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Model-independent constraints on leptoquarks from rareµ and t lepton processes
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We perform a model-independent analysis so as to constrain the leptoquark~LQ! models from negative
searches form→eg, m→3e decays~and analogous processes in thet sector!, and coherentm-e conversion in
nuclei. We considerably improve some constraints obtained by analyses known in the literature, analyses
which we show have by far underestimated the LQ contributions to them→3e. In particular we find that the
coherentm-e conversion in nuclei mediated by the photon-conversion mechanism and them→3e decay are
golden plates where the flavor-changing leptoquark couplings, involving the second and third quark genera-
tions, can be strongly constrained. This is due to the fact that these processes get the enhancements by large
log(mq

2/mLQ
2 ) terms which are induced by the so-called ‘‘photon-penguin’’ diagrams. These enhancements,

which produce a mild Glashow-Iliopoulos-Maiani~GIM! suppression in the amplitudes, have not been taken
into account in the previous analyses. We show that them→eg decay can set weaker constraints on the LQ
models and this is because its amplitude is strongly GIM suppressed by the terms of orderO(mq

2/mLQ
2 ). We

also present the results for the corresponding constraints in thet sector. Finally, the prospects of the future
muon experiments for the improvement of the present bounds are analyzed and discussed.

PACS number~s!: 12.60.2i, 13.35.Bv, 13.35.Dx
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I. INTRODUCTION

The leptoquark~LQ! color triplet bosons, predicted b
grand unified theories@1#, superstring inspiredE6 @2,3#,
compositeness@4#, and technicolor models@5#, have been the
subject of numerous phenomenological investigations.
main direct experimental searches for LQs investigate t
production in thes channel@2,6#; these searches are carrie
out at thee–p collider HERA at DESY@6,7#. On the other
hand, the indirect searches of LQs consist mainly of ana
ing the anomalous effects induced by the LQ interactions
deep inelastic scattering as well as in low energy proce
@8–10#.

Recently there has been a renewed interest in the su
@11# due to the highQ2 anomalous events observed in the H
@12# and ZEUS@13# experiments at HERA, although subs
quent analyses of new data have shown a less signifi
discrepancy with the standard model~SM! predictions@14#.

In the literature@1–4#, predictions are given for the exis
tence of two types of LQs: the scalar and vectorial ones
the present article we perform a model-independent stud
the LQs, and, in particular, we restrict ourselves to the m
general renormalizable interactions, which conserve
baryon (B) and lepton (L) number, and which are compa
ible with the SM symmetries@6#. Therefore, in the case o
vectorial LQs, we consider only the gauge-vectorial on
From a theoretical point of view there is no reason to belie
that the quark-lepton couplings, mediated by LQ inter
tions, are simultaneously diagonalizable with the quark a
lepton mass matrices. As a consequence, both scalar and
torial LQs can generate, when integrated out, effect
flavor-changing~FC! interactions between quarks and le
tons of the form@8–10#

*Electronic address: emidio.gabrielli@cern.ch,
emidio.gabrielli@uam.es
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lLQ
ni lLQ

† jm

mLQ
2 ~ q̄igmPqqj !~ l̄ mgmPl l n!,

and/or,
lLQ

ni lLQ
† jm

mLQ
2 ~ q̄i Pqqj !~ l̄ mPl l n!, ~1!

wheremLQ indicates the LQ mass and the chiral projecto
Pq andPl of the quarks and lepton, respectively, can be l
@PL5(12g5)/2# or right @PR5(11g5)/2#. Since these ef-
fective interactions can be generated even at tree-le
strong constraints on the LQ couplingslLQ

i j and masses can
be set by the flavor changing neutral current~FCNC! pro-
cesses. In particular, strong constraints on LQ models
obtained by means of the rare FCK, D, andB meson decays
@9,10# as well as in the leptonic sector@10#. In this frame-
work in Ref. @10# a model-independent analysis was pe
formed to constrain the masses and couplings of the LQsB
andL conserving!.

In the present article we carry out a detailed analysis
the LQ contributions to them andt leptonic rare processes
Since we do not consider theCP violating processes wher
the imaginary parts oflLQ

i j couplings are better constraine
we assume, as in Ref.@10#, that all the couplingslLQ

i j are
real. In addition we require that all the couplingslLQ

i j should
be unitary1 in both vector and scalar LQ sectors. This la

1Note, however, that unitary LQ couplings can naturally appea
some ‘‘minimal’’ models where the LQ interactions are assumed
be universal~in flavor! in the basis of the quark and lepton SM
gauge-eigenstates. This is, for example, the case of the ga
vectorial LQs which appear in the gauge multiplet of the stand
grand unified theories~GUTs! @1#. Then, after rotating the quark
and lepton fields into the corresponding mass-eigenstates, un
flavor-changing LQ couplings should appear in the interactions
Eq. ~2! being proportional to the products of the~unitary! diagonal-
ization matrices of the quark and lepton mass matrices.
©2000 The American Physical Society09-1
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EMIDIO GABRIELLI PHYSICAL REVIEW D 62 055009
assumption will give us conservative limits. Indeed the u
tarity of the LQ couplings makes active a Glasho
Iliopoulos-Maiani-~GIM!–type mechanism in some FCN

processes, such as, for example,m→eg, t→eg decay,K-K̄,

or B-B̄ mixing, which naturally suppresses the potentia
large LQ contributions. We recall that the limits obtained
Ref. @10# ~from m→eg or t→eg) in the scalar sector ar
less conservative than ours since the authors of Ref.@10#
assumed unitary couplings only in the gauge-vectorial sec

Within the class of interesting processes, used to const
the LQ models in the leptonic sector, a special role is pla
by the rare FC violating decaysm→eg and m2→e2e2e1

(m→3e) @10# and analogous processes in thet sector, and
the coherentm2e conversion in nuclei@17–22# ~in the fol-
lowing for them2e conversion we always mean the cohe
ent process!. The last of these processes is used to set
strongest constraints on the combinationlLQ

21lLQ
11/mLQ

2 for
both the vectorial and scalar LQs which involve the fi
generation of quarks, since, in this case, the effective Ha
tonian is induced at tree-level. On the contrary them→eg
andm→3e decays, which are induced at one-loop, allow
to constrain the complementary combinations on coupli
and masses involving the second and third generation
quarks, namelylLQ

2i lLQ
1i /mLQ

2 or AlLQ
2i lLQ

1i /mLQ
2 , where i

52,3. In this respect the authors of Ref.@10# found that the
radiative muon decaym→eg is better than them→3e pro-
cess in setting stronger bounds on these combinations of
plings.

One of the aims of this paper is to show that the conc
sions of Ref.@10# do not hold when the unitarity of the LQ
couplings is required in both scalar and vectorial LQ sect
and the dominant diagrams~not included in Ref.@10#! are
taken into account in them→3e decay. At the one-loop leve
the LQs give contributions to them→eg decay by means o
the so-called magnetic-penguin diagrams shown in Fig. 1~d!
and 1~e!#. In Ref. @10# it is found that them→eg amplitude,
mediated by scalar LQs~which couple to the external lepton
with the same chirality!, is enhanced with respect to the on
corresponding to the gauge-vectorial LQs, since these
ones are strongly GIM suppressed by terms of ordermq

2/mLQ
2

~wheremq is the typical quark mass running in the loop!. As
a consequence they show that the scalar LQ couplings
masses are more strongly constrained than the correspon
vectorial ones. In the present work we prove that, when
unitarity for the LQ couplings is extended to the scalar s
tor, the scalar LQ contribution to them→eg decay’s ampli-
tude is significantly suppressed by the GIM mechanism
that it turns out to be of the same order of the gauge-vecto
one. This in particular implies that the constraints on sca
LQ couplings, which we find coming from them→eg de-
cay, are weaker than the corresponding ones given in
@10# and are roughly of the same order of the gauge-vecto
ones.

In addition we find that in Ref.@10# the main contribution
of diagrams to them→3e decay has been underestimate
The main purpose of this paper, however, is to show that
m→3e process is more powerful than them→eg one in
setting strong bounds on mass and couplings of scalar
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gauge-vectorial LQs.~We will see that similar consideration
hold for the analogous decays in thet sector.! This result can
be simply understood as follows. The main contribution
diagrams to them→3e decay derives from the so-calle
photon-penguins@see Figs. 1~a! and 1~b!# which were not
taken into account in Ref.@10#. In the large LQ mass (mLQ)
limit ~with respect to the quark massmq) the photon-
penguins, since they are proportional to log(mq /mLQ), are
only ‘‘mildly’’ GIM suppressed ~instead of being
‘‘strongly’’ GIM suppressed as the box andZ-penguin dia-
grams are!. This means that to have an extra electromagn
coupling a in the m→3e rate ~with respect to them→eg
one! is a more convenient price to pay than the price of
O(mq

4/mLQ
4 ) suppression in them→eg rate in setting stron-

ger bounds. These log enhancements inm→3e were known
in the literature@15# for certain models~and more recently
analyzed in the context of effective theories@16#!; however,
they were not applied in this context. In fact the authors
Ref. @10#, in order to simplify the analysis, only consider th
contribution of the box diagrams to them→3e decay@which
are of the orderO(lLQ

4 mq
2/mLQ

4 )# and this resulted in under
estimating the branching ratio.

The photon-penguin diagrams also give a relevant con
bution to the m-e conversion in nuclei@17–22# via the
photon-conversion mechanism. The log enhancement
these diagrams will enable us to show that them-e conver-
sion in nuclei is another golden-plate process which s
strong bounds for LQ couplings involving the second a
third quark generations. These bounds could turn out to
more competitive than the corresponding ones obtained f
them→3e process. However, we stress that the bounds fr
the m-e conversion suffer the problem of being mode
dependent due to the nonperturbative calculations of
nuclear form factors, while the bounds coming from them
→3e decay are not.

FIG. 1. The photon (g)- andZ-penguin~a!, ~b! and the box~c!

diagrams for them→eff̄ process, and the magnetic-penguin~d!, ~e!
diagrams for them→eg process, in the LQ model, wheref, q, and
X indicate a general external fermion, quarks and LQs, respectiv
In addition to ~a!, ~b! there are also the diagrams with the se
energy insertions~not included in this figure!, where theg or Z is

attached on the externale and m, which contribute to them→eff̄
amplitude.
9-2
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MODEL-INDEPENDENT CONSTRAINTS ON . . . PHYSICAL REVIEW D62 055009
The interesting aspects of the photon-penguin diagra
which give universal contributions to them→3e and m-e
conversion processes, is that these log enhancements a
in both the scalar and vectorial LQ exchanges which h
the same chirality couplings with the external leptons. W
shall see that this property enables us to set strong boun
both the scalar and vectorial LQ sectors.

The same considerations regarding the log enhancem
hold for thet→3e, t→3m, t→em1m2, and t→me1e2

processes. However, due to weaker experimental upper
its on the branching ratios, the constraints on the LQ c
plings and masses, which come from these rare proce
are not as strong as they are in them sector.

The paper is organized as follows. In Sec. II we pres
the analytical results for the LQ contributions~in the large
LQ mass limit! to the branching ratios ofm→eg, and in Sec.
III we give the corresponding results form→3e decay and
m2e conversion. In Sec. IV we present the numerical res
for bounds on the combination of LQ couplings and mas
constrained by the experimental upper limits onm→eg, m
→3e decay~and analogous processes in thet sector!, and
the m2e conversion. Finally, the last section is devoted
our conclusions.

II. µ\eg DECAY

In the present section we give the main results for
relevant LQ contributions to the total branching ratio ofm
→eg. We begin our analysis by fixing the conventions f
the most general renormalizable Lagrangian for scalar
gauge-vectorial LQ interactions~from now on, if not strictly
necessary, we will omit the suffix gauge in the vectorial LQ!.
This Lagrangian, which isB andL conserving and invarian
under theSU(3)c^ SU(2)L ^ U(1) symmetry group of the
SM, was first proposed in Ref.@6#. Its expression, in the
notation of Ref.@10#, is given by

LS5$~lLS0
q̄L

c ıt2l L1lRS0
ūR

c eR!S0
†1~lRS̃0

d̄R
c eR!S̃0

†

1~lLS1/2
ūRl L1lRS1/2

q̄Lıt2eR!S1/2
† 1~lLS̃1/2

d̄Rl L!S̃1/2
†

1~lLS1
q̄L

c ıt2t i l L!S1
i %1H.c.,

LV5$~lLV0
q̄Lgml L1lRV0

d̄RgmeR!V0
†m1~lRṼ0

ūRgmeR!Ṽ0
m†

1~lLV1/2
d̄R

c gml L1lRV1/2
q̄L

cgmeR!V1/2
m†

1~lLṼ1/2
ūR

c gml L!Ṽ1/2
m†1~lLV1

q̄Lgmt i l L!V1
m i†%1H.c.,

~2!

where LS and LV contain the interactions with the scal
(S0 , S̃0 , S1/2, S̃1/2 S1

i ) and vectorial (V0
m , Ṽ0

m , V1/2
m ,

Ṽ1/2
m , V1

im) LQs fields, respectively. The subscript (0,1/2,
in each scalar and vectorial LQ indicates thesinglet, doublet,
and triplet SU(2)L representation, respectively, whereas
t is are the Pauli matrices. The quark fieldsqL,R

c are the cor-
responding conjugate of theqL,R fields, respectively, where
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c [(PL,Rq)c. Note that the generation~flavor! and color

indices in the fields appearing in Eq.~2! are omitted. As we
pointed out in the Introduction, we assume that all the sca
and vectorial LQ couplingslLQ are unitary~in the flavor
space! in the basis of the quark and lepton mass eigensta
and that the LQs do not carry flavor indices. Moreover, sin
we do not consider theCP violating processes in our analy
sis, we assume that all the couplings are real.

The relevant~gauge-invariant! effective Hamiltonian for
the m→eg decay is given by

H5
4GF

A2
~QLRCLR1QRLCRL!, ~3!

where QLR5ēLsmnmRFmn and QRL5ēRsmnmLFmn are the
magnetic-dipole operators,Fmn is the electromagnetic field
strength, andCLR , CRL are the corresponding Wilson coe
ficients.

The Wilson coefficientsCLR , CRL receive their main
contributions, at the electroweak scale, through one-lo
magnetic penguin diagrams shown in Figs. 1~d! and 1~e!.
Since these diagrams are proportional to thesmn form factor,
one needs a chirality flip. In the SM, as the charged curre
are only of theV-A type, one can get this chirality flip by
means of an external mass insertion.2 This imply that the
CLR andCRL are proportional to the electronme and muon
mm masses, respectively. However in the SM the Wils
coefficientsCLR and CRL are strongly suppressed by th
GIM mechanism which forces them to be proportional
mn

2/mW
2 terms times the corresponding Cabibbo-Kobayas

Maskawa~CKM! angles of the leptonic sector, withmn be-
ing the heaviest neutrino mass running in the loop.

We now consider the LQ contributions to the magne
penguin diagrams@see Figs. 1~d!, 1~e!#. These diagrams re
ceive finite contributions from both the scalar and vector
LQs interactions in Eq.~2!. With respect to the SM dia-
grams, theWand neutrino internal lines are replaced by a L
and quark, respectively, and an additional diagram~where
the external photon is attached to the internal quark line! is
included. The SM GIM suppression terms of ord
O(mn

2/mW
2 ) are now replaced byO(mq

2/mLQ
2 ), wheremLQ is

a typical LQ mass running in the loop.
In order to find the constraints on the combination of L

couplings and masses we impose, as in Ref.@10#, that each
individual LQ coupling contribution to the branching rat
does not exceed~in absolute value! the experimental uppe
limit on the branching ratio. Therefore, in order to simpli
the analysis, we consider in the branching ratio only o
single LQ coupling contribution each time; this is done
‘‘switching off’’ all the other couplings. Moreover we as

2In some extensions of the SM, such as the left-right-, the LQ
and the supersymmetric-models~where the leptons or quarks ca
have both the left and right couplings to the new particles!, this
chirality flip can be realized by a heavy~internal! fermion mass
insertion which turns out to give a strong chiral enhancement w
respect to the SM amplitude.
9-3
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sume that the LQ masses are larger than the quark ones~in-
cluding the case of the top quark! so that we only take the
leading contribution to the Wilson coefficients.

By means of the Lagrangian in Eq.~2!, we give in the
sequel the results for the total branching ratiom→eg, where
only the contribution of a single LQ coupling is considere
By neglecting the terms of orderO(mq

4/mLQ
4 ) in the Feyn-

man diagrams we obtain the following.
Gauge-vectorial LQs:

B
R

lLV05
BV

mV0

8 GF
2 S QD2

QV0

2
D 2F(

i 51

3

lLV0

2i lLV0

1i mDi

2 G2

,

B
R

lRV05B
R

lLV0~lLV0
→lRV0

!,

B
R

lRṼ05
BV

mṼ
0
2

8
GF

2 S QU2
QṼ0

2
D 2F(

i 51

3

lRṼ0

2i
lRṼ0

1i
mUi

2 G2

,

B
R

lLV1/25
BV

mV1/2

8 GF
2 S QD1

QV
1/2
D

2
D 2F(

i 51

3

lLV1/2

2i lLV1/2

1i mDi

2 G2

,

B
R

lRV1/25
BV

mV1/2

8 GF
2 F (

q5U,D
(
i 51

3

lRV1/2

2i lRV1/2

1i mqi

2 S Qq

1
QV

1/2
q

2
D G 2

,

B
R

lLṼ1/25
BV

mṼ1/2

8
GF

2 S QU1
QṼ

1/2
D

2
D 2F(

i 51

3

lLṼ1/2

2i
lLṼ1/2

1i
mUi

2 G2

,

B
R

lLV15
BV

mV1

8 GF
2 F(

i 51

3

lLV1

2i lLV1

1i S mDi

2 S QD2
QV

1
3

2
D

12mUi

2 S QU2
QV

1
1

2
D D G 2

. ~4!

Scalar LQs:

B
R

lLS05
BS

mS0

8 GF
2 F(

i 51

3

lLS0

2i lLS0

1i mUi

2

3~QUr~xUiS0
!2QS0

!G2

,

B
R

lRS05B
R

lLS0~lLS0
→lRS0

!,

B
R

lRS̃05
BS

mS̃
0
2

8
GF

2 F(
i 51

3

lRS̃0

2i
lRS̃0

1i
mDi

2

3~QDr~xDiS̃0
!2QS̃0

!G2

,

05500
.

B
R

lLS1/25
BS

mS1/2

8 GF
2 F(

i 51

3

lLS1/2

2i lLS1/2

1i mUi

2

3~QUr~xUiS1/2
!1QS

1/2
D !G2

,

B
R

lRS1/25
BS

mS1/2

8 GF
2 F(

i 51

3

lRS1/2

2i lRS1/2

1i

3~mDi

2 ~QDr~xDiS1/2
!1QS

1/2
U !

1mUi

2 ~QUr~xUiS1/2
!1QS

1/2
D !!G2

,

B
R

lLS̃1/25
BS

mS̃1/2

8
GF

2 F(
i 51

3

lLS̃1/2

2i
lLS̃1/2

1i
mDi

2 ~QDr~xDiS̃1/2
!

1QS̃
1/2
D !2G2

,

B
R

lLS15
BS

mS1

8 GF
2 F(

i 51

3

lLS1

2i lLS1

1i

3~mUi

2 ~QUr~xUiS1
!2QS

1
3!

12mDi

2 ~QDr~xDiS1
!2QS

1
1!!G2

, ~5!

where BV53aNc
2/(64p) and BS5aNc

2/(192p). Nc53 is
the number of colors and the functionr(x)5(11
16 logx)/2, xab5ma

2/mb
2 , QU52/3, andQD521/3. For the

values of the LQ chargesQLQ the reader is referred to Tabl

I. Note that the leading term inmq
2/mV0

2 expansions inB
R

lLV0 ,

B
R

lRV0 is zero due to the fact thatQD2QV0
/250. Therefore

the nonzero LQs contributions to these branching ratios
highly suppressed since they are of the orderO(mq

8/GF
2mV0

12).

TABLE I. Electromagnetic charges of the scalar (S) and vecto-
rial (V) LQs in unit of e.

LQ QLQ

S0 21/3

S̃0
24/3

(S1/2
U , S1/2

D ) (22/3,25/3)

(S̃1/2
U , S̃1/2

D ) (1/3,22/3)

(S1
1 , S1

2 , S1
3) (24/3,2/3,21/3)

V0 22/3

Ṽ0
25/3

(V1/2
U , V1/2

D ) (21/3,24/3)

(Ṽ1/2
U , Ṽ1/2

D ) (2/3,21/3)

(V1
1 , V1

2 , V1
3) (1/3,22/3,25/3)
9-4
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We stress that our findings for the analytical expressi
in Eq. ~5!, due to different assumptions in the scalar L
couplings sector, is somewhat different than the correspo
ing one in Ref.@10#. Indeed, in Ref.@10#, only the terms at
the zero order in the quark mass expansion give the lea
scalar LQ contribution tom→eg. However, in our case
when the sum over the quark generations is performed, th
terms vanish due to the unitarity of thelLQ matrices and
survive only the next-to-leading ones which are suppres
by terms of orderO(mq

2/mLQ
2 ). We check that our results ar

consistent with the analogous calculations obtained, for
ample, from the charged Higgs boson and supersymme
contributions to theb→sg amplitude@23#.

Since the doublet LQs can have both couplingslL andlR
~with left and right chiralities, respectively!, one can get a
chiral enhancement in them→eg amplitude by flipping the
chirality with an internal~heavy! quark mass insertion in
contrast with the external muon mass. In this case the re
ing amplitude has to be proportional tolLlR . However, in
the present paper we do not analyze the constraints on
combination of couplings. Indeed we follow the usual a
proach,~adopted also in Ref.@10#!, in setting more conser
vative bounds and, more precisely, consider only the effe
of the same kind of coupling constant per time wh
‘‘switching off’’ all the others.

In thet sector the corresponding analytical results for
t→eg and t→mg decays are simply obtained by makin
the following substitutions in the right-hand sides~r.h.s.! of
the branching ratiosBR

lLQ(m→eg) in Eqs.~4!, ~5!,

BR
lLQ~t→eg!5BR

exp~t2→m2n̄mnt!3BR
lLQ~m→eg!

3$lLQ
2i lLQ

1i →lLQ
3i lLQ

1i %,

BR
lLQ~t→mg!5BR

exp~t2→m2n̄mnt!3BR
lLQ~m→eg!

3$lLQ
2i lLQ

1i →lLQ
3i lLQ

2i %, ~6!

where the electron and muon masses have been negl
with respect to thet mass. The central value of the expe
mental branching ratio fort2→m2n̄mnt is BR

exp(t2

→m2n̄mnt)517.37% @24#.

III. µ\3e DECAY AND µ-e CONVERSION IN NUCLEI

The most general lepton-family violating (DL51) effec-
tive Hamiltonian which describes the amplitude of them
→3e decay is

H (DL51)5
4GF

A2
$QLRCLR1QRLCRL1C1~ ēRmL!~ ēReL!

1C2~ ēLmR!~ ēLeR!1C3~ ēRgmmR!~ ēRgmeR!

1C4~ ēLgmmL!~ ēLgmeL!1C5~ ēRgmmR!

3~ ēLgmeL!1C6~ ēLgmmL!~ ēRgmeR!1H.c.%,

~7!
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whereQLR and QRL are the magnetic-dipole operators d
fined in Sec. II and the chiral fields are given bycL,R

51/2(17g5)c. In the LQ model obtained with the Lagrang
ian ~2!, the Wilson coefficients of the local four-fermion op
erators in ~7! get their contributions from the photon
penguin,Z penguins, and the box diagrams@see Figs. 1~a!–
1~c!# with f 5e and scalar and vectorial LQs running in th
loops together with quarks!.3 In the limit of large LQ masses
~large compared to the quark ones!, the leading contribution
to the effective Hamiltonian in~7! is given by the photon-
penguin diagrams which affect only the coefficien
C3 , C4 , C5, and C6. Indeed, in the large LQ mass limit
these diagrams are only ‘‘mildly’’ GIM suppressed sin
they are proportional to thelLQ

2 log(mq
2/mLQ

2 )/mLQ
2 ; this, in

the context of the GIM mechanism, is in contrast with t
naive expectation of them being of orderO(lLQ

2 mq
2/mLQ

4 )
andO(lLQ

4 mq
2/mLQ

4 ), which is typical of theZ penguins and
box diagrams, respectively. We stress that the appearanc
the log(mq

2/mLQ
2 ) enhancements is a special property of t

gamma-penguin diagrams which is independent by any
sumption on the unitarity of the LQ couplings.

The relevance of these log enhancements in constrai
the new physics beyond the SM was first analyzed in R
@15#. A more accurate discussion on the origin of these lo
rithms can be found in Ref.@16#. Here we want to point out
that this mild GIM suppression of the photon-penguin
which is also present in the SM, is a peculiar property of
LQ interactions and it is not true in general extensions of
SM. For example, in the minimal supersymmetric SM, d
to the super-GIM mechanism, the photon-penguins media
by the charged Higgs, gauginos or Higgsinos are alw
GIM suppressed by terms of orderO(mq

2/mSUSY
2 ) @with

mSUSY standing for any typical supersymmetric mass runn
in the loops# @23,25#.

Therefore, due to these log enhancements, them→3e de-
cay plays a crucial role in setting strong constraints on
FC LQs couplings in theDL51 processes. The branchin
ratio for this process is proportional toa2/(mLQ

2 GF)2

3 log(mq /mLQ), while the branching ratio of them→eg de-
cay is proportional toa/(mLQ

2 GF)23(mq /mLQ)4. Therefore
even though in the branching ratio of them→3e decay we
pay the price of an extra electromagnetica coupling, with
respect to them→eg, in the large LQ mass limit thea

3In the case of unitary couplings any single diagram of t
gamma- orZ-penguin type is finite. This is because the diverge
part, being flavor independent, factorizes out in sum( ilLQ

†milLQ
in on

the internal-flavor indexi51,2,3... and therefore its contributio
vanishes formÞn. In the case of nonunitary couplings, due to t
U(1)3SU(2)L Ward identities, only the total sum of the gamm
penguin-diagrams, or analogously theZ-penguin ones~including
also the diagrams with the self-energy insertions!, are finite. On the
contrary the magnetic-penguin- and box-diagrams@see Figs. 1~c!–
1~d!#, respectively# are just finite since their loop integrals are co
vergent. Clearly, in the vectorial sector, the above arguments ho
the vectorial LQs are of the gauge type and acquire mass via s
taneous symmetry breaking.
9-5
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suppression could dominate themq
4/mLQ

4 term. For this rea-
son we neglect the effects of the magnetic-penguins op
tors QLR andQRL in the m→3e branching ratio.4 The main
contribution to the branching ratio ofm→3e is given by@26#

BR52S uC1u2

16
1

uC2u2

16
1uC3u21uC4u2D1uC5u21uC6u2,

~8!

where Ci are defined in Eq.~7!. Note that the terms sup
pressed byme /mm have been neglected. In addition in o
taining Eq.~8! the total width of the muon was approximate
and we used instead the width of the main decaym2

→nme2n̄e whose branching ratio is almost 100%. Mor
over, by following the approach adopted in this analysis,
consider the photon-penguin’s contributions induced by o
one LQ couplings and by ‘‘switching off’’ all the others. B
means of these approximations and by neglecting the te
proportional to the quark masses, the expression for
branching ratio in Eq.~8! can be further simplified, since in
this case we haveC1,250, C35C5 and C45C6. We next
give the analytical results relative to the branching ratio
m→3e mediated by the photon-penguins~the analogous re
sults in thet sector can be obtained by means of a sim
generalization!.

Gauge-vectorial LQs:

B
R

lLV05
B̃V

mV0

4 GF
2

QD
2 F(

i 51

3

lLV0

2i lLV0

1i logS mDi

2

mV0

2 D G 2

,

B
R

lRV05B
R

lLV0~lLV0
→lRV0

!,

B
R

lRṼ05
B̃V

mṼ
0
2

4
GF

2
QU

2 F(i 51

3

lRṼ0

2i
lRṼ0

1i logS mUi

2

mṼ0

2 D
3~11d i3DV~xt ,RṼ0

!!G 2

,

B
R

lLV1/25
B̃V

mV1/2

4 GF
2

QD
2 F(

i 51

3

lLV1/2

2i lLV1/2

1i logS mDi

2

mV1/2

2 D G 2

,

4We recall that if the Wilson coefficients of the magnetic-peng
operators in~7! are not suppressed then their contribution can g
sizable effects to them→3e decay@26#. Moreover, after the phas
space integration, some terms~proportional to the magnetic
penguin contributions! get an enhancement of log(mm /me) in the
decay rate because of the 1/q2 pole of the gamma propagato
Therefore, if these diagrams are included then the approxima
consisting of the neglect of the electron mass, cannot be used
05500
a-

e
y

s
e

f

e

B
R

lRV1/25
B̃V

mV1/2

4 GF
2 F(i 51

3

lRV1/2

2i lRV1/2

1i S QD logS mDi

2

mV1/2

2 D
1QU logS mUi

2

mV1/2

2 D ~11d i3DV~xt ,2RV
1/2
U !!D G 2

,

B
R

lLṼ1/25
B̃V

mṼ1/2

4
GF

2
QU

2 F(i 51

3

lLṼ1/2

2i
lLṼ1/2

1i logS mUi

2

mṼ1/2

2 D
3~11d i3DV~xt ,2RṼ

1/2
D !!G 2

,

B
R

lLV15
B̃V

mV1

4 GF
2 F(i 51

3

lLV1

2i lLV1

1i S QD logS mDi

2

mV1

2 D
12QU logS mUi

2

mV1

2 D ~11d i3DV~xt ,RV1
!!D G 2

. ~9!

Scalar LQs:

B
R

lLS05
B̃S

mS0

4 GF
2

QU
2 F(

i 51

3

lLS0

2i lLS0

1i logS mUi

2

mS0

2 D
3~11d i3DS~xt ,2RS0

!!G 2

,

B
R

lRS05B
R

lLS0~lLS0
→lRS0

!,

B
R

lRS̃05
B̃S

mS̃
0
2

4
GF

2
QD

2 F(i 51

3

lRS̃0

2i
lRS̃0

1i logS mDi

2

mS̃0

2 D G 2

,

B
R

lLS1/25
B̃S

mS1/2

4 GF
2

QU
2 F(

i 51

3

lLS1/2

2i lLS1/2

1i logS mUi

2

mS1/2

2 D
3~11d i3DS~xt ,RS

1/2
D !!G 2

,

B
R

lRS1/25
B̃S

mS1/2

4 GF
2 F(i 51

3

lRS1/2

2i lRS1/2

1i S QD logS mDi

2

mS1/2

2 D
1QU logS mUi

2

mS1/2

2 D ~11d i3DS~xt ,RS
1/2
D !!D G 2

,

e

n
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B
R

lLS̃1/25
B̃S

mS̃1/2

4
GF

2
QD

2 F(i 51

3

lLS̃1/2

2i
lLS̃1/2

1i logS mDi

2

mS̃1/2

2 D G 2

,

B
R

lLS15
B̃S

mS1

4 GF
2 F(i 51

3

lLS1

2i lLS1

1i S QU logS mUi

2

mS1

2 D
3~11d i3DS~xt ,2RS3

!!12QD logS mDi

2

mS1

2 D D G 2

,

~10!

where B̃V5a2Nc
2/(96p2) and B̃S5a2Nc

2/(384p2). The
functionsDS,V(xt ,RLQ) ~whered i j is the standard delta func
tion, xt5mt

2/mLQ
2 and RLQ[QLQ /QU) whose expression

are given in the Appendix, take into account the exact
pendence on the top massmt . Note that in the limit
limxt→0(DS,V(xt ,RLQ))→0. The results in Eqs.~9!, ~10! are
s

n
x
d

ro
ng

g
th

-

n
an
s
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in agreement with the analogous ones obtained in R
@23,25# for the supersymmetric corrections to the FCNC p
cesses in the quark sector.

In thet sector the corresponding analytical results for t
t→3e and t→3m decays are obtained by making the fo
lowing substitutions in the r.h.s. of Eqs.~9!, ~10!,

BR
lLQ~t→3e!5BR

exp~t2→m2n̄mnt!3BR
lLQ~m→3e!

3$lLQ
2i lLQ

1i →lLQ
3i lLQ

1i %,

BR
lLQ~t→3m!5BR

exp~t2→m2n̄mnt!3BR
lLQ~m→3e!

3$lLQ
2i lLQ

1i →lLQ
3i lLQ

2i %. ~11!

We now consider the LQ contribution to them2e con-
version in nuclei@17–22#. The most general effective Hamil
tonian which is relevant for this process is given by
Hhadr
(DL51)5

4GF

A2
$QLRCLR1QRLCRL%1C1

h~ ēRmL! (
q5u,d

~ q̄RqL!1C2
h~ ēLmR! (

q5u,d
~ q̄LqR!1C3

h~ ēLmR! (
q5u,d

~ q̄LqR!

1C4
h~ ēLmR! (

q5u,d
~ q̄LqR!1C5

h~ ēRgmmR! (
q5u,d

Qq~ q̄RgmqR!1C6
h~ ēLgmmL! (

q5u,d
Qq~ q̄LgmqL!

1C7
h~ ēRgmmR! (

q5u,d
Qq~ q̄LgmqL!1C8

h~ ēLgmmL! (
q5u,d

Qq~ q̄RgmqR!1H.c., ~12!
ted
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where in the quarkq fields the sum over color indices i
assumed andQq is the quark electric charge in the unit ofe.
Note that for the Wilson coefficientsCi

h we have used a
normalization which is different from the one used in~7!. In
the LQ model the Wilson coefficients of the four-fermio
operators get their contribution at tree-level with a LQ e
change. The tree-level contributions involve only the pro
ucts of the LQ couplingslLQ

21lLQ
11 , since the operators in~12!

contain only quarks of the first generation. Indeed this p
cess is known to be particularly effective for setting stro
bounds on this combination of couplings@8,10#. However
the Wilson coefficientsCi

h also receive the next-to-leadin
contributions from the one-loop diagrams induced by
photon-penguins,Z-penguins, and box diagrams@see Figs.
1~a!–1~c! with f 5U,D quarks#. These next-to-leading con
tributions involve the products of thelLQ

2i lLQ
1i combinations

with i 51,2,3; as a result them2e conversion process ca
also give the possibility to set constraints on the second
third quark generations.5 In particular, in order to set bound

5In a more recent paper the authors of Ref.@22# stress the impor-
tance of the log enhancements, induced in them-e conversion rate
-
-

-

e

d

from them2e conversion on the combinationslLQ
2i lLQ

1i /mLQ
2

with i 52,3, we assume that its branching ratio is domina
by the one-loop contributions. This implies that the produ
lLQ

21lLQ
11 should be negligible with respect to the produc

lLQ
2i lLQ

1i ~with i 52,3) times electromagnetic constanta. This
condition does not violate the unitarity of thelLQ matrices
since in this case one can still havelLQ

22lLQ
1252lLQ

23lLQ
13

1O(lLQ
21lLQ

11). Now, even though the constraints on co
plings involving the second and third quark generations
weaker than the corresponding ones with the first generat
they should be compared to the same bounds obtained
other processes, such as for example them→3e decay. In-
deed, as we will show in the next section, the bounds on
LQ couplings involving the second and third quark gene
tions, which we obtained from the current experimental u
per limit on them2e conversion rate, are stronger than t
corresponding ones obtained from them→3e decay.

In the large LQ mass limit, the photon-penguin diagram
due to the log enhancements, dominate the other one-

by the photon penguins, in constraining the supersymme
R-parity violating models. However in these models the tree-le
contributions to them-e conversion are absent.
9-7
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diagrams, such as theZ-penguins and box diagrams whic
are of orderO(mq

2/mLQ
2 ). Therefore in constraining the LQ

couplings involving the second and third quark generati
we assume that them-e conversion is dominated by th
photon-conversion mechanism@17–21#. In this case only the
matrix elements of the hadronic electromagnetic current
tween nuclei are involved. In order to calculate the nucl
form factors connected to the electromagnetic matrix e
ments, various models and approximations have been
plied in literature@17–21#. In Ref. @18#, and more recently in
Ref. @19#, the relativistic effects have been taken into a
count. However, due to the large mass of the muon, i
useful to take the nonrelativistic limit of the motion of th
muon in the muonic atom~see Ref.@20# and more recently
Ref. @21#!. Indeed, in this limit, the large uncertainty con
nected to the muon wave function factorizes out in the c
culation of the coherent conversion rate. In order to estim
the LQ contribution to them2e conversion in nucleiN @de-
fined as BR(m2e)N[G(mN→eN)/G(mN→nmN8)#, we
use the nonrelativistic results of Ref.@20#. In the photon-
conversion mechanism one can setCi

h50, i 51, . . . ,4, C5
h

5C7
h , andC6

h5C8
h in the Hamiltonian~12!, and the branch-

ing ratio is given by@20,22#

BR~m2e!N5C
a3mm

5 Zeff
4 ZuF̄pu2

Gcapt

1

4p2
~ uC5

hu21uC8
hu2!, ~13!

whereF̄p(q) is the proton nuclear form factor~see Ref.@20#
for more details! andGcapt is the total muon capture rate.6 All
these quantities depend upon the titanium element (22

48Ti)
used in the current experiment@27#. For the Ti the quantities
appearing in Eq.~13! take the following values@20#: CTi

51.0, Zeff
Ti 517.61, ZTi522, Gcapt

Ti 52.593106 s21, and

F̄p
Ti(q)50.55.
By taking into account only the photon-penguin contrib

tions we see that, respectively, theC5
h andC6

h coefficients are
proportional toC3 and C6 in Eq. ~7! by an overall factor.
This factor is a constant and does not depend upon the
ticular LQ model considered. This implies that the LQ co
tributions to the branching ratio of them-e conversion in
nuclei, mediated by the photon-conversion mechanism, h
the same expression of Eqs.~9!, ~10! and so the bounds
extracted from this process can be simply obtained by
caling the relative bounds obtained from them→3e decay.
In order to obtain the corresponding analytical expression
Eqs. ~9!, ~10! for the branching ratios of them-e photon-
conversion in nuclei, the following substitution has to
made in the r.h.s of Eqs.~9!, ~10!:

6Note that with respect to the corresponding formula of Ref.@22#,
we have simplified the 1/q2 pole of the photon propagator~which
for this process is of orderuq2u.mm

2 ) with theq2 which, due to the
gauge-invariance, factorizes in the photon-penguin form factor.
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BR
lLQ~m2e!Ti5BR

lLQ~m→3e!H 1

GF
2

→C
a3mm

5 Zeff
4 ZuF̄pu2

Gcapt

2

3p2J , ~14!

where, as in them→3e case, we make active the effect o
one single couplinglLQ per time by ‘‘switching off’’ all the
others.

IV. NUMERICAL RESULTS FOR THE BOUNDS

In this section we present the numerical results for
bounds on the combinations of LQ couplingslLQ

i j and
massesmLQ obtained from them→3e, m-e conversion in
Ti, and them→eg. In addition we give the results for th
corresponding bounds in thet sector. In setting constraint
on the product of couplingslLQ

2i lLQ
1i ( i 51,2,3), in order to

simplify our study, we use the following approach.
The tree-level LQ’s contribution to them2e conversion

rate ~not mediated by the photon-conversion mechanis!
contains only the termslLQ

21 lLQ
11 . This process is used to

strongly constrain the combinationsulLQ
21 lLQ

11 /mLQ
2 u .

In order to set bounds on the LQ couplings involving t
second and third generations of quarks, we adopt the
proximation which neglectslLQ

21 lLQ
11 with respect tolLQ

22 lLQ
12

and lLQ
23 lLQ

13 in the one-loop contributions. This approxima
tion can be justified as follows. The products of couplin
lLQ

2i lLQ
1i , i 52,3 enter only in the one-loop contribution t

them→eg, m→3e decays, and them2e conversion. There-
fore they could be larger if compared with thelLQ

21 lLQ
11 ones

without violating the experimental upper limits on th
branching ratios.

In this approximation the unitarity of thelLQ matrices
implies that:lLQ

22lLQ
1252lLQ

23lLQ
13 . This condition allows us

to eliminate one of the two products of couplings in t
one-loop contributions and set bounds for the magnitude
the combinationsulLQ

22lLQ
12 u/mLQ

2 or ulLQ
23lLQ

13 u/mLQ
2 by means

of Eqs.~4!, ~5!, ~9!, ~10!. In order to set bounds in the secto
i, with i 52,3, by means of them2e conversion one assume
that ~for this process! the photon-conversion mechanis
dominates over the nonphotonic one.

The same approach is adopted in setting bounds in tht
sector. The relevant effective Hamiltonians for thet→p0e
and t→p0m decays are induced at the tree-level and
these processes are used to strongly constrain the varia
ulLQ

31 lLQ
11 u/mLQ

2 and ulLQ
31 lLQ

21 u/mLQ
2 , respectively. The terms

lLQ
3i lLQ

1i and lLQ
3i lLQ

2i ~involving the second and third quar
generations! enter at one-loop level and therefore, as in t
muon sector, we assume that they could be larger than
corresponding ones involving the first generation. T
bounds on these combinations of couplings are obtained
imposing the experimental upper limits on thet→eg, t
→3e, t→mg, andt→3m decays.
9-8
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In Tables II and III we present our results for the upp
bounds on the following variablesjLQ

i [ulLQ
2i lLQ

1i u
3(102 GeV/mLQ)2 and j̃LQ

i [AulLQ
2i lLQ

1i u
3(102 GeV/mLQ)2 with i 51,2,3. The constraints onjLQ

1 are
obtained by using the same approach used in Ref.@10#. In
addition, by means of the current experimental upper lim
on the m2e conversion rate on Ti which isBR

exp(m2e)Ti

,6.1310213 @27#, we improve the results of Ref.@10#. From
Tables II, III we see that the current limits on them2e
conversion rate can set bounds onjLQ

1 which are at the leve
of jLQ

1 ,O(1027). Our results for the bounds onjLQ
1 are in

agreement with the corresponding ones in Ref.@10# except
for jRV1/2

1 and jRS1/2

1 : in these cases we have an analytic

factor 2 of discrepancy with@10#. ~In particular our expres-
sions for the bounds onjRV1/2

1 andjRS1/2

1 are half of the cor-

responding ones in@10#.! However, our results are consiste

TABLE II. Numerical upper bounds for the vectorial and sca
SU(2)L-singlet-LQ variables jLQ

i [ulLQ
2i lLQ

1i u3(102 GeV/mLQ)2

,(jLQ
i )B obtained from the experimental upper limits on the (m

2e)Ti conversion rate andm→3e decay. In them→eg rows the

variables which are constrained arej̃LQ
i [AulLQ

2i lLQ
1i u

3(102 GeV/mLQ)2,(jLQ
i )B. Note that the symbol22 stands for

weaker constraints, see the text. Everywhere (jLQ
2 )B5(jLQ

3 )B.

Vector i (jLV0

i )B (jRV0

i )B (jRṼ0

i )B

(m2e)Ti 1 2.631027 2.631027 2.631027

(m2e)Ti 2,3 1.531025 1.531025 4.631026

m→3e 2,3 8.031025 8.031025 2.531025

m→eg 2,3 22 22 1.731023

Scalar i (jLS0

i )B (jRS0

i )B (jRS̃0

i )B

(m2e)Ti 1 5.231027 5.231027 5.231027

(m2e)Ti 2,3 9.231026 9.231026 3.031025

m→3e 2,3 5.031025 5.031025 1.631024

m→eg 2,3 2.331023 2.331023 4.531022

TABLE III. Numerical bounds as in Table II which here ar
relative to theSU(2)L-doublet-andSU(2)L-vector-LQs.

Vector i (jLV1/2

i )B (jRV1/2

i )B (jLṼ1/2

i )B (jLV1

i )B

(m2e)Ti 1 2.631027 1.331027 2.631027 8.531028

(m2e)Ti 2,3 1.531025 6.731026 4.631026 2.731026

m→3e 2,3 8.031025 3.731025 2.531025 1.531025

m→eg 2,3 8.431022 2.931023 2.931023 1.231023

Scalar i (jLS1/2

i )B (jRS1/2

i )B (jLS̃1/2

i )B (jLS1

i )B

(m2e)Ti 1 5.231027 2.631027 5.231027 1.731027

(m2e)Ti 2,3 9.231026 1.331025 3.031025 2.531025

m→3e 2,3 5.031025 7.331025 1.631024 1.331024

m→eg 2,3 1.731023 1.731023 5.131022 2.331023
05500
r

s

l

with the effective Hamiltonian and the approximation7 used
in @10# for calculating the hadronic matrix elements.

Now we analyze the results in Tables II and III for th
upper bounds8 on jLQ

i 52,3 which come from them→3e decay
where the current experimental upper limit on the branch
ratio is BR

exp(m→3e),10212 at 90% C.L. @24#. These
bounds are obtained in the approximation of large LQ m
limit and so by setting to zero theDV,S functions in~9!, ~10!
which are of orderO(mt

2/mLQ
2 ). Moreover the following val-

ues of the quark masses are used:ms5150 MeV, mc
51.5 GeV, mb55 GeV, andmt5175 GeV; these corre
spond to the central values of the allowed ranges@24#. From
these results we see that the current upper limits onm→3e
can set bounds onjLQ

2,3 which are at the level ofjLQ
2,3

,O(102521024). These constraints are consistent with t
main approximation used in our analysis which neglectsjLQ

1

with respect tojLQ
(2,3) . Note that, due to the unitarity of th

lLQ matrices, the logarithmic dependence of the LQ mas
the right-hand side of Eqs.~9!, ~10! disappears and it is re
placed by the logarithmic dependence of the correspond
quark masses ratio log(mq2

/mq3
) involving only the second

and third generation. Therefore, due to the logarithmic
pendence upon the quark masses in Eqs.~9!, ~10!, the uncer-
tainties which affect the bounds onjLQ

i 52,3 ~from m→3e),
induced by the uncertainties on the quark masses, are s
and are of orderO(10%).

In order to estimate the reliability of the leading logarit
mic approximation when the top mass is involved, we p
~see Figs. 2 and 3! the absolute values of the function
DV,S(xt ,Q) versus the LQ massmLQ . These plots have ori-
gin in mLQ5280 GeV which roughly corresponds to the e
clusion limit obtained at HERA@14# for LQ masses with
couplings of electromagnetic strength. From Figs. 2, 3 o
can conclude that these corrections are smaller than 20%

7This approximation mainly consists in assuming that the ma
elements, corresponding to the amplitudesm Ti→e Ti and m Ti
→nm Ti8, are comparable.

8Note that, in our approach, the bounds onjLQ
i 52 andjLQ

i 53 turn out
to be the same.

FIG. 2. Plots for y5uDS(xt ,Q)u ~continuous! and y
5uDV(xt ,Q)u ~dashed! functions, withxt5mt

2/mLQ
2 andQ525/2,

versusm5mLQ in GeV.
9-9
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moderate values of the LQ masses, in particular~scalar! mS
.600 GeV and~vectorial! mV.400 GeV. For the interme
diate LQ mass regions, the corrections induced by
Z-penguin and box diagrams, which are of ord
O(mt

2/mLQ
2 ), become relevant and they should be included

the analysis. In these cases one cannot constrain a s
variable combination as thejLQ

i and this results in a compli
cation of the analysis. However the excluded regions in
mLQ and lLQ

1i lLQ
2i plane could be analyzed, for example,

means of contour plots. A complete study for this scena
will be presented elsewhere@28#.

The bounds onjLQ
i 52,3, which come from them2e

photon-conversion, are simply obtained by rescaling the c
responding results ofm→3e in Tables II, III by a constant
factor. Clearly this factor depends upon the experimental
per limits on them2e conversion andm→3e branching
ratios. In particular, by inserting~14! into ~9! and ~10!, we
get the following results for the bounds:

~jLQ
i !Ti

m2e.
1

5.4
~jLQ

i !m→3e. ~15!

However we stress that, even though them→3e process can
set~at present! weaker constraints than the (m2e)Ti conver-
sion, the latter is model dependent~due to the determination
of the nuclear wave functions and form factors! while the
former is not.

In Tables II, III for comparison we also give the boun
obtained from the negative searches of them→eg decay
where the current experimental upper limit on the branch
ratio is Br(m→eg),1.2310211 at 90% C.L.@29#. Due to
the higher inverse-powers in LQ-mass dependence in E
~4!, ~5!, it appears natural to constrain the variablesj̃LQ

i .

From Tables II, III we see that the bounds onj̃LQ
i with i

52,3 are at the level ofj̃LQ
i ,O(102321022). In obtaining

these results the terms proportional to theb quark mass with
respect to the top ones have been neglected. Moreover in
case of the scalar LQs, in order to simplify the analysis,
replaced the functionr(x) in Eq. ~5! by its average over the
range 600,mLQ,2000 GeV. For some bounds in them
→eg rows, in particularj̃LV0

2,3 and j̃RV0

2,3 , we have not shown

the results~this is indicated by the symbol22 appearing in

FIG. 3. The same plots as in Fig. 2 but forQ51/2.
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Tables II, III!. The reason for not giving these bounds is th
at the amplitude level, there is an accidental cancellation
the leading term in themq

2/mLQ
2 expansion@see Eq.~4!#.

Therefore, due to a stronger GIM suppression of the next
leading contribution, we expect, in these cases, wea
bounds on masses and couplings combinations.

For fixed values of the LQ mass we can compare
bounds on the product of couplingslLQ

2i lLQ
1i which come

from them→eg andm→3e decay~or m2e conversion!. In
particular, from the results in Tables II, III, one can draw t
following conclusions: for a LQ massmLQ.1 TeV the
bounds on thelLQ

2i lLQ
1i combinations fromm→3e are stron-

ger, of roughly one order of magnitude, than the correspo
ing best ones from them→eg decay. On the contrary, if we
fix the couplingslLQ

2,3 to be of the order of the electromag
netic strength, the bounds on the LQ masses induced by
m→3e are at the level ofmLQ.(228)TeV while the same
constraints fromm→eg are mLQ.200 GeV–1.3 TeV. In
this respect one can argue that the bounds obtained from
→eg are weaker than inm→3e or (m2e)Ti . Clearly the
difference between these constraints becomes more no
able in line with the increase of the LQ masses.

Now we compare the results in Tables II, III with th
corresponding best bounds onjLQ

i obtained by other pro-
cesses. From the analysis of Ref.@10# we learn that the
hadron-lepton universality and the ratioR5G(p1

→ēn)/G(p1→m̄n) can set severe constraints on t
lLQ

21 lLQ
11 /mLQ

2 variables involving the first quark generatio
This is because the LQs contribute at tree-level to the n
tron b decay, as well as to thep1→ēn andp1→m̄n, but
only via box diagrams atm→en̄n. Then the bounds coming
from the hadron-lepton universality are obtained by requir
that the Fermi constant in the neutronb decay does not differ
significantly from the muon decay measurement. Th
bounds are much weaker than the corresponding ones s
the m2e conversion, roughly between three and four ord
of magnitude weaker. Analogous conclusions hold for
bounds coming from the ratioR. However theR measure-
ment is particularly effective in constraining the product
couplings with different chiralities~this special case is no
considered in our analysis since it involves the product
two different couplings! at the level of lLeft

21 lRight
11

,1026(mLQ /(100 GeV))2 @10#.
In the K and p meson sector, there are no process

induced by tree-level LQ exchanges, which could stron
constrain thelLQ

22 lLQ
12 products@10#. This is not true anymore

in the h meson sector. Indeed theh→me decay, due to the
s̄s quark’s content ofh, gets a tree-level LQ contribution
containing thelLQ

22 lLQ
12 product. However, we estimated th

the bounds onjLQ
2 obtained by means of the experiment

upper limit on theh→me branching ratio@which is of order
O(1026) @24## are of orderO(1) in the same unity of Tables
II, III. So they are much weaker than the corresponding o
in Tables II, III. Analogous conclusions hold for the boun
on jLQ

3 . In particular we have not found any competitiv
process~with respect tom2e conversion orm→3e) which
can set better or comparable constraints on thejLQ

3 variables.
9-10
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In Tables IV, V we give the results for the correspondi
bounds in thet sector. In this case two new variablesjLQ

ei

[ulLQ
3i lLQ

ei u3(102 GeV/mLQ)2 and jLQ
ei [ulLQ

3i lLQ
ei u

3(102 GeV/mLQ)2 ~and analogous generalizations of t
j̃LQ

i variables, introduced in them sector, likej̃LQ
ei and j̃LQ

m i )
are defined. ThejLQ

e1 andjLQ
e2 are more strongly constraine

by the processest→p0e andt→p0m @24# whose effective
Hamiltonians are induced at tree level by the LQs. In p
ticular for a four-fermion vertex of the form

lLQ
31lLQ

l1

mLQ
2 ~ l̄ gmPlt!~ q̄1gmPqq1!, ~16!

one obtains9 @10#

jLQ
l1 ,2A2„GF3~102 GeV!2

…cosucABR
exp~t2→p0l 2!

BR
exp~t2→p2n!

,

~17!

where q15U,D quarks,uc is the Cabibbo angle,l 5e,m,
and the central values of the experimental branching rati
BR

exp(t→p2n)511.08%@24#. The bounds in thei 52,3 sec-
tors can be simply obtained by rescaling the correspond
ones in them sector in Tables IV, V by means of Eqs.~6!,

9In obtaining Eq.~17! the following approximations for the matrix

elements have been used@10#: ^0uūgmg5uup0&.^0ud̄gmg5dup0&
.^0ud̄gmg5uup1&.

TABLE IV. Numerical upper bounds for the vectorial and sca
SU(2)L-singlet-LQ variables jLQ

ei [ulLQ
3i lLQ

1i u3(102 GeV/mLQ)2

,(jLQ
ei )B andjLQ

m i [ulLQ
3i lLQ

2i u3(102 GeV/mLQ)2,(jLQ
m i )B obtained

from the experimental upper limits on thet→p0e, t→3e and t
→p0m, t→3m, respectively. In thet→eg andt→mg rows, the

variables which are constrained arej̃LQ
ei [AulLQ

3i lLQ
1i u

3(102 GeV/mLQ)2,(jLQ
ei )B and j̃LQ

m i [AulLQ
3i lLQ

2i u
3(102 GeV/mLQ)2,(jLQ

ei )B, respectively. Note that the symbo
22 stands for weaker constraints, see the text. Everywh
(jLQ

e2 )B5(jLQ
e3 )B and (jLQ

m2)B5(jLQ
m3)B

Vector i (jLV0

ei )B (jRV0

ei )B (jRṼ0

ei )B

t→p0e 1 1.931023 1.931023 1.931023

t→3e 2,3 3.331021 3.331021 1.031021

t→eg 2,3 22 22 5.731022

Vector i (jLV0

m i )B (jRV0

m i )B (jRṼ0

m i )B

t→p0m 1 1.931023 1.931023 1.931023

t→3m 2,3 2.731021 2.731021 8.331022

t→mg 2,3 22 22 5.831022

Scalar i (jLS0

ei )B (jRS0

ei )B (jRS̃0

ei )B

t→p0e 1 3.731023 3.731023 3.731023

t→3e 2,3 2.031021 2.031021 6.631021

t→eg 2,3 7.731022 7.731022 1.5
Scalar i (jLS0

m i )B (jRS0

m i )B (jRS̃0

m i )B

t→p0m 1 3.931023 3.931023 3.931023

t→3m 2,3 1.731021 1.731021 5.331021

t→mg 2,3 7.931022 7.931022 1.6
05500
-

is

g

~11!. In obtaining these bounds the following experimen
upper limits at 90% C.L. have been used@24#: BR

exp(t
→p0e),3.731026, BR

exp(t→p0m),431026, BR
exp(t

→3e),2.931026, BR
exp(t→3m),1.931026, BR

exp(t
→eg),2.731026, andBR

exp(t→mg),3.031026. Because
of a much lower experimental sensitivity in thet branching
ratios, we see that the bounds in Tables IV, V are betw
three and four orders of magnitude weaker than the co
sponding ones in them sector.

We discuss now the improvements of the LQ bounds
the muon sector which could be reached at the present
future muon experiments. In this respect it is convenien
introduce theimprovementfactor B5ABRcurr

exp/BRfut
exp, where

BRcurr
exp and BRf ut

exp are the current and future upper limits o
the branching ratios, respectively. In them→eg sector the
new bounds are obtained by dividing the current ones byAB
while in them→3e or m2e conversion they should be di
vided by B. In the sector of the experimental searches
m1→e1g it seems feasible, by using polarized muo
~which are useful for suppressing the backgrounds@30#!, to
reach the sensitivity of about 10214 on the branching ratio
@31#. This is converted into an improvement factorAB.8
for the bounds fromm→eg. The final analysis of the curren
SINDRUM II experiment at Paul Scherrer Institute~PSI! on
the m-e conversion@32# will reach a sensitivity of 10214 on
the branching ratio. This will give an improvement fact
B.8 in the new bounds from them2e conversion.

A recent proposal for them-e conversion experimen
~MECO! @33# at Brookhaven National Laboratory~BNL!
will permit a sensitivity on the branching ratio better tha
10216. This sensitivity is translated into an improvement fa
tor B.80 for the LQ bounds from them-e conversion. In
the context of them→3e decay~apparently! there is not any
proposal, at the present and future muon facilities machin
for improving the sensitivity on this branching ratio.

V. CONCLUSIONS

In this article we perform a model-independent analy
so as to constrain the LQ models (B andL conserving! in the

re

TABLE V. Numerical bounds as in Table IV which here a
relative to theSU(2)L-doublet-andSU(2)L-vector-LQs.

Vector i (jLV1/2

ei )B (jRV1/2

ei )B (jLṼ1/2

ei )B (jLV1

ei )B

t→p0e 1 1.931023 9.331024 1.931023 6.231024

t→3e 2,3 3.331021 1.531021 1.031021 6.131022

t→eg 2,3 2.8 9.831022 9.831022 4.031022

Vector i (jLV1/2

m i )B (jRV1/2

m i )B (jLṼ1/2

m i )B (jLV1

m i )B

t→p0m 1 1.931023 9.731024 1.931023 6.431024

t→3m 2,3 2.731021 1.231021 8.331022 4.931022

t→mg 2,3 2.9 1.031021 1.031021 4.131022

Scalar i (jLS1/2

ei )B (jRS1/2

ei )B (jLS̃1/2

ei )B (jLS1

ei )B

t→p0e 1 3.731023 1.931023 3.731023 1.231023

t→3e 2,3 2.031021 3.031021 6.631021 5.531021

t→eg 2,3 5.731022 5.731022 1.7 7.731022

Scalar i (jLS1/2

m i )B (jRS1/2

m i )B (jLS̃1/2

m i )B (jLS1

m i )B

t→p0m 1 3.931023 1.931023 3.931023 1.331023

t→3m 2,3 1.731021 2.431021 5.331021 4.431021

t→mg 2,3 5.831022 5.831022 1.8 7.931022
9-11



s

e

e
th

uc

ng

ird
f t

o

rm
e
he

s
th

en
he

ow
in

e,
r-

c

b

ib
th

-
on
r

t
e
in

-
a

in

the

s

-
les

ly

u-
.
l-
ct
0
f.

ns

guin
the

-

xi-
ve
and
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sector of rare FC leptonic processes; this is done by mean
the m→eg, m→3e decays~and analogous decays in thet
sector! and them-e conversion in nuclei. In our analysis w
assume that the LQ couplingslLQ

l i qj ~wherel i andqj indicate
the generation numbers of lepton and quarks, respectiv!
are unitary and real matrices. In order to set bounds on
LQ couplings and masses we find it convenient to introd
the following variables:jLQ

i 5ulLQ
2i lLQ

1i u3(102 GeV/mLQ)2

in the m sector,jLQ
ei 5ulLQ

3i lLQ
1i u3(102 GeV/mLQ)2 andjLQ

m i

5ulLQ
3i lLQ

2i u3(102 GeV/mLQ)2 in the t one.
The m-e conversion in nuclei, as shown in@10#, is the

best process for constraining the FC leptoquark coupli
involving the first generation of quarks, namely thejLQ

1 , this
is because the relevant effective Hamiltonian is induced
tree-level. The couplings involving the second and th
quark generations can also be constrained by means o
one-loop contributions to them→eg, m→3e decays, and
the m2e conversion in nuclei. We show that the best
these processes to strongly constrain the variablesjLQ

2,3 are the
m→3e and the (m-e)Ti . On the contrary them→eg decay
can set much weaker constraints. This is because the fo
receive large logarithms@ log(mq /mLQ)# enhancements at th
amplitude level while the latter does not. In particular t
m→3e decay andm-e conversion in nuclei~mediated by the
photon-conversion mechanism! get the leading contribution
from the so-called photon-penguin diagrams which, in
large LQ mass limit, are proportional tolLQ

2 /mLQ
2

3 log(mq /mLQ). On the other hand, the amplitude of them
→eg is proportional ~in the large LQ mass limit! to
lLQ

2 mq
2/mLQ

4 . The same considerations regarding the log
hancements hold for the corresponding processes in tt
sector.

The log enhancements in the photon-penguins are kn
in the literature@15,16#, but they have not been applied
this context. In particular in the analysis of Ref.@10# these
diagrams were not taken into account. As a consequenc
Ref. @10#, them→3e branching ratio has been by far unde
estimated. Moreover, in Ref.@10# the scalar LQ couplings
were not assumed to be unitary, thus allowing for large s
lar LQ contributions to them→eg branching ratio.

The complete list of the bounds which we establish can
found in Tables II–V in both them andt sectors. We next
briefly outline the general trend of our results and descr
the impact of the future experimental sensitivities on
muon branching ratios on our bounds.

The best constraints on all thejLQ
i variables that we es

tablish come from the current experimental upper limit
the (m-e)Ti branching ratio@27#. In particular, in both scala
and vectorial LQ sectors, the strongest bounds onjLQ

1 are at
the level ofjLQ

1 ,1027 while the strongest bounds onjLQ
2,3 are

weaker and are at the level ofjLQ
2,3,1025. The current ex-

perimental upper limits on them→3e decay can also se
strong constraints on thejLQ

2,3 variables; however they ar
roughly a factor 5 weaker with respect to the correspond
ones in them-e sector.

The bounds obtained from them→3e decay can be cal
culated with high accuracy in perturbation theory, where
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the corresponding ones from them-e conversion in nuclei
suffer from the problem of model-dependent calculations
the nuclear sector.

Because of a lower sensitivity in thet experimental
branching ratios@24#, the bounds obtained from the raret
decays are roughly four orders of magnitude weaker than
bounds in them sector. In particular the best bounds onjLQ

e1

and jLQ
m1 are at the level ofjLQ

m1,1023 and are set by the
decayst→p0e andt→p0m, respectively. The best bound
on jLQ

e(2,3) and jLQ
m(2,3) come from thet→3e and t→3m de-

cays, respectively, and are at the level ofO(1021).
Ultimately the current experiment on the (m2e)Ti con-

version at PSI@27,31# will reach a sensitivity on the branch
ing ratio that will enable us to improve the bounds in Tab
II, III by a factor .8. However a new proposal~called
MECO! for the (m-e)Ti conversion at BNL@33# could reach
a sensitivity on the branching ratio that will considerab
improve the bounds in Tables II, III by a factor.80.
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APPENDIX

We here give the analytical expressions for the functio
DS,V(xt ,Q) which appear in the branching ratios in Eqs.~4!,
~5!, where xt5mt

2/mLQ
2 and Q can be Q5RLQ or Q5

2RLQ , with RLQ[QLQ /QU . In Eqs.~4!, ~5! the dependence
by Q takes only two values, namelyQ5(1/2,25/2). These
functions, which are of orderO(x), take into account the
exact dependence on the top mass in the photon-pen
diagrams and give the percentage difference between
leading logarithm approximation@which consists of neglect
ing the terms of orderO(xt) with respect to log(xt)# and the
exact result. Their expressions are given by

DV~x,Q!5
x~218111x1x21Q~2122x17x2!!

8~12x!3log~x!

2
x2~15216x14x21Q~12210x1x2!!

4~x21!4
,

DS~x,Q!5
x~219141x216x21Q~2115x12x2!!

12~x21!3log~x!

2
x~25112x1~Q28!x212x3!

2~x21!4
. ~A1!

In order to estimate the reliability of the leading log appro
mation, in Figs. 2, 3 we plot the absolute values of abo
functions versus the leptoquark mass in both the scalar
vectorial cases.
9-12
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