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Lepton flavor violation in two-body decays of quarkonia
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In this paper we first study various model-independent bounds on lepton flavor violation in processes ofJ/c,
c8, and Y two-body decays, and then calculate their branching ratios in models of the leptoquark, theR
violating minimally supersymmetric standard model, and top-color assisted technicolor models.
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I. INTRODUCTION

At present, the standard model~SM! not only has theoret-
ical shortcomings but also must face experimental diffic
ties. The recent measurement of the muon anomalous m
netic moment by experiment E821@1# disagrees with the SM
expectations. Moreover, there is convincing evidence
neutrinos are massive and oscillate in flavor@2#. This seems
to indicate that the presence of new physics will be detec
first in the leptonic part. As probing new physics, lept
flavor violation ~LFV! processes have as a natural con
quence an increased interest experimentally and theo
cally. Several experiments that may considerably impro
our knowledge of lepton flavor violating processes, such
the two-body LFV of bosons andm andt LFV decays, are
under consideration. For example, the DESY TeV-Ene
Superconducting Linear Accelerator~TESLA! project will
work at theZ resonance, reaching aZ production rate of 109

per year@3#. A number of theoretical studies are devoted
these LFV decays to investigate the new physics effe
@4–7#. For theJ/c meson, the BES Collaboration@8# has
accumulated about 107–108 J/c events which are availabl
to probe lepton flavor violation ofJ/c @9#. In this article, we
study the LFV processes of the heavy vector bosonsJ/c,
c8, andY using some models beyond the SM.

The LFV decays ofJ/c, c8, andY, such asJ/c,c8,Y
→me,t l ( l 5m,t), are absent in the SM at the tree lev
because of the strong Glaskow-Iliopoulos-Maiani~GIM!
suppression. They are strongly suppressed by power
small neutrino masses and have very small branching ra
Experimentally, there are no clear bounds for these dec
Such decays therefore give room for the existence of n
physics. Reference@9# discusses these flavor decays by us
the simple ‘‘unitarity inspired’’ relations and get rather stro
model-independent constraints on these two-body LFV p
cesses:

Br~J/c→me!<4310213, ~1!

Br~J/c→t l !<631027, ~2!
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Br~Y→me!<231029, ~3!

Br~Y→t l !<1022. ~4!

From the above constraints, we can see that perhaps the
experiment could observe some of these processes.

In fact, in many models beyond the SM, there exist ma
bosons~scalars or vectors!, such as leptoquarks in grand un
fied theories~GUTs!, sleptons in supersymmetry~SUSY!,
andZ8 in technicolor models, which can induce LFV deca
at the tree level and contribute large branching ratios.
many GUTs, the existence of leptoquarks is predicted,
these have been actively searched for in many collider
periments@10#. These new particles, which carry both th
lepton and quark numbers, can couple to a current compr
of a lepton and a quark@11,12#. Thus, they can lead to th
verticesJ/cme, J/cmt, and so on. Recently, Refs.@13,14#
investigated the muon anomalous magnetic moment with
leptoquarks and got a restricted parameter space. Le
quarks can induce quarkonium decay tol l 8 through thet
channel.

There is a similar situation in SUSY models without le
ton number conservation andR parity, where the squarks
play the same role as leptoquarks in GUTs@15–18#. Al-
though the present experiments constrain those coupling
various ways, theR-parity violating coupling may give a
large contribution toJ/cme, J/cmt, and so on.

In top-color assisted technicolor~TC2! models@19#, when
the nonuniversal top-color interactions are written in t
mass eigenstates, it may lead to flavor changing coup
vertices of the new gauge bosonZ8, such asZ8me, Z8mt.
Thus, theZ8 has significant contributions to lepton flavo
changing processes likem→3e, and may give a severe
bound on the massMZ8 @7#. Z8 can also, but differently from
leptoquarks and sleptons, induce the decay of quarkonium
l l 8 through thes channel.

We investigate the bounds ofJ/c,c8,Y→ l l 8 using a
model-independent analysis in Sec. II. Then, in Sec. III,
study these bounds using a model-dependent analysi
three models, leptoquarks, SUSY, and technicolor, resp
tively. We give our conclusion in the last section.
©2003 The American Physical Society01-1
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II. BOUNDS OF V\ l l 8 USING MODEL INDEPENDENT
ANALYSIS

Considering that a vector bosonV, such asJ/c, c8, on
Y, couples tol̄ l 8, the effective coupling between the vect
bosonV and l̄ l 8 is

Leff5gVll 8
8 l̄ Gal 8Va1H.c. ~5!

and @4#

Ga5S gaA1
L1 isab

qb

M
A2

L1
qb

M
A3

LD PL1~L↔R!, ~6!

where the mass scaleM is introduced to make the form fac
tors A2,3

L,R dimensionless. For on-shell vector mesons,
A3

L,R form factors do not contribute. With this Lagrangia

we can calculate the decayt→ l l 8 l̄ 8 ~see Fig. 1!. In the limit
me→0, we obtain

FIG. 1. Diagram of LFV decayst→ l l̄ 8l 8 through vector me-
sonsJ/c, Y.
.
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e

G~t→ l l 8 l̄ 8!5
g8Vt l

2 gVl8 l 8
2 mt

5Q2a2

192p3MV
8 S UA1

L2
mtA2

R

2M
U2

1UA1
R2

mtA2
L

2M
U2

1
3

20
UmtA2

L

M
U2D 1~L↔R!,

~7!

where Q is the charge of the quark in the quarkonium,Q
52/3 for J/c and c8 and Q521/3 for Y. gVl8 l 8 is the
vector meson decay constant and is not related to the e
tive couplinggVt l8 .

Similarly, we can get the LFV decay width

G~V→t l !5
g8Vt l

2

24p

mt
2

MV
S 112

MV
2

mt
2 D S 12

mt
2

MV
2 D 2

3S UA1
LU21

1

2
UmVA2

L

M
U2

1~L↔R! D . ~8!

Using the above equations and comparing to the stand
decayst→ntln l

G~t→ntln l !5
GF

2mt
5

192p3
~9!

and

G~V→ l 8l 8!5
4pa2Q2

3

gVl8 l 8
2

MV
3

, ~10!

we obtain
Br~t→ l l 8 l̄ 8!

Br~V→t l !•Br~V→ l 8 l̄ 8!
5

G~t→ l l 8 l̄ 8!

G~t→ntl 8n̄ l 8!
•

GV
2

G~V→t l !•G~V→ l 8 l̄ 8!
3Br~t→ntl 8n̄ l 8!

5
18GV

2
•Br~t→ntl 8n̄ l 8!

GF
2mt

2MV
4~112MV

2/mt
2!~12mt

2/MV
2 !2

3A, ~11!

whereGV is the total decay width of the vector bosonsV and

A5

S uA1
L2mt A2

R/2M u21uA1
R2mt A2

L/2M u21
3

20
umt A2

L/M u2D1~L↔R!

F uA1
Lu21

1

2
umVA2

L/M u21~L↔R!G . ~12!
By using the experimental bounds on Br(t→ l l 8 l̄ 8) and
the experimental values of Br(V→ l 8l 8) and Br(t

→ntl 8n̄ l 8) @20#, we can obtain the bounds onV→t l . To
discuss the bounds, as in@4#, we consider two limiting cases
~1! When uA1
Lu or uA1

Ru@(mt
2/M2)uA2

L,Ru,A'1. From Eq.
~7!, we get

Br~J/c→t l !,1.031027, ~13!
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Br~c8→t l !<0.731027, ~14!

Br~Y→t l !,8.031025. ~15!

Similarly, by using Br(m→e2e1e2)<10212 and the experi-
mental values of Br(V→e2e1) and Br(m→nmen̄e) @20#,

Br~J/c→me!,2310213, ~16!

Br~c8→me!<1.2310213, ~17!

Br~Y→me!,1.731029. ~18!

~2! When uA1
Lu or uA1

Ru!(mt
2/M2)uA2

L,Ru,A
'(13/10)mt

2/MV
2 . We get

Br~J/c→t l !,3.631027, ~19!

Br~c8→t l !<2.531027, ~20!

Br~Y→t l !,2.931024. ~21!

Similarly,

Br~J/c→me!,5.3310213, ~22!

Br~c8→me!<3.6310213, ~23!

Br~Y→me!,1.531028. ~24!

From the above equations, we see that some of them@Eqs.
~13! and ~19!# can reach the current experimental level
BES.

III. BOUNDS OF JÕc\ l l 8 WITH MODEL-DEPENDENT
ANALYSIS

A. Leptoquark model

Many models beyond the SM, like GUTs, naturally co
tain leptoquarks which can couple to a lepton-quark p
This can induce the LFV two-body decays ofJ/c, c8, and
Y through thet channel~see Fig. 2!.

The leptoquarks contributing to these diagrams areF1
andF3 @14#. Their couplings are

F1:@l i j
(1)Q̄L jeRi1l̃ i j

(1)ūR jLLi #F1 ,

F3:@l i j
(3)Q̄L j

c LLi1l̃ i j
(3)ūR j

c eRi#F3 .

FIG. 2. Diagram ofJ/c→mt through leptoquarks or sleptons
11400
f

r.

Confining ourselves to terms involving them t andc quarks,
and F1, the relevant part of the interaction Lagrangian c
be parametrized as

L eff
leptoquark5 c̄~lL

APL1lR
APR!mFA1 c̄~lL

APL1lR
APR!tFA

1H.c., ~25!

where F is one of the above two leptoquarks,lL,R is the
structure of the chiral couplings, andPL,R5(17g5)/2.

The decay width is

G~J/c→mt!5
zpz

32p2MJ/c
E uMu2dV

5
gJ/c

2

96p

mt
2

MJ/c
S 112

MJ/c
2

mt
2 D

3S 12
mt

2

MJ/c
2 D 2

•

ulL
cmlL

ctu21ulR
cmlR

ctu2

MF
4

, ~26!

wheregJ/c is theJ/c decay constant. Comparing to the ele
tromagnetic decayJ/c→e1e2 throughg,

G~J/c→e1e2!5
16p

27
a2

gJ/c
2

MJ/c
3

, ~27!

we get

Br~J/c→mt!5
9

29p2a2
mt

2MJ/c
2 S 112

MJ/c
2

mt
2 D

3S 12
mt

2

MJ/c
2 D 2

•

ulL
cmlL

ctu21lR
cmlR

ctu2

MF
4

3Br~J/c→e1e2!. ~28!

We take the experimental value Br(J/c→e1e2)5(6.02
70.19)% @20#. To get the constraints on (ulL

cmlL
ctu2

1ulR
cmlR

ctu2)/MF
4 , we consider another lepton flavor deca

t→mg through leptoquarks~see Fig. 3!. Comparing to the
electroweak decayt→mntn̄m , this gives a branching ratio
of

FIG. 3. Diagram oft→mg through leptoquarks.
1-3
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Br~t→mg!5
3

29p2GF
2
•

ulL
cmlL

ctu21lR
cmlR

ctu2

MF
4

3Br~t→mntn̄m!, ~29!

whereGF is the effective electroweak coupling. By using th
experimental values Br(t→mg),1.131026 and Br(t
→mntn̄m)5(17.3760.09)31026, we can obtain

ulL
cmlL

ctu21ulR
cmlR

ctu2

MF
4

,1.5310210. ~30!

Thus, we obtain the bound of Br(J/c→mt) with a scalar
leptoquark as

Br~J/c→mt!,3.031028. ~31!

Similarly, we get

Br~J/c→me!,3.5310215, ~32!

Br~c8→mt!,9.331029, ~33!

Br~c8→me!,1.1310215, ~34!

Br~Y→mt!,1.331027, ~35!

Br~Y→me!,1.6310214. ~36!

B. SUSY model

In the supersymmetry model withoutR parity and lepton
number conservation, rare processesJ/c,c8,Y→ l l 8 are in-
duced by squarks through thet channel~see Fig. 2!.

The superpotential for the lepton number violating sup
symmetry can be written as

W5W
MSSM

1W
L/
. ~37!

W
MSSM

represents theR-parity conservation sector supersym
metry and can be found in the literature@15#. The R-parity
violation sector superpotential is

W
L/
5e i j l IJK

L̂ i
I
L̂ j

J
R̂

K
1e i j l IJK

8 L̂ i
I
Q̂j

J
D̂

K
, ~38!

whereL̂
I
represents theI th generation lepton superfields an

Q̂
I
represents theI th generation quark superfields, which a

all doublets of theSU~2! group.R̂
I
,D̂

I
are theI th generation

SU(2) singlet lepton and quark superfields. Here, we h
ignored the bilinear lepton number violation terms in t
superpotential@16#. Although there are 36 trilinearR-parity
couplings in the superpotential Eq.~38!, our computation
involves only two trilinear couplingsl

222
8 andl

223
8 .

The calculation is similar to that for leptoquarks. The re
tive effective Lagrangian can be written as

L eff
SUSY5

l
222
8 l

223
8

4MF
2 ~ c̄PLmt̄PRc1 c̄PLtm̄PRc!, ~39!
11400
r-

e

-

whereMF
2 is the mass of the squark.

From this Lagrangian, we can get the decay width with
squarkF is

G~J/c→mt!5S ~l
222
8 l

223
8 !2g2

33162pMF
4 D mt

2

MJ/c
S 112

MJ/c
2

mt
2 D

3S 12
mt

2

MJ/c
2 D 2

. ~40!

Comparing to the ordinary decayJ/c→e1e2 @Eq. ~8!#, we
obtain

Br~J/c→mt!5
9

83162p2a2 S ~l
222
8 l

223
8 !2

MF
4 D mt

2MJ/c
2

3S 112
MJ/c

2

mt
2 D S 12

mt
2

MJ/c
2 D 2

3Br~J/c→e1e2!. ~41!

As for trilinear coupling constants, we adopt the sing
coupling hypothesis, where a single coupling constant is
sumed to dominate over all the others, so that each of
coupling constants contributes one at a time@17#. The analy-
sis of the tree levelR”

P
contributions to theD-meson three-

body decaysD→K1 l 1n,D→K* 1 l 1n yields the bounds
@18#

l
22K
8 ,0.18, K51,2,3.

If the supersymmetry is weak-scale theory withMF

5100 GeV, we can obtain the bound of Br(J/c→mt) with
sleptons as

Br~J/c→mt!,5.031029. ~42!

Similarly, we get

Br~J/c→me!,5.7310216, ~43!

Br~c8→mt!,1.831029, ~44!

Br~c8→me!,1.9310216, ~45!

Br~Y→mt!,2.231028, ~46!

Br~Y→me!,2.5310215. ~47!

C. TC2 models

To solve the phenomenological difficulties of tradition
technicolor theory, TC2 theory@19# was proposed by com
bining technicolor interactions with top-color interactions f
the third generation at an energy scale of about 1 TeV. T
models predict the existence of a new gauge bosonZ8,
which leads to LFV coupling verticesZ8l l 8 @7#. Thus, it can
give a significant contribution to some LFV processes.
1-4
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TC2 models, the contributions ofZ8 to the LFV process
J/c→mt can be induced through thes channel~see Fig. 4!.

The couplings of the new gauge bosonZ8 to ordinary
fermions, which are related to the LFV processJ/c→mt,
can be written as

L eff
Z852

g1 tanu8

6
Zm8 @ c̄LgmcL12c̄RgmcR1•••#

2
g1

2
Zm8 @ktm~m̄LgmtL12m̄RgmtR!1•••#, ~48!

whereg1 is the U(1)y coupling constant at the scaleLTC ,
ktm is the flavor mixing factor, andu8 is the mixing angle.
With the above Lagrangian, we can obtain the decay wi
contributed by the new gauge bosonZ8:

G~J/c→mt!5S pk1 tan4u8

12MZ8
2 D 2

g2~kL
214kR

2 !mt
2

12pMJ/c

3S 112
MJ/c

2

mt
2 D S 12

mt
2

MJ/c
2 D 2

. ~49!

Comparing to the ordinary decayJ/c→e1e2, we obtain

Br~J/c→mt!5
9

323122a2 S k1 tan4u8

MZ8
2 D 2

3~kL
214kR

2 !mt
2MJ/c

2 S 112
MJ/c

2

mt
2 D

3S 12
mt

2

MJ/c
2 D 2

Br~J/c→e1e2!. ~50!

FIG. 4. Diagram ofJ/c→mt in TC2 models.
r-

11400
h

Using the results of Ref.@7#, we can obtain the bound o
Br(J/c→mt) with Z8 as

Br~J/c→mt!,3.331028. ~51!

Similarly, we get

Br~J/c→me!,3.8310215, ~52!

Br~c8→mt!,1.031028, ~53!

Br~c8→me!,1.2310215, ~54!

Br~Y→mt!,1.331027, ~55!

Br~Y→me!,1.6310214. ~56!

IV. CONCLUSIONS

We have investigated the bounds of lepton flavor violat
processes ofJ/c, c8, andY two-body decays in leptoquark
SUSY, and TC2 models. We used the constraints on c
plings obtained in other ways to obtain the indirect boun
on Br(J/c,c8,Y→ l l 8) in a model-independent way. It i
interesting that some results reach the experimental leve
was also shown that these new particles perhaps can be
or ruled out by near future experiments.
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@4# D. Delépine and F. Vissani, Phys. Lett. B522, 95 ~2001!.
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