specific features of
this model, i.e., the LFV interactions are always accom-
panied by a chirality flipping. The leading contribution to
the dipole couplings D%, (s) comes from the diagrams (d)

|

and (e) in Fig. 1, because these diagrams are not suppressed
by m,. Regarding the monopole couplings C%, (s), every
diagram is suppressed by m, because we need another
chirality flipping in addition to the LFV couplings.
Therefore, C%, (s) and D%, (s) are at the same order in
terms of r, in the normalization defined in Eq. (3.1), and
thus one cannot neglect Di 1 () even though the dimension

-
=~ @— =
@

(2) (b)

FIG. 2. One-loop amplitudes induced by both zuh¢, and
Tup¥ ¢+ interactions in Eq. (2.2) which are denoted as black dots.
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of the dipole operator is higher than that of the monop-
ole one.

The function F%(s) vanishes at the leading order of r,
due to the cancellation between the diagrams (d) and (e) of
Fig. 1. This is again because of the specific chirality
structure of this model. Once we fix the chirality of 7z~
in the external lines, the internal 7~ and y~ in diagrams (d)
and (e) have opposite chiralities, which results in the
opposite sign of the axial Z boson coupling.

B(Z° - t*uT) = B(Z° - v ut) + B(Z°

2
mz

where we neglect contributions with higher order of r,. Here we list the functions Fy“(m

order of r,:
2(4ry —1)%2
Fyng) = - 22
’”z
1
_ Og(zrz) (SV%
rz
21 ir
7_E((rg —2rz +2log (r; + 1)),
8v4dr, — 1
Fy(m3) = ~—Z—tan"
rz rz
2 . 1 2 2
+ = Lis(=rz) —=— (17rz + (4rz + 2)(log(rz))* = 4) = 5 (%
rZ 2rZ
|
F&(m%) = O(r,), (3.16)
4/4r, — 1
Fiy(md) = _Ltan‘l(\/hz -1)
rz
4
+— (tan‘l (\/4rz - 1))2
rz
log(r
PO gy 12 14 @7)
z

where Li, is the dilogarithmic function and r, = m%/m3,.

- T+,u_) =

+ 12 (DErR)P + DFm)P) |
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Note that there are other diagrams shown in Fig. 2 when
we consider the full Lagrangian in Eq. (2.2). Although
these diagrams are not suppressed by r,, they contribute
only to the couplings B% , (s) in Eq. (3.1), and thus we can
ignore them.

B. LFV Z decay

Using the effective couplings defined in Eq. (3.1), we
obtain the following branching fraction of Z — zu.

lmz

22 [UCHmR )P + G )P)

(3.13)

2) and F};“(m2) at the leading

tan™ \/‘Tﬂ-S(tan (W))z—l—%uz(—rz)

—dr; —2log (rz; +1) + 1) +2(log(r,))?

(3.14)

(i, =1) =8 1= o) ! (g = 1) + B2 (572 — 67, + 210 (1 + 1)

5
in
—2r; +2log(r; + 1)), (3.15)

rz

We list the numerical values of Fy,“(m%) and Fj“(m%)
as well as the effective couplings C% , (m%) and D% ; (m3)
in Table I, where we use the parameters listed in
Appendix B. Except for F$(m%) which is of O(r,), F’s
are all comparable. However, the couplings D ; (m%) turn

out to be two orders of magnitude smaller than C% , (m%).

This is caused by a numerical accident in the vector
coupling of the Z boson to the charged lepton,
g% = —1/2 + 2sin®*(0y) = —0.038. By considering the
prefactor m%/m? in Eq. (3.13), the contributions of the
dipole and the monopole interactions are comparable.

Coefficients of gf, and g4 in the effective couplings of dipole and vector operators at s = m?. Regarding

TABLE L.

the value of F%(m%) we use the functions defined in Eq. (3.9).
F§(m3) 5.0 —0.78i

Fy(m%) —-4.8 —0.78i

F$(m3) (—8.6 + 1.6i) x 107°

F (m2) 0.84

CL(m3)/ Yy (2.3 -0.30i) x 10~
CR(m3)/Y e (=2.0 4 0.35i) x 10~
Df(m3)/ Y} ~2.7 % 107
Di(m3)/Yy, —2.7 % 1077
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TABLE II.
upper bound on the branching fractions B(H — t*u7).

PHYSICAL REVIEW D 92, 075021 (2015)

The formulas of the branching fractions and the theoretical upper limits derived from the experimental

Processes Branching fractions Theoretical upper limits
H — tu¥ 1.2 10°|Y . > + 1.2 x 10°]Y | 1.5 x 1072 (experimental)
T -y 1.9 x 107#]Y . [* + 1.9 x 1074|Y | 1.2 x107°
= up? 5.5 x 1077Y . [* + 5.8 x 1077[Y,,[* 3.8 x 10712
ot 5.5x1077[Y,.[> + 5.5 x 1077|Y,,[? 3.6 x 10712
=y’ 1.9 %1071y, |> + 1.5 x 1071|Y,,|? 1.2 x 1071
T s uy 58 x 107"y, [* +45x 1071y, 3.8 x 1071°
T s uy 52x 107"y, [* +4.0 x 1071y, 3.4 %1071
T = uTa 3.5 x 107101y, [* + 2.5 x 1070y, |2 23x 1071
70 -ty 8.9 x 107"°|Y,.|> +7.7 x 1070y, |? 5.8 x 10715

The imaginary parts of F’s are originated from the
absorptive part of the diagram in Fig. 1(c). This diagram
contributes to Fy’s at the leading order of r,, while it is
not important for Fj. For FY{, since the real part is
already O(r,), the imaginary part is comparable to the
real one.

By using these values the branching ratio is obtained as

B(Z° - v uT) =89 x 1070y, > + 7.7 x 1070y, |*.
(3.18)

The difference of the coefficients between the first and
second terms is caused by parity violation in the weak
interaction.

4 4
Ldimé —

DR oo, F DL 6" unF 1
eff — TRO" UL nv + TLO" KR )% + 2
m m m
v T f=udsmpu

T

IV. LFV TAU DECAYS

In this section, we discuss the LFV tau decays induced by
the off-diagonal Yukawa couplings. We first introduce the
general effective Lagrangian responsible for tau decays. We
then calculate the coefficients of the effective operators by
using the effective coupling obtained in the previous section.
The branching fractions of the LFV tau decays are evaluated
including the Z boson mediated diagrams. By using these
formulas, we translate the upper bounds on the LFV Yukawa
couplings from the searches for the H — ru decay at the
LHC into the theoretical upper limits on the other LFV
processes. We summarized the results in Table II.

A. Effective four-fermion interactions

In general, the effective Lagrangian of the processes
t— uX, (X = pp.p, m.n", a;) is given as follows':

{g(SfL)L (zrur) (frf1) + g_(sQR(%LﬂR)(]?LfR)

+ ggQRGR/‘L)(J_CLfR) + QEQL (Zomr)(frf1) + g(vf;%R (Zrr*ur) (frY,uf &) + gssz)L (v pn) (fryafL)
+ Vs Grr ) (Frrafi) + 9w Gorus) (Frvafv) + 95ax(Fro™us) (FroufL)

+ g(TfL)L (%LU”DﬂR)(fLUMDfR)} + H.c. (4.1)
. 1 _ _
LT =5 > (O (@0 )0, (Furuf L) + Cila(FLo™ ur) O, Frrufv)
T f=u,d.s.u
+ Cep(Tr0™ 1 )0, (Frruf ) + Ciy (706" up )0, (Fuyofr)] + Hee, (4.2)

where f’s are quarks or leptons. These effective couplings
are induced from the diagrams in Fig. 3. Here we keep

For decays into scalar and pseudoscalar mesons, other
operators such as tuGG and 7uGG can contribute (see Celis
et al. [39] for detail). The operator 7uGG is absent in this model
since the Higgs bosons do not couple to GG.

|

the light fermion masses at tree-level while we neglect
the contributions of O(m,/m,) in the loop diagrams. The
effective couplings of the photon dipole operators come
from one-loop and two-loop diagrams, and are denoted
as Di, = D} + Di7°®. They are evaluated in
Refs. [18,37,38,43,53]. The one-loop level contributions
are expressed as
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TABLE III.  Coefficients of g§, and g in the effective couplings
of dipole and vector operators at s = 0.
F4(0) 4.8 C{(O)/YW 22 %107
Fy(0) —-4.2 C%(0)/Y, —1.9x 1073
F4(0) -8.7x 107 Df(O)/ -2.5x 1077
F5(0) 0.78 D%(0) /Y » -2.5x 1077
2 2
e m; 4 m
Dy ]loop Qe > Ym Yr (_ - lOg (_;) )
2(4m)*m 3 m3,
=-1.0x 10 8Ym, (4.3)
Q,e m? 4 m?
Dy,lloop _ e T Y*TYT —~_1lo T
L 2(4n)* m2, " 3 & m,
=-1.0x IO_SY;T, (4.4)

where e (e > 0) is the coupling constant of the electro-
magnetic interactions. These couplings are suppressed by
three chirality flippings and thus of O(Y?) considering the
normalization defined in Eq. (4.1). On the other hand, there
is a class of two-loop Barr-Zee type diagrams [54] which
are suppressed only by a tau Yukawa coupling, and they are
found to be larger than the one-loop ones by about a factor
of five, i.e., D" = —5.0 x 10787, (Ys,) [38.43,53].

Note here that D%, calculated in the previous section
are of O(Y,), and another m?/m?% suppression arises when
the Z boson is replaced with its propagator. In total, the
Z-boson dipole contributions are of O(Y?3), which is the
same order as the one-loop photon dipole couplings.
Therefore, we cannot neglect the Z-penguin diagrams
considering that the dominant two-loop contribution is
not much larger than the one-loop one.

The effective couplings of four-fermion operators are
listed below. The coefficients g;z, and g(TfL) ;. are found to
be vanishing in this model. The scalar couplings gg’s are
induced by tree level diagrams which exchange the Higgs
boson [Fig. 3]:

|
|
4
|
|
®
(a) (b)

FIG. 3. Diagrams which contribute to effective couplings of
four-fermion interactions, where small black dot denotes the
LFV Yukawa couplings and large black dot denotes loop induced
LFV interactions.
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2

() _ *
9srr(L) = Yiee, (4.5)
v o _m
=YY, (4.6)

g
SLL(R) 2,

where we do not neglect the Yukawa coupling of the light
fermion. The vector couplings are the sum of the contri-
butions from the photon and the Z boson mediated
diagrams as follows:

(f) (f)

v = Gy (¥) + ggl){H’(Z)’ (4.7)
where H, H = R, L, and
) m?2 aY,Y;j, 1 m?2 4
gVRR(L)O/) m_%{ Qle 3 m_12L1 § 5
(4.8)
2 2
() _ mzaY. Y, 3 1 mz\ 4
gVLL(R)(y) - m%] Ax Qle glOg m_%{ 5 )
(4.9)
2
(f) mz aZYT HT v a e
Z)=— F v —Fy(0 s
gVRL( ) m% 307 (9{/ gf v( )QA]
(4.10)
) m a YT T v a e
Wa(2) = 5= (gl + gh) [F(0)gh — Fi ()5,
mz
(4.11)
m; aZY YT v a e
WiR(Z) = 5 =55 g + GFU0)gf + Fi(0)g5].
V4
(4.12)
m aZY Y v € a €
Wi (2) = 50 (g~ d)[Fy (0)gi, + Fi(0)g5)-
Z

(4.13)

The couplings of dimension-seven operators are induced by
dipole contribution of Z penguin diagrams as follows:

m Y Y ) € a €
i), = _z D) (gl — gh)FH(0)g5 + F§(0)g5).
my v
(4.14)
m a YTY a2 v e a e
%)R _z 232 . (/+9£)[FD(0)9V+FD(O)9A]’
my yd
(4.15)
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m aZY YT v a e
C%Q)R 2 £ 9(/ Qf )IFH(0 gV_FD(O)gA]7
4
(4.16)
ms Za,Y, Y . ) . . .
T = (g = IhFB(0)gh — Fi(0)g5).
7 V3

(4.17)

In the effective couplings of the photon and the Z boson, we
take s = 0, which is a good approximation in the evaluation
of tau decays. The formulas of F’s at s = 0 at the leading
order of r, are given by

Fy(0) = _rzrzlog(rz), (4.18)
. 2
FYO) =2 (1= =2rglog(ry). (419)
J
T.m, |2
B~ = ) = o 3 (<1210g(@) = 13)([eDP + D] P) +

w 1wl

gVLR - 2QSLR 7

+

1
12

1 * *
< R[eDl (4CH" +3¢W)) + eD) (4C

9vrL — 3 9srL
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, 2r
Fu(0) = _U——fz)z(l +1log(ry) = ry). (4.20)
a Iz 3 2 2
FD(O) = —m(l’z— 13rz+2(rz+5rz—2)log(rz)
+15r,-3). (4.21)

Their values are listed in Table III. The values are not very
different from the ones for s = m? listed in Table L

B. Branching fractions of the LFV tau decays

Below, we evaluate the various LFV tau decays which
are searched at the B factory experiments.

Lt >ppp
The branching ratio of ¢ — 3u is given by

5 (SUCHLE + ICHR) +4(ChR + 1CH )

. () |2 W, Lown ) 12
+2|gyrel” + 2|9y +§(|£/su_| + |9szrl*)

G+ 3C%)]

~2on[em (2o + o~ Sk ) + 0% (2l + o — 3 )|

() (1)

. .
- Em [Z(C%L!]%)L + Corr9ver) + C

=55x 1077

Y, > +55%x10

where 7, is the mean lifetime of the tau lepton. The cutoff
parameter 0 < 6 < 1 is introduced to avoid the singularity
in the photon mediated contributions. In the numerical
evaluation we assign § = (2m,,)?/m?.

This formula includes the contributions from the
dimension-seven operators, which we cannot ignore in
general especially when LFV is accompanied by chirality
flipping. In the model we discuss, however, as we saw in
the Z decays, the contribution from the dimension-seven
operators is rather suppressed due to small g§, and F4(0).

The leading contribution comes from photon dipole
operators, and the contributions of four-fermion inter-
actions (mainly the scalar ones) reduce the branching
fraction by 9% through the interference terms.

2.7 s pu 'y
The four fermion interactions generated by the photon or

the Higgs boson exchanges or the photon dipole operator
do not contribute to the tau decays into a pseudoscalar

N 1 1
7/21? <984L)R 5 .(S‘L)R> + C;L)L(gi/lzL zggje)L)H

(4.22)

|
meson due to spin and parity. The leading contribution to
such decay modes arises from the effective Z boson
couplings. The branching fraction of 7 — ux is given by

— — thgz mzzz 2 u—d u—d) |2
B(z~ - un°) = 2562m (1 _W> HgngR) _gg/RL)‘
u—d u—d) |2
+ gE/LR) _QE/LL)‘ ]
9% QA 2f2 1— m72[ 2
=7 - —_
‘ m% 2567rm m?
x (|CRI* +|CTP)
=19%x107"Y,, > + 1.5 x 107'°|y, |2,
(4.23)
where gi,”;f]), = gg,”l)m, - gi,dllH,, (H,H =L,R), and f, =

130 MeV is the pion decay constant. For z and 7/, the only
difference from 7 — uz is the hadron matrix elements.

075021-8



LEPTON FLAVOR VIOLATING Z-BOSON COUPLINGS ...

One can obtain the amplitudes of 7 — un and © — un’ by
the replacement of

gfx_gfx _)95«;"'9% q S £5 s £
Vi3 + - )
\/E f \/E Fp+aafe =gl

(P=n.1),

(4.24)

where the decay constants f% and f3 are defined following
the Feldmann-Kroll-Stech (FKS) mixing scheme [55].
We can obtain the branching ratios of 7 — un and 7 —
un’ as follows:

o ey = (PRI (P

PHYSICAL REVIEW D 92, 075021 (2015)

From the above relation, we obtain the branching ratios as
follows:

Bz~ = un) = 0.308(zr~ - p~2°) =58 x 1071y, |?
4 45% 107 (4.26)

Bz~ » u ') =027B(z~ - p~2°) =52 x 1071y, |?
+4.0x 1071y, 2. (4.27)

37 sup’
The spin-parity of the tho meson, J* = 17, allows the
photon-exchange diagram induced from the dipole oper-

fr mr —my ator, and the dimension-seven operator and the vector
(P = ;7,7,’), (4,25) operator induced from Z-penguin diagrams as well to
contribute to the 7 — up decay. The branching fraction
is given by
./, wed) a2 [14+2p] |eDly  Cled 4 clie )
B Tl p —5)2 ‘ R 7RR 7RL 449505
(7> pup’) = 327m. (1-p) 9vrr T 9vrL ] + / 2 [(4+2p)p]
eDfy | Ched” + Clig”
+fh{(gm +g(VLR)>< + IR )]BﬁH(LeR)}

=55%x107"Y,|* +58x 10

where p = m3/m?, C§HH? = Cgl-;H’

Compared to Refs. [38,39], we

(d)
- C7HH”

include the

(4.28)

(H,H' = L,R) and f, = 209 MeV is the decay constant of the rho meson.
contributions

from four-fermion and dimension-seven

operators. The leading contribution comes from the dipole operator of the photon and other contributions increase the

branching ratio by 5%.

4. 7 > p~a,(1260)

As in the case of pseudoscalar modes, axial vector mode is possible only through the Z boson. The branching ratio is

given by
B(t~™ = p~a;(1260)) = (ud)

(u—d)*
u—d) u—d C
+ N |:(9VLL - gE/LR)) TRE

=35%x 10710y,

where @ =mZ /m? and the decay constant of a,
fa, (=230 MeV), is determined by assuming B(z~ —
viay) =Bt~ » v2nat +v27°77) = 18.3% [56,57].

V. SUMMARY

After the discovery of the Higgs boson with mass around
125 GeV, it becomes important to check whether the Higgs

.fa, . - 1+2a
32m ( a)2 9vRL _gVRR ‘2 3 +

u—d
C‘E/RR ) B

2

u—d
C;RL 2

(4 + 2&)&})

A} 3a] + (L < R)}

(4.29)

boson has properties predicted in the SM. One important
check is to see whether the Higgs boson couples to the mass
eigenstates of fermions. For example, if there is H-z-u
coupling in addition to the SM interactions, nonstandard
decay of the Higgs boson, H — tu, and Z boson, Z — y,
as well as the various LFV tau decays can happen.

In addition to the photon and the Higgs mediated LFV
tau decays studied in Refs. [38,39], we complete the
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analysis by including Z boson mediated contributions.
We calculate one-loop diagrams to generate the effective
7-u-Z interaction and derive formulas as functions of
momentum transfer. We find that at the one-loop level
the results are finite and gauge invariant, even though the
model corresponds to the addition of a higher dimensional
operator to the SM.

In terms of the counting of the Y, insertions, the effective
dimension-six and seven four fermion couplings induced
from Z penguin diagrams are the same order as one-loop
photon penguin diagrams attached to the fermion line. The
contribution of Z penguin diagrams are, however, found to
be small, because axial coupling F4(s) is of O(Y?) and the
coefficient of the vector type interaction gf, is numerically
small in the SM. The effects of the Z boson couplings are
included in the 7 — 3y process, and also we derive the new
formulas of the LFV tau decays into pseudoscalar and axial
vector mesons in this model.
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APPENDIX A: PASSARINO-VELTMAN
FUNCTIONS

We define the one-loop functions By and C; [58,59]:

Bo(ptmiomd) = e [ 430 a

in~ N\N,

[Co, C*, C*](p1, (p1 = p2)*, p3, mi, m3, m3)

D e
where D = 4 — 2¢, and

Ny =K —m? +ie, (A3)
Ny = (k+ py)* —m3 + ie, (A4)
Ny = (k+ py)* —m} + ie. (A5)

The tensor integrals can be decomposed by their Lorentz
structures as below,

Cy = pl,ﬂcl + pZ,/,tC27 <A6)
Cuw = 9wCo0 + P1,uP1,C11 + P2,uP2,C2
+ (P1uP2y + P2,uP1,)Cra (A7)

PHYSICAL REVIEW D 92, 075021 (2015)

The explicit expressions of these tensor functions are

1
Bo(abr.bs) = [ drl-log (Ag(a)) + A+ 2logl,

(A8)
. bbb 1d l—xd -1
o(ar, az, az, by, by, 3)_A XA ym’
(A9)
o by, by, ) /ld /l—xd
ap,ay,as, ’ ’ = X '
1\¢1, &2, 63, V1, U2, U3 0 0 yAC(x’y)
(A10)
1—x 1—x-— y
C (a19a27a37bl7b2’b3 dx dy
AC X, y
(A11)

COO(alv as, ds, bl’ bZ’ b3)

1 1—x 1 1
— [ar | dy{——log(Ac(x,Y))+—A+10gﬂ}
0 0 2 2
(A12)

/1 4 /l—xd y2
—_— x —,
0 0 yAc(an)

(A13)

C”(a],az,a3, b], bla b3) =

sz(al .y, az, by, by, b3)

R

Cpp a17a2v33vb1vb2vb3)
—x ] —
/ dx/ y(l=x-y)

Ac X, )’) ’ (A13)

where A = 1/¢ —y + log (4x), y is the Euler constant and
Ag(x)=(by— (1 =x)a)x+ (1 = x)by, (Al6)

Ac(x,y) = —ajxy = (a2y + azx)(1 —x — y)
+ b x4+ byy +b3(1 —x—y). (A17)

APPENDIX B: INPUT PARAMETERS

The input parameters used in numerical evaluations are
listed in Table IV.
The decay constants of isospin-triplet hadrons are
defined as
—i \/Ef irp” =

O[(@y"y u — dy*y>d)|z(p)). (B1)
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TABLE IV. Input parameters.

a 12871 I, 2.49 GeV

9z 0.741 I 0.130 GeV
sin® @y 0.231 i —0.110 GeV
v 246 GeV f;, 0.135 GeV
my 125 GeV o 0.108 GeV
T, 4.41 x 10" GeV~! Z, 0.088 GeV
m, 1.78 GeV £y 0.209 GeV
m, 0.106 GeV fa, 0.230 GeV
my 91.2 GeV m, 0.548 GeV
m, 0.770 GeV my 0.958 GeV
my, 1.23 GeV m, 0.140 GeV

PHYSICAL REVIEW D 92, 075021 (2015)
—iV2m,, fa €4 (p) = O|(ay"y u—dy'y>d)|a; (p)). (B2)

—iV2m,f,e,(p) = (0|(ay*u—dy*d)|p(p)). (B3)

where p* is a four momentum of hadrons. The decay
constants of 7 and 7/, fz(’,i, are defined as

—iV2f4p* = (0|(@y"y’u + dy"y>d)|P(p)). (B4)
—ifpp* = (0[5y*y°s|P(p)). (B5)

where P =1#,7/. The values in Table IV are given
in Ref. [60].
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