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Abstract. We predict the branching ratios of the lepton-flavor violating Z-boson decays Z — et ui, Z —

+

etrtand Z — uiri in the case that the lepton-flavor violation is carried by scalar unparticle mediation. We

observe that their BRs are strongly sensitive to the unparticle scaling dimension, and the branching ratios can
reach values of the order of 1078, for the heavy lepton-flavor case, for small values of the scaling dimension.

Lepton flavor violating (LFV) interactions raised great in-
terest since they are sensitive to physics beyond the stan-
dard model (SM) and the related experimental measure-
ments are improved at present. Z — ;15 decays are among
the LFV interactions and theoretical predictions of their
branching ratios (BRs) in the framework of the SM are ex-
tremely small [1-8]:

BR(Z — eFp*) ~BR(Z — e7F) ~ 10774,
BR(Z — pr7%) <4x107%° (1)

in the case of non-zero lepton mixing mechanism [9-11].
These results are far from the experimental limits obtained
at LEP1 [12]:

BR(Z — ep*) <1.7x 1075 [13],
BR(Z — efr%) <9.8x107¢ [13,14],
BR(Z — pF7%) <1.2x107° [13,15], (2)
and from the improved ones at giga-Z [16]:
BR(Z — eTp®) <2x1079,
BR(Z — e*7%) < fx6.5x 1078,
BR(Z — ptrE) < fx2.2x1078, (3)
with f =0.2-1.0.! On the other hand the giga-Z option

of the Tesla project aims to increase the production of
Z-bosons at resonance [17]. These numerical values and

a e-mail: eiltan@newton.physics.metu.edu.tr
1 Notice that these numbers are obtained for the decays Z —

Z1l2+i2l1, where
r (Z — l_1l2 -‘rl_gll)
I'y

BR (Z - llei) -

the forthcoming projects stimulate one to do theoret-
ical work on the LFV Z decays and to enhance their
BRs by considering new scenarios beyond the SM. There
are various works related to these decays in the litera-
ture [1-8,12—16,18-25], namely the extension of vSM
with one (two) heavy ordinary Dirac (right-handed singlet
Majorana) neutrino(s) [7, 8], the Zee model [18], the two
Higgs doublet model (2HDM) [19], the 2HDM with extra
dimensions [20—22], supersymmetric models [23,24], and
the top-color assisted technicolor model [25].

In the present work, we consider lepton-flavor (LF) vi-
olation to be carried by the scalar unparticle (U)-lepton—
lepton vertex and unparticles to appear in the internal
line, in the loop. The unparticle idea was introduced by
Georgi [26,27] and its effect in the processes, which are
induced at least in one loop level, is studied in various
works [28—37]. The starting point of this idea is the in-
teraction of the SM and the ultraviolet sector, having a
non-trivial infrared fixed point, at the high energy level.
The ultraviolet sector comes out as new degrees of freedom,
called unparticles, being massless and having non-integral
scaling dimension d,, around Ay ~ 1 TeV. The effective la-
grangian which drives the interactions of unparticles with
the SM fields in the low energy level reads

Leog ~ OsmOvy, (4)

. n
dy+d —-n
Adutdsm
where Oy is the unparticle operator, the parameter 7 is re-
lated to the energy scale of the ultraviolet sector, the low
energy one and the matching coefficient [26,27, 38|, and n
is the space-time dimension.
At this stage, we choose the appropriate operators in
order to drive the LFV decays.? The effective interaction

2 Notice that the operators with the lowest possible dimen-
sion are chosen, since they have the most powerful effect on the
low energy effective theory (see for example [39)]).
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lagrangian responsible for the LFV decays in the low en-
ergy effective theory is

1

‘Cl Adu 1

()\Sll + AP Linsl, )OU, (5)

where [ is the lepton field and AJ; (\]}) is the scalar (pseu-
doscalar) coupling. On the other hand, there is a possibil-
ity that a tree level U~Z~Z interaction exists® and it has
a contribution to the LFV Z decays (see Fig. 1b and c).
The corresponding effective Lagrangian reads

—F, F" Oy, (6)

where F),,, is the field tensor for the Z, field and Mg is the
effective coupling constant.

The one loop level Z — 115 decay (see Fig. 1) is carried
with the help of the scalar unparticle propagator, which is
obtained by using the scale invariance [27,40]:

/ d*ze* (0| T (Oy (2)Op (0))0) =

Ad stu—2 . Ag 2 ndy—2
u d u _ _ U
on / sp2—5—|—ie 2Sln(d 71')( pe—ie) ’
(7)
with the factor Ag,
16752 I'(dy+3)

Aa, = (2m)2du I'(d, — 1) (2dy,)

The function m in (7) becomes

(

1 . e*iduﬂ
(—p* —ie)?~du — (p?)2~du’

9)

for p? > 0, and a non-trivial phase appears as a result of the
non-integral scaling dimension.

Now, we present the general effective vertex for the in-
teraction of the on-shell Z-boson with a fermionic current:

Ly =v.(fv — favs) + %(fM + fevs)owq”,  (10)

where ¢ is the momentum transfer, ¢ = (p —p')?, fv (fa)
is the vector (axial-vector) coupling, and fu (fg) magnetic
(electric) transitions of unlike fermions. Here p (—p') is
the four momentum vector of the lepton (anti-lepton). The

41

3 The vertex factor is — Ao (k1vk2y — k1.k2guv), where k1(2)
is the four momentum of ‘the Z-boson with polarization vector

€1u(2v)-
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Fig. 1. One loop diagrams contribute to Z — ll_lg' decay with
scalar unparticle mediator. The solid line represents the lepton
field: 7 represents the internal lepton, 1] (12+ ) the outgoing lep-
ton (anti-lepton), the wavy line the Z-boson field, the double
dashed line the unparticle field

form factors fv, fa, fm and fg in (10) are obtained as

1 1 1—x
fV :/ dfoself+/ d.’L‘/ dyfV vert »
0 0 0
1 1 11—z
fA:/ dfoself'i_/ dx/ dyfAverta
0 0 0
1 1—x
fM = / dx/ dny vert »
0 0
1 1—x
fom [ o [ dyfie.
0 0

Taking into account all the masses of the internal leptons
and the external lepton (anti-lepton), the explicit expres-

sions of fV selfy fA selfs fV vert s fA vert s fM vert and fE vert
read

(11)

1y st = cua(1 o)
32swewm?2 (mlz; — ml21> (1—dy)
3
x { (Ldset -2ty
i—1

x (mi ((ml;CQ +myy c1) ()\le +1)\Zl1) ()\il2 1)\Zl2)
—(m e + My c2) ()‘lll l)‘lll) ()‘ilz + 1)‘zl2) )
_ml_ml;(l —.’ﬂ) (Cl (1)\1 )‘dl) ()‘1l2 1)\1l2)

+e2 (1>‘111 + )‘111) (/\llz + 1/\112) ))



fA self —

fV vert —

E.O. Iltan: Lepton flavor violating Z-boson decays induced by scalar unparticle

+(m

(Cl (1)‘ + )‘dl ) ()\llz + l)\llz)

+ea (N, +iA,) (A, TiAG,) ) }

L —m? L) (1-a)

Cself(l - x)l_du

32swewn? <ml3. — mll_) (1-d,)

) ()\lll + 1)\ll1 )

(A’ng 1)\Zl2) (mlfcl - ml; C2) (A'Lll
X (/\152 —|—1)\Zl2) ) — mll_mlg.(l —)
x (er (W, +iX8,) (NG, +A5,) +e2 (AF, —ix5,)
X (A%, —iAG,) ) ) + (m L —m L)
2 1
% (1=2)(er (38, +1A51) (A5, +iA%,)

1)‘1l1 ) 1l2 1l2 }

X (ml <( myger —
1/\”1)

+ Co ()\lll

_Cver(l —T— y)l du 23:
3272 ~

X <(m12+61 +ml1_cz (A Zl1+1>‘zl1 ( i, — 1A le)
zll ()\112 +1)‘zl2)>
—m? ( (XS, +1ME ) (Ah, +125,)

—X5,) (AL, - 1%))

— (ex (05, = 25,) (W8, —iX8%,) +e2 (AR, +A%,)
x (A, +ix5,) )

X (mzzxy—k =y 1-—z—y)?—

X —(ml_cl +ml+02 ) (A3 iy~

+ ez (Mg,

)\Omz { very {(
- )‘d +1)‘1l )

1672 2 LY et P
X (eami(1—z4y) + co(m-z(z+y—1)
+ml;y(1+x+y))) - ()‘1Z2 l)\llz)
X (comi(l—z+y)+ci(mi-z(z+y—1)

b(/er 1-du
+ml+y(1+x+y )}_ 2—d {(Alh 1)‘lh)
2 L2 ve;Lt

)
X (clmi(l +x—y)

+ cz(ml+y(w +y—1)
+ml_:r(1+:r+y) ) —
_|_

(A zl1+1/\zl1)
x(czml(H—x Y) cl(ml+y(w+y 1)

+ml1_x(1+x+y))) },

fA vert —

fM vert —
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x ((q (A5, —iNG,) ez (A5, +iA5,) ) and
2 2 2 Coelf = — cAa,
X (2mzxy+(1—x—y) <ml1_x+ml;y—ml;ml2+ self = 2sin(d, W)AQ(d“_l) )
L ver
X (x+y)) B 212—dt) Cver = o 2du1) ’
G 2swcw sin(d,m) Ay

+ (01 (A, +1A ) +ea (A, — 1%)) b eAd,
v 2swew sin(dym) A2 =1’

X@—x—wmmm—mqﬂ}’ Dier = —Dver - (14)

In (12), the flavor changing scalar and pseudoscalar cou-
) g, 3 plings )\Z’IF(;) represent the effective interaction between
fE vert = —il-e _Qy) Z Cver;nZCW {mi the internal lepton i (i = e, u,7) and the outgoing I; (I5)
32m = Liert” lepton (anti-lepton). Finally, BR for Z — [ l;’ can be ob-
tained by using the form factors fv, fa, fu and fg:

X (i(x +y) ()‘zll )‘ilz + )‘zll )\152) (c1+¢2)
BR(Z — I 1) =

+( ) ()‘dl )‘1l2 )\lll)\llz) (02 - Cl)) 1 my 1
2 2 2 2
+(1—z— y)(mr:r ml+y)(cl (A7, +iA5,) 487 I'y {|f FHIfal+ 0s2 9W(|fM| /sl )};
15)

(AP S ) e (AP xS ) (AR 4ix )}
(Niy =1Aa,) e i ! ”1) ( ily 71 ”2) where I'z is the total decay width of the Z-boson. Note

SV O 1—dy, that, in general, the production of sum of charged states is
_1Ag { verMz CWY (( ( )\112 +i )\112) considered with the corresponding BR
1

167 = Ly
I(Z — (s + 15l
e, M) (2mey + (12 —y) BR(Z — 112) = L (Fl 24Bh) g
z
Ll ver
x (mfl_x + ml}y + =Myt (z+ y)) -2 1—d t) and in our numerical analysis we use this branching ratio.
+ (105, —iA5,) — e2(X5, +10E,))
1 Discussion
x(1—z— y)mz(mll— + ml;))
! amzewz % In this section, we estimate the BRs of LFV Z-boson de-
T p2da ((Cl ()‘dl 1)\111) cays by considering flavor violation to be carried by scalar
1 vert unparticle mediation. These decays exist at least in one
_62(/\”1 "‘1)‘111)) <2mzzl’y+ (1—z—y) loop level and, in the present case, we assume that the
I possible sources of LF violation are the U-lepton—lepton
<ml, T+ mﬁ'y + m-m, (gc + y)) 2 . 2 "2”) couplings in the framework of the effective theory. On the

other hand, we take the U-Z—Z coupling to be non-zero

<Cl()‘1l1 +1)\dl) ()\lll 1)\“1) )( —z—y) and we study the sensitivity of the BRs to this coupling.

The couplings considered and the scaling dimension of the

X1 (mr +ml+>>} : (12) unparticle(s) are fr'ee parameters, and they should be re-

stricted by respecting the current experimental measure-

ments and some theoretical considerations. For the scaling

with dimension d,, we choose the range* 1 < d,, < 2. For the LF
violating couplings we consider the following restrictions.

Ler =1 (ml{ (1—2)— mf) , — The (off-) diagonal couplings are flavor (blind and uni-
1 versal) aware and Arr > Ay, > Aee (Aij, 7 # ). We take

celf = (mf+ (1—2)— mf) , the greatest numerical value of the diagonal coupling
2 to be of the order of 1 and the off-diagonal one as

Lyert m n T+ ml+ y) (1—z—y)—mi(z+y)+may, Aij = KAee With k£ < 1. In our numerical calculations, we

choose kK = 0.5.

4 Here, dy, > 1 is due to the non-integrable singularities in
the decay rate [27] and dy, < 2 is due to the convergence of the
(13) integrals [30].

=X
Ll vert — <m2 x+ml+y m2> (1 -z _y) +m2Zx<y_ 1) y
1

Mz My = m2> (1—z—y)+myy(z—1),

1

L2 vert —
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Parameter Value
Me 0.0005 GeV
my 0.106 GeV
mr 1.780 GeV
rjet 2.49 GeV
P 0.23

Table 1. The values of the input parame-
ters used in the numerical calculations
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Fig. 2. The scale parameter dy, dependence of BR(Z — pFet)
for Ay =10 TeV, the couplings Aee =0.01, Ay =0.1, Arr =1
and A;; = 0.005, i # j. Here the solid (dashed) line represents
the BR for the total contribution and Ay = 0.1 (the contribution
due to the U-Z—-Z vertex and Ag = 1)

— As a second possibility, we consider the (off-) diagonal
couplings to be flavor blind and universal and of the
order of 1. Similar to the previous case, we take the off-
diagonal ones as \;; = kA with £ = 0.5.

Furthermore, we choose the coupling A\g for the tree level
U-Z-Z interaction (see (6)) in the range 0.1-1.0 and we
take the energy scale to be of the order of TeV. Notice that
throughout our calculations we use the input values given
in Table 1.

In Fig. 2, we present the BR(Z — uTe®), with respect
to the scale parameter d,,, for the energy scale A, = 10 TeV,
the couplings Aee = 0.01, Ay = 0.1, Arr =1 and A;; =
0.005, i # j. Here the solid (dashed) line represents the BR
for total contribution and Ag = 0.1 (the contribution due
to the U-Z—Z vertex and Ao = 1). The BR is strongly sen-
sitive to the scale d,, and reaches numerical values 10710,
for d,, < 1.1. The contribution of the U-Z—Z vertex is al-
most two orders smaller than the total one, even for A\g = 1.
With increasing values of the scaling dimension d,,, the
BR sharply decreases and becomes negligible. Figure 3 rep-
resents BR(Z — pte®), with respect to the couplings A,
for d, =1.2. Here the solid (dashed and small dashed)
line represents the BR with respect to A, for A = A, =
Aup = Ay Aij = 05X, A\g = 0.1 and A, = 10 TeV (with re-
spect to Ag for Aee = 0.01, Ay, =0.1, A7 =1, Aj; = 0.005,
Ay, = 1.0 TeV with respect to Ag for Aee =0.01, A, = 0.1,
Arr =1, Aij =0.005, A, =10TeV). In the case that the
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Fig. 3. BR(Z — piei) with respect to the couplings A, for
dy = 1.2. Here the solid (dashed, small dashed) line represents
the BR with respect to A, for A = Aee = Ay = Arr, Ajj = 0.5,
Ao =0.1 and Ay =10 TeV (with respect to A9 for Aee = 0.01,
App = 0.1, Arr =1, A;; = 0.005, Ay = 1.0 TeV, with respect to
Ao for Aee =0.01, Apy = 0.1, Arr =1, Aj; = 0.005, Ay, =10 TeV)
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Fig. 4. The scale parameter d,, dependence of BR(Z — Tiui)
for Ay =10 TeV, the couplings Aee = 0.01, A\ypy = 0.1, Arr =1
and X;; = 0.005, i # j. Here the solid (dashed) line represents
the BR for total contribution and Ag = 0.1 (the contribution
due to the U-Z—Z vertex and Ag = 1)

diagonal (off-diagonal) couplings are flavor blind, the BR
may reach values of the order of 10~7 for A = 1. This may
ensure valuable information about unparticle physics and
the LFV couplings with more accurate measurements of
the decays under consideration. Furthermore, this figure
shows that the BR is not sensitive to the coupling \g, and
it is enhanced almost one order in the range 0.1 < \g < 1.0,
for the energy A,, = 1.0 TeV.

Figure 4 shows BR(Z — 7% pu%)® with respect to the
scale parameter d,,, for the energy scale A, =10 TeV, the
couplings Aee = 0.01, A, = 0.1, Ar- =1 and A;; = 0.005,
i # j. Here the solid (dashed) line represents the BR for
the total contribution and Ao = 0.1 (the contribution due
to the U-Z-Z vertex and Ao =1). The BR is enhanced

% For BR(Z — 77 e™) we get almost the same results and we
do not present the corresponding figures.
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Fig. 5. BR(Z — Tiui) with respect to the couplings A, for
dy = 1.2. Here the solid (dashed, small dashed) line represents
the BR with respect to A for A = Aee = Aup = Arr, Ay = 0.5,
Ao =0.1 and A, =10 TeV (with respect to Ao for Aee = 0.01,
App = 0.1, Arr =1, X5 = 0.005, Ay = 1.0 TeV, with respect
to Ag for Aee =0.01, Apy =0.1, Arr =1, X;; = 0.005, Ay =
10 TeV)

up to values of the order of 1078, for d, < 1.1 and in-
creasing values of the scaling dimension d,, result in a con-
siderable suppression in the BR. The contribution due to
the U-Z—-Z vertex is more than two orders smaller than
the total one for Ay =1, and it shows that the effect of
the U-Z—Z vertex becomes weaker for heavy flavor out-
puts. In Fig. 5, we present BR(Z — 7+ %) with respect to
the couplings A, for d,, = 1.2. Here the solid (dashed and
small dashed) line represents the BR with respect to A, for
A= Aee = Aup = Arr, Aij = 0.5X, Mg = 0.1 and A, =10 TeV
(with respect to Ao for Aee =0.01, X, =0.1, Arr =1,
Aij =0.005, A, = 1.0 TeV with respect to Ag for Aee =0.01,
App =01, Arr =1, A;; = 0.005 and A, = 10 TeV). For the
flavor blind diagonal (off-diagonal) couplings, the BR may
reach values of the order of 107% for A = 1. On the other
hand the BR is not sensitive to the coupling A\¢ and, for
the energy A, = 1.0 TeV, its numerical value is almost one
order greater than the one for A, = 10 TeV.

As a summary, the LF'V Z-boson decays are strongly
sensitive to the unparticle scaling dimension d,, and, for
small values, d,, < 1.1, there is a considerable enhancement
in the BR. In the case that the diagonal (off-diagonal)
couplings are flavor blind and of the order of 1, the BR
may reach values of the order of 1076 (10~7) for the decay
Z = 1T l=pore (Z— ptet). With the forthcoming
more accurate measurements of the decays under consider-
ation it will be possible to test possible signals coming from
the new physics which drives the flavor violation, which
here is unparticle physics.
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