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We perform a model-independent analysis so as to constrain the leptodu@rknmodels from negative
searches fop— ey, u— 3e decaygand analogous processes in theectoj, and coherenf.-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 tuthe3e. In particular we find that the
coherentu-e conversion in nuclei mediated by the photon-conversion mechanism and-t##e 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
Iog(mé/me) terms which are induced by the so-called “photon-penguin” diagrams. These enhancements,
which produce a mild Glashow-lliopoulos-Maiaf@IM) suppression in the amplitudes, have not been taken
into account in the previous analyses. We show thatutheey decay can set weaker constraints on the LQ
models and this is because its amplitude is strongly GIM suppressed by the terms cﬂ)@mﬁéme). We
also present the results for the corresponding constraints in geetor. Finally, the prospects of the future
muon experiments for the improvement of the present bounds are analyzed and discussed.

PACS numbes): 12.60—i, 13.35.Bv, 13.35.Dx

I. INTRODUCTION )\Eb Ebm _ o
———(q'y,,P9)(IMy,P'I"),
The leptoquark(LQ) color triplet bosons, predicted by Mg
grand unified theoriegl], superstring inspirecEg [2,3], ni \ tjm
compositenesgt], and technicolor mode[$], have been the and/or, M(Jpqu)(Tmpun)l (1)
subject of numerous phenomenological investigations. The mEQ

main direct experimental searches for LQs investigate their - . .
production in thes channel[2,6]; these searches are carried wherem, indicates the LQ mass and the chiral projectors

q I i
out at thee—p collider HERA at DESY[6,7]. On the other P9 andP' of the quarks and lepton, respectively, can be left

S ! ; [PL=(1—1vy5)/2] or right[Pg=(1+ y5)/2]. Since these ef-
hand, the indirect searches of LQs consist mainly of analy,zfethive inte?actions can bz genergted even at tree-level,

ing th(_e anomalous effects induced by the LQ interactions Irl:trong constraints on the LQ c:oupling,%_!Q and masses can
deep inelastic scattering as well as in low energy Processgs, cat by the flavor changing neutral curréRENC) pro-
[8-10. . . . cesses. In particular, strong constraints on LQ models are

Recently there has been a renewed interest in the subjeghiained by means of the rare FKCD, andB meson decays
[11] due to the highQ? anomalous events observed in the H1[9,10] as well as in the leptonic sectft0]. In this frame-
[12] and ZEUS[13] experiments at HERA, although subse- work in Ref. [10] a model-independent analysis was per-
quent analyses of new data have shown a less significafgrmed to constrain the masses and couplings of the [B)s (
discrepancy with the standard mod&M) predictions[14]. andL conserving,

In the literaturg 1—4], predictions are given for the exis- In the present article we carry out a detailed analysis of
tence of two types of LQs: the scalar and vectorial ones. Inhe LQ contributions to thg. and 7 leptonic rare processes.
the present article we perform a model-independent study dsince we do not consider thH@P violating processes where
the LQs, and, in particular, we restrict ourselves to the mosthe imaginary parts ok 5 couplings are better constrained,
general renormalizable interactions, which conserve thgve assume, as in Ref10], that all the couplings\ |, are
baryon @) and lepton L) number, and which are compat- real. In addition we require that all the couplingl, should
ible with the SM symmetrie$6]. Therefore, in the case of be unitary in both vector and scalar LQ sectors. This last
vectorial LQs, we consider only the gauge-vectorial ones.

From a theoretical point of view there is no reason to believe
that the quark-lepton couplings, mediated by LQ interac- INote, however, that unitary LQ couplings can naturally appear in
tions, are S|multa_neous|y diagonalizable with the quark an ome “minimal” models where the LQ interactions are assumed to
Iep_ton mass matrices. As a consequence, both scalar and_v%%— universal(in flavor) in the basis of the quark and lepton SM
torial LQs can generate, when integrated out, eﬁeCt'Vegauge-eigenstates. This is, for example, the case of the gauge-
flavor-changing(FC) interactions between quarks and 1€p- yectorial LQs which appear in the gauge multiplet of the standard
tons of the form8—10) grand unified theorie$GUTs) [1]. Then, after rotating the quark
and lepton fields into the corresponding mass-eigenstates, unitary
flavor-changing LQ couplings should appear in the interactions in
*Electronic address: emidio.gabrielli@cern.ch, Eq. (2) being proportional to the products of tlienitary) diagonal-
emidio.gabrielli@uam.es ization matrices of the quark and lepton mass matrices.
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assumption will give us conservative limits. Indeed the uni- p e H €
tarity of the LQ couplings makes active a Glashow- >
lliopoulos-Maiani{GIM)—type mechanism in some FCNC b X

processes, such as, for examplerey, r—evy decay,K-K vz X X
or B-B mixing, which naturally suppresses the potentially ) £

large LQ contributions. We recall that the limits obtained in f ff f
Ref. [10] (from u—evy or 7—ey) in the scalar sector are
less conservative than ours since the authors of Rl
assumed unitary couplings only in the gauge-vectorial sector
Within the class of interesting processes, used to constrait
the LQ models in the leptonic sector, a special role is played
by the rare FC violating decays—ey andu™ —e e e’
(u—3e) [10] and analogous processes in theector, and
the coherenj— e conversion in nuclej17-27 (in the fol- ()
lowing for the u—e conversion we always mean the coher- )
ent process The last of these processes is used to set the FIG. 1. The photon §)- andZ-penguin(a), (b) and the boxc)
strongest constraints on the combinatibpgh [g/m?, for  diagrams for the.—eff process, and the magnetic-pengld (€)
both the vectorial and scalar LQs which involve the firstdiagrams for theu—ey process, in the LQ model, whefeq, and
generation of quarks, since, in this case, the effective Hamilz( |nd|cfa1_te a general external fermion, quark_s and LQs_, respectively.
tonian is induced at tree-level. On the contrary jhe-ey In add't.'on to @, (b).there are als.o t.he diagrams with the.self'
and u— 3e decays, which are induced at one-loop, allow usenergy insertiongnot included in thl§ figure Where they or Z is
to constrain the complementary combinations on couplinggttached on the externaland .., which contribute to thq.— eff
and masses involving the second and third generation gmplitude.
quarks, namelyzZohio/mZo or VAZoA /Mo, wherei  gauge-vectorial LQSWe will see that similar considerations
=2,3. In this respect the authors of REE0] found that the  hold for the analogous decays in theector) This result can
radiative muon decay.— evy is better than the.— 3e pro-  be simply understood as follows. The main contribution of
cess in setting stronger bounds on these combinations of codiagrams to theu— 3e decay derives from the so-called
plings. photon-penguingsee Figs. (a) and ib)] which were not
One of the aims of this paper is to show that the conclutaken into account in Ref10]. In the large LQ massng, )
sions of Ref[10] do not hold when the unitarity of the LQ limit (with respect to the quark mass,) the photon-
couplings is required in both scalar and vectorial LQ sectorpenguins, since they are proportional to log(m ), are
and the dominant diagram@ot included in Ref[10]) are only “mildly” GIM suppressed (instead of being
taken into account in the— 3e decay. At the one-loop level “strongly” GIM suppressed as the box arfipenguin dia-
the LQs give contributions to the— ey decay by means of grams arg This means that to have an extra electromagnetic
the so-called magnetic-penguin diagrams shown in Rid). 1 coupling « in the u— 3e rate (with respect to theu—ey
and Xe)]. In Ref.[10] it is found that theu— ey amplitude, one is a more convenient price to pay than the price of the
mediated by scalar LQsvhich couple to the external leptons O(mglme) suppression in thee— e+ rate in setting stron-
with the same chirality is enhanced with respect to the one ger bounds. These log enhancementg in 3e were known
corresponding to the gauge-vectorial LQs, since these lasn the literature[15] for certain modeldand more recently
ones are strongly GIM suppressed by terms of ord?me analyzed in the context of effective theorid$]); however,
(wheremy is the typical quark mass running in the IgoAs they were not applied in this context. In fact the authors of
a consequence they show that the scalar LQ couplings arfdef.[10], in order to simplify the analysis, only consider the
masses are more strongly constrained than the correspondingntribution of the box diagrams to the— 3e decay[which
vectorial ones. In the present work we prove that, when thare of the orde©(\{om3/mi)] and this resulted in under-
unitarity for the LQ couplings is extended to the scalar secestimating the branching ratio.
tor, the scalar LQ contribution to the— ey decay’s ampli- The photon-penguin diagrams also give a relevant contri-
tude is significantly suppressed by the GIM mechanism sdution to the u-e conversion in nucleif17-22 via the
that it turns out to be of the same order of the gauge-vectorigbhoton-conversion mechanism. The log enhancement of
one. This in particular implies that the constraints on scalathese diagrams will enable us to show that the conver-
LQ couplings, which we find coming from the—ey de-  sion in nuclei is another golden-plate process which sets
cay, are weaker than the corresponding ones given in Reétrong bounds for LQ couplings involving the second and
[10] and are roughly of the same order of the gauge-vectoriahird quark generations. These bounds could turn out to be
ones. more competitive than the corresponding ones obtained from
In addition we find that in Ref.10] the main contribution  the u— 3e process. However, we stress that the bounds from
of diagrams to theu— 3e decay has been underestimated.the u-e conversion suffer the problem of being model-
The main purpose of this paper, however, is to show that theependent due to the nonperturbative calculations of the
m—3e process is more powerful than the—ey one in  nuclear form factors, while the bounds coming from the
setting strong bounds on mass and couplings of scalar and:3e decay are not.
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The interesting aspects of the photon-penguin diagramqu,Rz(PL’Rq)C, Note that the generatiofflavor) and color
which give universal contributions to the—3e and u-e  indices in the fields appearing in E@) are omitted. As we
conversion processes, is that these log enhancements appgainted out in the Introduction, we assume that all the scalar
in both the scalar and vectorial LQ exchanges which havend vectorial LQ couplings. o are unitary(in the flavor
the same chirality couplings with the external leptons. Wespace in the basis of the quark and lepton mass eigenstates,
shall see that this property enables us to set strong bounds &#nd that the LQs do not carry flavor indices. Moreover, since

both the scalar and vectorial LQ sectors. we do not consider th€ P violating processes in our analy-
The same considerations regarding the log enhancemenéis, we assume that all the couplings are real.
hold for the r—3e, 7—3u, 7—eu’ u , andr—pue'e” The relevant(gauge-invarianteffective Hamiltonian for

processes. However, due to weaker experimental upper limhe u— ey decay is given by

its on the branching ratios, the constraints on the LQ cou-

plings and masses, which come from these rare processes, .

are not as strong as they are in fhesector. H=—=(QLrCLr*+ Qr.CrL), (©)
The paper is organized as follows. In Sec. Il we present V2

the analytical results for the LQ contributiois the large _ _

LQ mass limi} to the branching ratios gi —ey, and in Sec. WhereQ_gr=e o, ugF*" and Qg =ero,,u F*" are the

Il we give the corresponding results for—3e decay and Magnetic-dipole operator§;“” is the electromagnetic field

w—e conversion. In Sec. IV we present the numerical result$trength, an@, g, Cg, are the corresponding Wilson coef-

for bounds on the combination of LQ couplings and masse§cients.

constrained by the experimental upper limits pr-ey, u The Wilson coefficientsC, g, Cg_ receive their main

—3e decay(and ana'ogous processes in thsecto)', and Contr|but|0ns, at the electroweak Scale, through One—loop

the . — e conversion. Finally, the last section is devoted toMagnetic penguin diagrams shown in Figed)land Xe).
our conclusions. Since these diagrams are proportional todhg form factor,

one needs a chirality flip. In the SM, as the charged currents
are only of theV-A type, one can get this chirality flip by
means of an external mass insertfoithis imply that the

In the present section we give the main results for theC r andCg, are proportional to the electran, and muon
relevant LQ contributions to the total branching ratiogf ™M, masses, respectively. However in the SM the Wilson
—ey. We begin our analysis by fixing the conventions for coefficientsC, g and Cg, are strongly suppressed by the
the most general renormalizable Lagrangian for scalar an@IM mechanism which forces them to be proportional to

. . . . . 2,2 . . . .

gauge-vectorial LQ interactior(rom now on, if not strictly ~ m:/mj, terms times the corresponding Cabibbo-Kobayashi-
necessary, we will omit the suffix gauge in the vectoria) LQ Maskawa(CKM) angles of the leptonic sector, with, be-
This Lagrangian, which i8 andL conserving and invariant ing the heaviest neutrino mass running in the loop.
under theSU(3).®SU(2),®@U(1) symmetry group of the We now consider the LQ contributions to the magnetic
SM, was first proposed in Ref6]. Its expression, in the penguin diagram§see Figs. (d), 1(e)]. These diagrams re-

Il. p—ey DECAY

notation of Ref[10], is given by ceive finite contributions from both the scalar and vectorial
- B - LQs interactions in Eq(2). With respect to the SM dia-
Ls={(\ 50517+ \rsUSer)Sh+ (Ars.dSer)S) grams, theN and neutrino internal lines are replaced by a LQ
St 7R R and quark, respectively, and an additional diagravhere
+ (M s Url +Ars 01 2€R)S! o+ (A2 drl)S! the external photon is attached to the internal quark) lise
L1 IRILT ARSI T2ERI 51T (S 0RIL =2 included. The SM GIM suppression terms of order
+(\s 177 1S+ Hee, O(m2/mg,) are now replaced b@(mz/m¢y), wherem,q is

a typical LQ mass running in the loop.
_ _ . — ot In order to find the constraints on the combination of LQ
Ly={(\ v QL yul L+ ARy, drY.ER) V0" + (ARYURY.ERIVE'  couplings and masses we impose, as in REd], that each
individual LQ coupling contribution to the branching ratio

+ (v, RVl Ny, AE 7,.€R) VAT does not exceetin absolute valugthe experimental upper
_ _ _ . , limit on the branching ratio. Therefore, in order to simplify
+ (N, UYL OVER+ Ly, QL 7T VE T+ He, the analysis, we consider in the branching ratio only one
single LQ coupling contribution each time; this is done by
(2) “switching off” all the other couplings. Moreover we as-

where L5 and £y contain the interactions with the scalar

. S, Sip, Sip S)) and vectorial WA, VA, VA,
(S0 So. Si20 S1z S) v 0 2 2In some extensions of the SM, such as the left-right-, the LQs-,

_VllL/Z' Vllﬂ) LQs fields, res_pectlv_ely: The S‘_Jbsc”pt (0,1/2,1) and the supersymmetric-moddlshere the leptons or quarks can
in each scalar and vectorial LQ indicates fheglef doublet  paye both the left and right couplings to the new particlésis
andtriplet SU(2), representation, respectively, whereas thechjrality flip can be realized by a heavjnterna) fermion mass
7's are the Pauli matrices. The quark fieffsy are the cor- insertion which turns out to give a strong chiral enhancement with
responding conjugate of the R fields, respectively, where respect to the SM amplitude.
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sume that the LQ masses are larger than the quark @mes
cluding the case of the top quarko that we only take the

PHYSICAL REVIEW D 62 055009

TABLE I. Electromagnetic charges of the scal&) @nd vecto-
rial (V) LQs in unit ofe.

leading contribution to the Wilson coefficients.

By means of the Lagrangian in E(), we give in the LQ Quo
sequel the results for the total branching ratie- ey, where B
. . . . . Sy 1/3
only the contribution of a single LQ coupling is considered.~ _a3
By neglecting the terms of ord@(m3/m{s) in the Feyn- ST s 513
man diagrams we obtain the following. (Si, D ( 13 ' o3 )
Gauge-vectorial LQs: (Sie SY (113,-213)
(Si, 7, S) (— 413,213~ 1/3)
B Q\ & . . 2 Vo ~2/3
A \% 0 2 1 2
BRLVO = GZ( ) 2 )\LI\/O)\LI\IOmDi:| ) Y —5/3
Vo (VY. V2 (—1/3-4/3)
"Ry ghLvg V32, VDo (2/3—1/3)
Br =B "My Rryg), (Vi V3 V9 (1/3,~2/3,~5/3)
N2 3 2
~ B Qv . .
ARV, \Y 0 2i 1i 2
B =3 G2 (QU_T) Zl )‘RT/O)‘RY/OmUi} ' 3
mvg F = B’\le,z Z I m2
R m% Gz = '-51/2 LSyp Ui
A By ( Vie 13, i ? v
B V2= Qp E )\2| 1i m2 :| 2
8 ~2 ) Lv, ALy, Mo | »
A v,,CF 2 (=1 T X(Qup(xy;s,,) T Q)|
B RV, By > i N2l 2 ( Q - Be [3 o
: RV, RV. i q — i i
R m?/yzG'Z: g=u.Di=1 vz e BR * mg G,Z: 2 RS_I_/Z)\RSlIZ
1/2
Q) | X (M8, (Qop(Xp;s,)+ Qst,)
+ 5 , D;\*DPXD;s, ), Siiz
2
Qo \ [ 3 2 +mai(QuP(Xuisl,z)Jrng’/Z))} :
B}\Lvllz \ Q + 1/2 2 )\ i 1| m2
R 8 2| <V 2 = LV1/2 LV, Vi|
Vi F . B 3
LSy S 2i 1
3 Q3 By =3 a2 IZ Mg Me,M D(QDP(XD 5,
ALv By 2i i 2 v Sz FH
B ™ 2NN M| Qo —-
R m\B/lG|2: =1 1 1 i 2 2
~ 2
V% 2 +QS?/2) ’
2 —_——
+2mg, 5 (4) ,
Ms, S 2i
Scalar LQs: Br 5 G2 ; NS,
1
3
A X (m? Xu.s)— Qg3
BRLSo: 2 )\LSO LSOmU (Mg, (Qup(xy;s) Qsl)
mSO =

2
X (QUP(XuisO) - Qso)} )

2
+2m%i<QDp<xDisl>—Qsp>} : (5)

A A
BRR%: BRLSO(MSO_’)\RSO)’

AR

3
Z Aeghrgm?,

m~ 2
S5

2
X (Qpp(Xp35,) — QNSO)} ,

where By=3aN?/(647) and Bs=aN2/(192r). N,=3 is
the number of colors and the functiom(x)=(11
+6 10gX)/2, Xap=m2/m2, Qu=2/3, andQp= — 1/3. For the
values of the LQ chargeR, g the reader is referred to Table

I. Note that the leading term |r||12/mV expansions ifB Mo,

BRRV0 is zero due to the fact th@p—Qy, /2=0. Therefore

the nonzero LQs contributions to these branching ratios is
highly suppressed since they are of the oi@émg/GZmy?).
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We stress that our findings for the analytical expressionsvhere Q, g and Qg are the magnetic-dipole operators de-
in Eqg. (5), due to different assumptions in the scalar LQfined in Sec. Il and the chiral fields are given by g
couplings sector, is somewhat different than the correspond=1/2(1= vys) 4. In the LQ model obtained with the Lagrang-
ing one in Ref[10]. Indeed, in Ref[10], only the terms at jan (2), the Wilson coefficients of the local four-fermion op-
the zero order in the quark mass expansion give the leadingrators in (7) get their contributions from the photon-
scalar LQ contribution tou—ey. However, in our case, penguin,Z penguins, and the box diagrarfeee Figs. (a)—
when the sum over the quark generations is performed, thesgc)| with f=e and scalar and vectorial LQs running in the
terms vanish due to the unitarity of theq matrices and 5455 together with quark In the limit of large LQ masses

survive only the nextz—to—lzeading ones which are suppressegarge compared to the quark opethe leading contribution
by terms of ordeO(mg/miq). We check that our results are , he effective Hamiltonian irf7) is given by the photon-

consistent with the analogous calculations obtained, for exbenguin diagrams which affect only the coefficients
ample, from the charged Higgs boson and supersymmetri&s, Ca» Ce, andCg. Indeed, in the large LQ mass limit,

contributions o thed— sy amplitude{23]. these diagrams are only “mildly” GIM suppressed since

Since the doublet LQs can have both couplingsandi 5 . 2 >
(with left and right chiralities, respectivelyone can get a they are proportional to thﬁLqugmﬁl_”ﬁQ)/mLQ’ th'S’_ n
the context of the GIM mechanism, is in contrast with the

chiral enhancement in the— ey amplitude by flipping the i . ) > o
chirality with an internal(heavy quark mass insertion in naive expectation of them being of ord@(\{omg/mio)
contrast with the external muon mass. In this case the resul@nd O(\{om3/mis), which is typical of theZ penguins and
ing amplitude has to be proportional X9 \r. However, in  box diagrams, respectively. We stress that the appearance of
the present paper we do not analyze the constraints on thige logfr/m{o) enhancements is a special property of the
combination of couplings. Indeed we follow the usual ap-gamma-penguin diagrams which is independent by any as-
proach,(adopted also in Ref10]), in setting more conser- sumption on the unitarity of the LQ couplings.
vative bounds and, more precisely, consider only the effects The relevance of these log enhancements in constraining
of the same kind of coupling constant per time whilethe new physics beyond the SM was first analyzed in Ref.
“switching off” all the others. [15]. A more accurate discussion on the origin of these loga-
In the 7 sector the corresponding analytical results for therithms can be found in Ref16]. Here we want to point out
r—ey and r— uy decays are simply obtained by making that this mild GIM suppression of the photon-penguins,
the following substitutions in the right-hand sidegs.s) of ~ which is also present in the SM, is a peculiar property of the
the branching ratio8\-%(.—ey) in Egs.(4), (5), LQ interactions and it is not true in general extensions of the
R SM. For example, in the minimal supersymmetric SM, due
to the super-GIM mechanism, the photon-penguins mediated
by the charged Higgs, gauginos or Higgsinos are always
XN ABNL), GIM suppressed by terms of ord@(m;/m3,s,) [with
mgysy Standing for any typical supersymmetric mass running
in the loopg [23,25.
Therefore, due to these log enhancementsuthe3e de-
X{)\Eb)\tb_ﬂ\%)\fb}, (6) cay plays a crucial role in setting strong constraints on the
FC LQs couplings in the\L=1 processes. The branching
where the electron and muon masses have been neglecteio for this process is proportional ta?/(moGe)?
with respect to ther mass. The central value of the experi- X10g(my/m_g), while the branching ratio of the —ey de-
mental branching ratio forr*—m*; v, is BEX7 cay is proport.ional tm/(mEQGF)Zg(mq/mLQ)“. Therefore
uT v )=17.37%[24] even though in the branching ratio of ttm_a—>3e d_ecay we
K VuVs ' ' pay the price of an extra electromagneticcoupling, with
respect to theu—ey, in the large LQ mass limit thex

BR(7—ey)=BRAr = v,r,) X By (u—ey)

A — - A
Br(m—uy)=BRAr —u v,v,)XBZA(u—ey)

o

lll. p—3e DECAY AND p-e CONVERSION IN NUCLEI

The most general lepton-family violatingA{ =1) effec-
tive Hamiltonian which describes the amplitude of the 3In the case of unitary couplings any single diagram of the
—3e decay is gamma- orZ-penguin type is finite. This is because the divergent
part, being flavor independent, factorizes out in stIS'AL"Q on
B Gr . - the internal-flavor index=1,2,3... and therefore its contribution
H(AL‘1)=—{QLRCLR+ QrCrLTCi(eru)(ereL) vanishes fom=+n. In the case of nonunitary couplings, due to the
\/E U(1)XxSU(2), Ward identities, only the total sum of the gamma-
penguin-diagrams, or analogously tEepenguin onegincluding

+Ca(eLur) (e r) + Ca(eRY, uR) (ERY ER) also the diagrams with the self-energy insertjpase finite. On the
— — — contrary the magnetic-penguin- and box-diagrdsee Figs. (c)—
+CyleLyum) (e v e) + Cs(ery ur) 1(d)], respectively are just finite since their loop integrals are con-

— — — vergent. Clearly, in the vectorial sector, the above arguments hold if
i i

X (e y*e)+ColeLy,m)(ery er) TH.CH, the vectorial LQs are of the gauge type and acquire mass via spon-

(7)  taneous symmetry breaking.
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suppression could dominate thﬂ-ﬁlmLQ term. For this rea- B 3 m%_
son we neglect the effects of the magnetic-penguins operaBRRVuz ——| 2 Mav, My, | Qolog| —-
tors Q_g and Qg in the u— 3e branching ratid. The main mv1,2G RETE Vip
contribution to the branching ratio @f— 3e is given by[26] 5 )
C.|2 2 +Qulog (1+63Av(X, —RwW)) | |
Lo L T E -
Br=2 + +[Cql*+[Cy|? | +|Cs|“+|Cé|%, v2
16 16
®) . ; "
- - MV E 1 log 2Ui
where C; are defined in Eq(7). Note that the terms sup- R v F = '-V1/2 Ly m;,
pressed bym,/m,, have been neglected. In addition in ob- 172 12
taining Eq.(8) the total width of the muon was approximated 2
and we used instead the width of the main degay X(1+ 8.3Ay(X,— R0 ) |
1/2

—v,e v, whose branching ratio is almost 100%. More-

over, by following the approach adopted in this analysis, we
consider the photon-penguin’s contributions induced by only _ 5 )
one LQ couplings and by “switching off” all the others. By By mp,

it > 22 log| —
means of these approximations and by neglecting the term mt G2| &1 |.v1 QD 0g m2
proportional to the quark masses, the expression for the Vi—F Vi
branching ratio in Eq(8) can be further simplified, since in m2 2
this case we hav€,; ,=0, C3=Cs and C,=Cg. We next oY _
give the analytical results relative to the branching ratio of +2Qulog m2 (1+8iAv(x.Ry)) | |- (9
1

n—3e mediated by the photon-penguiftee analogous re-

sults in ther sector can be obtained by means of a simple

generalization Scalar LQs:
Gauge-vectorial LQs:

B 2
My 2 1 mUi
B ms | | o g 5 e
|
BRLVO 2QD E )\Zv )\LV log| — || . %G %
Gg m
v0 Vo 2

X(1+ 6i3As(X, —Rg))) |

B),;RVDZ B),;LVO( Ay, = ARy,

A A
BRR%: BRLSO()\LSO_’)\R%)a

3
BR%—— Q3 wa\ lo T
R v2G2 ~ “RYMRY, 9 m\g/ 5\ 12
0 ARG __ °S i
, B, e QD 2 )\RSO R%Iog — |
2 S
X (1+6i3Av(X, Ry ) |
A mU
LS,
, ) BR 12— 2 GZ QU 2 )‘LSuz)"-Sl/zl()g
N E 3 mp, S112 S1/2
LV !
By =3 G2 — Qb 2 )\Lvl,z)\l_vm'Og 2 || 2
Vi Vi

X (1+ izAs(X; ’Rle/z)) ,

“We recall that if the Wilson coefficients of the magnetic-penguin 5 3 2
operators in(7) are not suppressed then their contribution can give ARS, mD-
sizable effects to thege— 3e decay[26]. Moreover, after the phase R Z Rsl,2 Rsl,2 Qplog| ——
space integration, some term@roportional to the magnetic- mSl/Z F 51/2
penguin contributionsget an enhancement of lag(/my) in the 5 2
decay rate because of theql/pole of the gamma propagator. mu
Therefore, if these diagrams are included then the approximation +Qulog| —— | (1+ di3As(X; !RSD )) ’
consisting of the neglect of the electron mass, cannot be used. S1/2
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5 3 m3 2 in agreement with the analogous ones obtained in Refs.
AS,_ S 2 2\ 10 i [23,25 for the supersymmetric corrections to the FCNC pro-
BR = a2 b 21 )\'-51/2 LSy, 9 2 ' s P

cesses in the quark sector.
In the 7 sector the corresponding analytical results for the
~ 3 2 7—3e and 7—3u decays are obtained by making the fol-

Syp F Si2

B\Lsi— Bs 2i 1 | ﬂ lowing substitutions in the r.h.s. of Eq®), (10),
R T 2 2| 2 MsMis| Qulogl —
ms Gg | =1 ms,
(1+ 65A ))+2Qp | A BR(r—3e)=BRAT —u v,») XBr(u—3e)
X (1+ 6i3A5(%, —Rs,)) +2Qp log| —- ' oo S
S m2, XN AT LY,

(19 B)F\QLQ(THB,LL):BeRXp(T_—>,u_VMVT)><B)F\QLQ(,LL—>3€)
where By=a?N2/(967%) and Bg=«a?N?/(384x7?). The
functionsAs v(X;,R.q) (whered; is the standard delta func-
tion, X,=m;/mZ, and R o=Q,o/Qy) whose expressions
are given in the Appendix, take into account the exact de- We now consider the LQ contribution to the—e con-
pendence on the top mass,. Note that in the limit version in nucle[17-23. The most general effective Hamil-
limy _o(Asv(Xt,RLq))—0. The results in Eqg9), (10) are  tonian which is relevant for this process is given by

XN L= A EA T} (11

. 4Gp _ _ _ _ _ _

H%I&r 1):_{QLRCLR+QRLCRL}+C2(eRML) > (QRQL)“‘Cg(eLMR) > (QLQR)+C2(GLMR) > (9.9R)
\/E gq=u,d g=u,d g=u,d
+CQ(ELMR)q§d (anR)JrCE(ngMR)qu Qq(aRv"qR)JrCE(ngML)q;d Qq(aLy*ay)

+CheRvumr) 2 QuLy"du)+CaeLy,um) 2 Qqldry“Gr) +H.c. (12

where in the quarlq fields the sum over color indices is from the’u—e conversion on the CombinatiomiiQ)\iiQ/mEQ
assumed an@, is the quark electric charge in the unit@f  wjth j = 2,3, we assume that its branching ratio is dominated
Note that for the Wilson coefficient€f we have used a by the one-loop contributions. This implies that the product
normalization which is different from the one used(#. In  N{5\ [ should be negligible with respect to the products
the LQ model the Wilson coefficients of the four-fermion )\fiQ)\ﬁiQ (with i =2,3) times electromagnetic constantThis
operators get their contribution at tree-level with a LQ ex-condition does not violate the unitarity of theq matrices
change. The tree-level contributions involve only the prodsince in this case one can still hawg3\(3=—AZ3I\13
ucts of the LQ couplinga {3\ (3, since the operators i12)  +O(AZ3\[3). Now, even though the constraints on cou-
contain only quarks of the first generation. Indeed this proplings involving the second and third quark generations are
cess is known to be particularly effective for setting strongweaker than the corresponding ones with the first generation,
bounds on this combination of coupling8,10.. However they should be compared to the same bounds obtained by
the Wilson coefficient<C!" also receive the next-to-leading Other processes, such as for example ghe 3e decay. In-
contributions from the one-loop diagrams induced by thedeed, as we will show in the next section, the bounds on the
photon-penguinsZ-penguins, and box diagranisee Figs. L_Q coupl_lngs |nv0IV|r_1g the second and third quark genera-
1(a)—1(c) with f=U,D quarkd. These next-to-leading con- t|ons., vyhlch we obtained fror_n the current experimental up-
tributions involve the products of th)ef'Q)\ﬁ'Q combinations P’ limit on_the,u—e conversion rate, are stronger than the
with i=1,2,3; as a result the—e conversion process can corresponding ones obta!ngd from the-3e decqy. .
also give the possibility to set constraints on the second ang In the large LQ mass limit, the ph(_)ton-pengum diagrams,

; ) . : ue to the log enhancements, dominate the other one-loop
third quark generatiorsin particular, in order to set bounds

by the photon penguins, in constraining the supersymmetric
®In a more recent paper the authors of R&R] stress the impor-  R-parity violating models. However in these models the tree-level
tance of the log enhancements, induced inghe conversion rate  contributions to theu-e conversion are absent.
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diagrams, such as th&penguins and box diagrams which 1
are of orderO(mz/m¢). Therefore in constraining the LQ BQLQ(M—e)TFB”RLQ(,u—Be)[—Z
couplings involving the second and third quark generations Gr
we assume that th@-e conversion is dominated by the 3,554 5= |2

. . . a’M>ZeZ|F e 2
photon-conversion mechanigrh7—-21]. In this case only the c—remm b _] ’ (14)
matrix elements of the hadronic electromagnetic current be- [ capt 3m?
tween nuclei are involved. In order to calculate the nuclear
form factors connected to the electromagnetic matrix ele-
ments, various models and approximations have been apvhere, as in theu— 3e case, we make active the effect of
plied in literature[17—-21]. In Ref.[18], and more recently in  one single coupling. o per time by “switching off” all the
Ref. [19], the relativistic effects have been taken into ac-others.
count. However, due to the large mass of the muon, it is
useful to take the nonrelativistic limit of the motion of the
muon in the muonic atontsee Ref[20] and more recently IV. NUMERICAL RESULTS FOR THE BOUNDS
Ref. [21]). Indeed, in this limit, the large uncertainty con- . . .
nected to the muon wave function factorizes out in the cal- N this section we present the numerical results for the
culation of the coherent conversion rate. In order to estimatBOunds on the combinations of LQ couplingy, and
the LQ contribution to thg.—e conversion in nucleN [de- ~ Massesn q obtained from thew— 3e, u-e conversion in
fined as Br(u—e€)y=I"(uN—eN)/T(uN—v,N')], we Ti, and the{u—>ey. In a_ddltlon we give the_results for _the
use the nonrelativistic results of R4R0]. In the photon- corresponding bounds in thesector. In setting constraints
conversion mechanism one can &t=0, i=1,...,4,Cl  on the product of couplingsfohio (i=1,2,3), in order to

—C", andCl=C} in the Hamiltonian(12), and the branch- SIMPIify our study, we use the following approach.
ing ratio is given by[20,22) The tree-level LQ’s contribution to thge —e conversion

rate (not mediated by the photon-conversion mechahism
contains only the terma{oAiG. This process is used to

CmeZi P 1 i strongly constrain the combinatio Eé)\ﬁé/'mfd.. .
Br(u—e)y=C T —2(|C5|2+ |Cgl®), (13 In order to set bounds on the LQ couplings involving the
capt 4m second and third generations of quarks, we adopt the ap-

proximation which neglects 7o\ [ with respect ton A (5

_ and \{A {3 in the one-loop contributions. This approxima-
whereF ,(q) is the proton nuclear form factésee Ref[20]  tjon can be justified as follows. The products of couplings
for more detailgandI’ ., is the total muon capture ratell )\ﬁiQ)\ﬂ?’ i=2,3 enter only in the one-loop contribution to
these_ guantities depend. upon the titanium eIeméEﬁfi)( the u— ey, u— 3e decays, and the — e conversion. There-
used in the_current experimerg7]. For_the Ti the quantltTles fore they could be larger if compared with thé&ﬁ\ﬁé ones
appearing in Eq(13) take the following valueg20l: C"  without violating the experimental upper limits on the
:10, Ze;f: 1761, ZT|:22, Fc;pt: 2.59% 165 Sﬁl, and branching ratios.

E;'(q)=o.55. In this approximation the unitarity of th& , matrices
By taking into account only the photon-penguin contribu-implies that:\f3\ (&= —A3N{S. This condition allows us
tions we see that, respectively, t88 andC}} coefficients are  to eliminate one of the two products of couplings in the
proportional toC; and Cg in Eqg. (7) by an overall factor. one-loop contributions and set bounds for the magnitude of
This factor is a constant and does not depend upon the pathe combinationgh 2o\ 13|/m7, or [NEINLS|/mE, by means
ticular LQ model considered. This implies that the LQ con-of Egs.(4), (5), (9), (10). In order to set bounds in the sector
tributions to the branching ratio of the-e conversion in i, withi=2,3, by means of the — e conversion one assumes
nuclei, mediated by the photon-conversion mechanism, havéhat (for this procesp the photon-conversion mechanism
the same expression of Eq@), (10 and so the bounds dominates over the nonphotonic one.
extracted from this process can be simply obtained by res- The same approach is adopted in setting bounds in-the
caling the relative bounds obtained from the-3e decay. sector. The relevant effective Hamiltonians for the 7%e
In order to obtain the corresponding analytical expressions ond 7— 7w°u decays are induced at the tree-level and so
Egs. (9), (10) for the branching ratios of the-e photon-  these processes are used to strongly constrain the variables
conversion in nuclei, the following substitution has to be|\J{AIG/m7o and [NTEAZGI/mE,, respectively. The terms
made in the r.h.s of Eqg9), (10): Morio and AP\ fg (involving the second and third quark
generationsenter at one-loop level and therefore, as in the
muon sector, we assume that they could be larger than the
SNote that with respect to the corresponding formula of Rzg], ~ corresponding ones involving the first generation. The
we have simplified the &2 pole of the photon propagatéwhich ~ bounds on these combinations of couplings are obtained by
for this process is of orddg?/=m?) with theq? which, due to the  imposing the experimental upper limits on the-ey, 7
gauge-invariance, factorizes in the photon-penguin form factor. —3e, 7—u7y, and7— 3u decays.
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TABLE II. Numerical upper bounds for the vectorial and scalar ¥
SU(2),-singletLQ variables & o=|\{oA Gl X (107 GeVimo)?
<(§'LQ)B obtained from the experimental upper limits on the (
—e)r; conversion rate ang.— 3e decay. In theu— ey rows the 0.8
variables  which are  constrained  areé| o= \|IANZoA LG
X (107 GeVim g)*<(£.o)®. Note that the symbot — stands for o
weaker constraints, see the text. Everywhefi,®= (£0)®.

Vector i (£Lv,)® (&ryy)® (e5,)"
(n—e)7i 1 2.6x10°7  26x107 2.6x107 0.2
(m—€)i 23 15<10°° 15x10° 4.6x10°°
n—3e 23 8.0<10° 80x10°  25x10° = = — — = =
—3
u—ey 2,3 - - 1.7x10 _
Scalar i (fiLso)B (fiRsD)B (EiF{ )8 FIG. 2. Plots for y= |As(xE Q) (zconglnuouss and y
(n—€)ri 1 5.2} 107 5.2% 107 5.2><Sf0‘7 =|Ay(X; ,_Q)| (d_asgeo\i/functlons, withx;=mg/mio andQ= —5/2,
(=€) 23 9.210° 92x10°  3.0x10°° VErsusm=meq In SEV.
n—3e 23 5. 10:2 5.0x 10:2 1.6X 10:2 with the effective Hamiltonian and the approximatiarsed
n—ey 23 2310 2.3x10 4.5x10 in [10] for calculating the hadronic matrix elements.

Now we analyze the results in Tables Il and Il for the
upper boundson £ *** which come from the.— 3e decay
In Tables Il and 11l we present our resuilts for ZpihelilJIOIOer\rlg,:iireisthgég&ﬂti))qoj&??? tzlt ugg;: II?_IE_OFZZH_G _?_Laer;(;hmg
bounds on the following Va”ablef.gLQEp\LQ)‘LQ' bounds are obtained in the approximation of large LQ mass
X (107 GeVim,q)* and §Lo=VIMo ol limit and so by setting to zero the, s functions in(9), (10)
X (107 GeV/m o)? with i =1,2,3. The constraints aff, are  which are of orde©(m{/m¢s). Moreover the following val-
obtained by using the same approach used in Réf. In ues of the quark masses are used;=150 MeV, m,
addition, by means of the current experimental upper limits=1.5 GeV, m,=5 GeV, andm,=175 GeV; these corre-
on the u—e conversion rate on Ti which i8R u—e€)y;  spond to the central values of the allowed ranjgeg. From
<6.1x 10 3[27], we improve the results of RdfL0]. From  these results we see that the current upper limitg.on3e
Tables II, Il we see that the current limits on the—e  can set bounds oré’5 which are at the level of¢’d
conversion rate can set bounds &g, which are at the level <O(107°—10"%). These constraints are consistent with the
of EﬁQ<O(1O_7)- Our results for the bounds CﬁQ are in m'ain approximatiz%n used in our analysis Which nggléﬁ&
agreement with the corresponding ones in R&€] except ~ With respect tong' ). Note that, due to the unitarity of the

for §év and glR - in these cases we have an analytical)‘LQ matrices, the logarithmic dependence of the LQ mass in
12 Suz the right-hand side of Eq4$9), (10) disappears and it is re-

fa_lctor 2 of discrepancy I"”tmo]' (I? particular our expres- placed by the logarithmic dependence of the corresponding

sions for the bounds ogky, , and¢rs , are half of the cor- 4,51k masses ratio log,,/my,) involving only the second

responding ones if.0].) However, our results are consistent anq third generation. Therefore, due to the logarithmic de-
pendence upon the quark masses in E9)s.(10), the uncer-
tainties which affect the bounds off5>* (from u— 3e),
induced by the uncertainties on the quark masses, are small
and are of orde©(10%).

TABLE Ill. Numerical bounds as in Table Il which here are  In order to estimate the reliability of the leading logarith-

relative to theSU(2)_-doublet-and SU(2), -vectorLQs. mic approximation when the top mass is involved, we plot
: i 5 ; S ; - (see Figs. 2 and)3the absolute values of the functions
Vector i (dlv,)”  (Gry)” (65,)° (G Ay s(X;,Q) versus the LQ mas® . These plots have ori-

gin in m_ o= 280 GeV which roughly corresponds to the ex-
clusion limit obtained at HERA14] for LQ masses with
couplings of electromagnetic strength. From Figs. 2, 3 one
can conclude that these corrections are smaller than 20% for

(v—€)1 1 2.6x107 1.3x107 2.6x107 85x10°8
(v—€)1i 2,3 1.5x10°° 6.7x10°® 4.6x10°® 2.7x10°°
u—3e 23 8.0x10° 3.7x10° 25x10° 15x10°°
u—ey 23 84x102 29x10°% 29x10°% 1.2x10°°

Scalar i (&s)®  (&rs)® (§iL§u2 B (&))"

(v—€)yi 1 52x10°7 2.6x107 52x10°7 1.7x10°’ "This approximation mainly consists in assuming that the matrix
(v—€)1 2,3 9.2x10°% 1.3x10° 3.0x10° 25x10°° elements, corresponding to the amplitudesTi—e Ti and u Ti
p—3e 23 50<10° 7.3x10°° 1.6x10“* 13x10*  —vw, Ti’, are comparable. _ _

u—ey 23 17x103 1.7x10°% 5.1x102 2.3x10°3 ®Note that, in our approach, the bounds&g” and £ 5* turn out

to be the same.
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v Tables Il, 1ll). The reason for not giving these bounds is that,
at the amplitude level, there is an accidental cancellation of
the leading term in thenj/m{, expansion[see Eq.(4)].
Therefore, due to a stronger GIM suppression of the next-to-
leading contribution, we expect, in these cases, weaker
bounds on masses and couplings combinations.

For fixed values of the LQ mass we can compare the
bounds on the product of couplings,\ g which come
from the u— ey and u— 3e decay(or w— e conversion. In
particular, from the results in Tables I, lll, one can draw the
following conclusions: for a LQ massn o=1 TeV the
bounds on thé\?o\ [, combinations fromu— 3e are stron-
ger, of roughly one order of magnitude, than the correspond-
ing best ones from thg— ey decay. On the contrary, if we
fix the couplingsh?3 to be of the order of the electromag-

~600 GeV andvectoria) my,>400 GeV. For the interme- netic strength, the bounds on the LQ masses induced by the

. . . . >(2— i
diate LQ mass regions, the corrections induced by th{o:s?;rea%rti &;:Jrnili\/:;o;?é% (izg?)T%\;\v/vbie;h.ﬁef/aTﬁ
Z-penguin and box diagrams, which are of order LQ . '

this respect one can argue that the bounds obtained from

2 2 ; H
O(mg/m{g), become relevant and they should be included |n_>e7 are weaker than inu—3e or (u—e€)r;. Clearly the

the. analysis. !n these cases one c_annot copstram a S,'ngt!ﬁfference between these constraints becomes more notice-
var!able comblnatlor_l as thi , and this results in a.compll- able in line with the increase of the LQ masses.
cation of the analysis. However the excluded regions in the  Now we compare the results in Tables II, Il with the

1i y 2i ; '
Mg andAighiq plane could be analyzed, for example, by ¢orresponding best bounds @, obtained by other pro-
means of contour plots. A complete study for this scenariqagses. From the analysis of REL0] we learn that the

will be presented elsewhef&8]. hadron-lepton universality and the ratidR=T(7"

i=2,3 H _ _ _
The bounds ong o™, which come from theu—e —ev)/[T'(7*—uv) can set severe constraints on the

photon-conversion, are simply obtained by rescaling the cor: 21, 11, 2 - . . ! .
responding results ofi—3e in Tables II, Ill by a constant AN o/ M variables involving the first quark generation.

factor. Clearly this factor depends upon the experimental u This is because the LQs contribute at tree-level to the neu-

per limits on thex—e conversion andu— 3e branching tron B decay, as well as to the* —ev and 7" — uv, but
ratios. In particular, by insertingl4) into (9) and (10), we  only via box diagrams gk— evv. Then the bounds coming
get the following results for the bounds: from the hadron-lepton universality are obtained by requiring
that the Fermi constant in the neutr@rdecay does not differ
. 1 significantly from the muon decay measurement. These
(qu)#i_eza(qu)“Hse- (159  bounds are much weaker than the corresponding ones set by

' the w— e conversion, roughly between three and four orders
of magnitude weaker. Analogous conclusions hold for the
bounds coming from the rati® However theR measure-
ment is particularly effective in constraining the product of
couplings with different chiralitiesthis special case is not
considered in our analysis since it involves the product of
two different couplings at the level of \Z\gign
<10 ®(m /(100 GeV)¥ [10].

In the K and = meson sector, there are no processes,
qnduced by tree-level LQ exchanges, which could strongly
gonstrain the {3\ 3 products[10]. This is not true anymore
in the » meson sector. Indeed thg— ue decay, due to the

FIG. 3. The same plots as in Fig. 2 but Q= 1/2.

moderate values of the LQ masses, in particisaalaj mg

However we stress that, even though the>3e process can
set(at presentweaker constraints than the - e)1; conver-
sion, the latter is model dependddue to the determination
of the nuclear wave functions and form factowghile the
former is not.

In Tables II, 11l for comparison we also give the bounds
obtained from the negative searches of fle-ey decay
where the current experimental upper limit on the branchin
ratio is Br(u—ey)<1.2x10 ! at 90% C.L.[29]. Due to
the higher inverse-powers in LQ-mass dependence in Eq

(4), (5), it appears natural to constrain the variab'féga o
ss quark’s content ofyp, gets a tree-level LQ contribution

From Tables II, Ill we see that the bounds ép, with | containing thex {51 {5 product. However, we estimated that

— ] —3 — 2 ..

=2,3 are at the level of| <<O(107°—~10"%). In obtaining  he hounds ortl, obtained by means of the experimental
these results the terms proportional to theuark mass Wltr_\ upper limit on they— e branching ratigwhich is of order
respect to the top ones have been neglected. Moreover in t (107) [24]] are of ordeiO(1) in the same unity of Tables

case of the scalar LQs, in order to simplify the analysis, w§, "y sq they are much weaker than the corresponding ones
replaced the functiop(x) in Eq. (5) by its average over the j, Tapjes 11, 111, Analogous conclusions hold for the bounds

range 606:m <2000 GeV. For some bounds in the ., &o. In particular we have not found any competitive

H : 22,3 2,3 . . .
—ey rows, in particulargiy andégy, . we have not shown processwith respect tou—e conversion oruw— 3e) which
the resultgthis is indicated by the symbet — appearing in  can set better or comparable constraints orfﬂggevariables.
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TABLE V. Numerical bounds as in Table IV which here are
relative to theSU(2), -doublet-and SU(2), -vectorLQs.

TABLE IV. Numerical upper bounds for the vectorial and scalar
SU(2).singletLQ variables g‘ggs INEQAol X (1P GeVim,g)?
<(&0)® and o=\ ol X (1 eVim g)?<(&f})® obtained

from the experimental upper limits on the- 7%, r—3e andr  Vector [ (§E{,U B (g‘;‘vl/ B (gﬁ‘\? )B (gﬁ‘vl)B
— %, 7—3u, respectively. In ther—ey and 7— wy rows, the . - w 1’273 —
variables  which are constrained areZth=\\Iord] 77 e 1 1.9X107 9.3<10° 1.9X10 7 6.2<10°
i S0 L s-3e 23 3.3x10! 15x10°' 1.0x10°! 6.1x10°2
X (107 GeVim o)?<(&8)B and = ININE '
LQ LQ . LQ™ VITLQ™HLO r—ey 23 2.8 9.10°2 9.8x10°2 4.0x10 2
X (107 GeV/qu)2<(§Eb)B, respectively. Note that the symbol Vector i (€4, VB (gl )B ( i ) (&4 )B
—— stands for weaker constraints, see the text. Everywhere Wi RV1/2)_4 gLVi’f)‘3 Vil
(gez)sz(ges)s and (gﬂz)B:(Sﬂs)B TTM 1 1.9x10 9.7X10 1.9% 6.4<10
LQ LQ LQ LQ 7—3u 2,3 2.7x10°' 1.2x10°! 83x102 4.9x10°?
. ei \B ei \B ei b T—uy 23 2.9 110! 1.0x10°' 4.1x10°2
Vector | (§|_V0) (gRVO) (§RV0) Scalar i (fEISl/ B (SEIS_UZ)B (éf_lé )B (gizlSl)B
7— % 1 1.9x10°3 1.9x10°3 1.9x10°3 r—m% 1 3.7x10% 1.9x103 3.7xf03 1.2x10°3
r—3e 2,3 3.3x10°! 3.3x10°1 1.0x10°t r—3e 23 2.0x10! 3.0x10! 6.6x10! 55x10?
ey 2.3 —— _ 5.7% 10 2 r—ey 23 57102 57x102 1.7 7.7x10°?
Vector i (&,)® (¢kv,)° (€% )8 Scalar i (&5)®  (ERs)® (8% )B  (&)°
r—au 1 1.9¢10°3 1.9x10°3 1.9x 103 r—a%% 1 3.9x10°% 1.9x10°% 3.9x10°% 1.3x10°®
T—3u 2,3 2.7x10°t 2.7x10°1 8.3x10°? 7—3u 2,3 1.7x10°! 24x10! 53x10' 4.4x10°?
T uy 2,3 - - 5.8x 10 2 —uy 2,3 58102 5.8x102 1.8 7.9<1072
Scalar i (E9°  @9°  (ge)®
Tome Lo 310 8x1o 310 (11). In obtaining these bounds the following experimental
T_’ge gg 5%18_2 ggiig_z 6'6?150 upper limits at 90% C.L. have been us¢@4]: BRH(r
T— , . . . - -
5ca|a7r i (£ )8 (g4 )8 (&) —7%)<3.7x10°°%, BE¥Ar—mu)<4x10°5 BEN(r
o Lsy) RS RS . —3e)<2.9x10 %, BENr—3u)<1.9x10°% BN~
r—1u 1 3.9x 10 3.9x10 3.9x10 P ox s
_, _ 1 —ey . ,an T QY . . Because
7—3p 23 1.7%10 1.7X10 5.3% 10 =2.7x10 dBR™ =3.0x 10" Becal
oy 2’3 794102 7.9% 102 16 of a much lower experimental sensitivity in thebranching

ratios, we see that the bounds in Tables IV, V are between

three and four orders of magnitude weaker than the corre-
sponding ones in th@g sector.

. : . j We discuss now the improvements of the LQ bounds in
*10“295;” ther sector. In th;s case two ”eeVYl’a”gb'%go the muon sector which could be reached at the present and
=[Alh o X (107 2GeV/mLQ) and  &o=[MoMol  future muon experiments. In this respect it is convenient to
X(10° GeVim,g)® (and analogous generalizations of the jqquce theimprovementactor B= BRZ®/BRE®, where
éLo variables, introduced in the sector, likeéfq andéfo)  BR®® and BRXP are the current and future upper limits on
are defined. The&fg and £55 are more strongly constrained the branching ratios, respectively. In the—ey sector the
by the processes— 7% and r— 7°u [24] whose effective  new bounds are obtained by dividing the current ones/By
Hamiltonians are induced at tree level by the LQs. In parwhile in the u— 3e or u—e conversion they should be di-
ticular for a four-fermion vertex of the form vided by B. In the sector of the experimental searches for
u—e'y it seems feasible, by using polarized muons

In Tables IV, V we give the results for the corresponding

AOMG — — - :
[P #piq,), 16 (which are useful for suppressing the backgroufg@), to
mEQ (7P 7)(Quy*Pia,) (16) reach the sensitivity of about 16* on the branching ratio

[31]. This is converted into an improvement factgB=8
for the bounds fronu— evy. The final analysis of the current
SINDRUM Il experiment at Paul Scherrer Instituf@SI) on
the u-e conversion 32] will reach a sensitivity of 104 on
the branching ratio. This will give an improvement factor
(17) B=8 in the new bounds from the — e conversion.
A recent proposal for theu-e conversion experiment

(MECO) [33] at Brookhaven National Laborator§BNL)

ill permit a sensitivity on the branching ratio better than

0 16, This sensitivity is translated into an improvement fac-
tor B=80 for the LQ bounds from thg-e conversion. In
the context of theu— 3e decay(apparently there is not any
proposal, at the present and future muon facilities machines,
for improving the sensitivity on this branching ratio.

one obtain$[10]

£l6<2V2(Gex (10? GeV)?)cosd,

where q,;=U,D quarks, 6, is the Cabibbo angle,=e,u,
and the central values of the experimental branching ratio i
BRA(7— 7~ v)=11.08%[24]. The bounds in thé=2,3 sec-
tors can be simply obtained by rescaling the correspondin
ones in theu sector in Tables IV, V by means of EqS),

°In obtaining Eq(17) the following approximations for the matrix V. CONCLUSIONS

elements have been us€H0]: (0|uy*ysu| 7% =(0|dy*ysd|7°)
=(0[dy*ysu|m").

In this article we perform a model-independent analysis
S0 as to constrain the LQ modeB andL conservingin the
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sector of rare FC leptonic processes; this is done by means tfie corresponding ones from the-e conversion in nuclei
the u—ey, u— 3e decays(and analogous decays in the suffer from the problem of model-dependent calculations in
sectoy and theu-e conversion in nuclei. In our analysis we the nuclear sector.

assume that the LQ Coup”ngg:gj (wherel; andg; indicate Because of a lower sensitivity in the experimental

the generation numbers of lepton and quarks, respecliveI)P ,
are unitary and real matrices. In order to set bounds on th ecays are roughly four order§ of magnitude weaker than the
ounds in thew sector. In particular the best bounds

LQ couplings and masses we find it convenient to introduc
Q coupling and & are at the level of{3<10 3 and are set by the

the following variables:£, o= |\Z\ | X (107 GeVim,g)? .

: g variab 3i§LQ1i IMighiol X( ) LQ)i decaysr— 7% and 7— 7%, respectively. The best bounds
in the u sector, /6= NP\ Lol X (107 GeVimig)? and &4, 2(23) gng g4 23 ; h d d

1y 3y 2 * GeVim,o)? in the 7 one on g™ and ' come from ther—3e and 7—3u de-

IMQhiglX (10° GeVim,g)® in the 7 one. _ cays, respectively, and are at the levelQf10 ).

The -e conversion in nuclei, as shown [i10], is the Ultimately the current experiment on the € €)+; con-
best process for constraining the FC leptoquark couplinggersion at PS[27,31) will reach a sensitivity on the branch-
involving the first generation of quarks, namely gy, this  ing ratio that will enable us to improve the bounds in Tables
is because the relevant effective Hamiltonian is induced afi, |1l by a factor =8. However a new proposdtalled
tree-level. The couplings involving the second and thirdMECO) for the (u-e)t; conversion at BNL[33] could reach
quark generations can also be constrained by means of tke sensitivity on the branching ratio that will considerably

one-loop contributions to thee—evy, u—3e decays, and improve the bounds in Tables II, Il by a facter80.
the u—e conversion in nuclei. We show that the best of
these processes to strongly constrain the vari@f@are the ACKNOWLEDGMENTS

pn—3e and the u-e)1;. On the contrary the.— ey decay . : .
can set much weaker constraints. This is because the formerI Wngrgce(f:ull_y ackné)wlézdgel dls((;:usls!gns_ W(':th l\fl‘ De RLU'
receive large logarithmdog(m,/m q) ] enhancements at the JSU'Ia’ i 'IA a\|/ranod .S ﬁvefa, d. DS'ZOH’ ”' I unEz, I
amplitude level while the latter does not. In particular the ivestrini, A. Van der Schaaf, and D. Zanello. 1 acknowl-

i ; dge the financial support of the TMR network, project
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from the so-called photon-penguin diagrams which, in theand the partial financial support of the CICYT project Ref.

large LQ mass limit, are proportional to\{o/m?, AEN97-1678.
Xlog(my/m o). On the other hand, the amplitude of the
—ey is proportional (in the large LQ mass limjt to
NfoM3/m{q. The same considerations regarding the log en- we here give the analytical expressions for the functions
hancements hold for the corresponding processes inrthe Asv(%;,Q) which appear in the branching ratios in EG$),
sector. _ . (5), where x,=m{/m{, and Q can be Q=R o or Q=

The log enhancements in the photon-penguins are known Rio, With R g=Q_o/Qy . In Egs.(4), (5) the dependence
in the literature[15,16], but they have not been applied in by Q takes only two values, namelp = (1/2,—5/2). These
this context. In particular in the analysis of Re10] these  fnctions, which are of orde®(x), take into account the
diagrams were not taken into account. As a consequence, gt dependence on the top mass in the photon-penguin
Ref.[10], the . — 3e branching ratio has been by far under- giagrams and give the percentage difference between the
estimated. Moreover, in Ref10] the scalar LQ couplings |eading logarithm approximatiofwhich consists of neglect-
were not assumed to be unitary, thus allowing for large SCang the terms of orde®(x,) with respect to logg)] and the

APPENDIX

lar LQ contributions to thex— ey branching ratio. exact result. Their expressions are given by
The complete list of the bounds which we establish can be
found in Tables II-V in both the. and = sectors. We next X(— 18+ 11X+ X2+ Q(— 12— x+ 7x?))

briefly outline the general trend of our results and describe Av(X,Q)=

_yv\3
the impact of the future experimental sensitivities on the 8(1=x)log(x)

muon branching ratios on our bounds. X2(15— 16x+4x%+ Q(12— 10x+x?))

The best constraints on all thg, variables that we es- - Ax—1)" ,
tablish come from the current experimental upper limit on
the (u-e)1; branching ratid27]. In particular, in both scalar X(— 19+ 41x— 16x%>+ Q(— 1+ 5x+ 2x?))
and vectorial LQ sectors, the strongest boundsg@are at As(x,Q)= 12(x—1)3lo

1 —7 b 3 g(Xx)

the level of¢{ o<<10™ " while the strongest bounds @ﬁb are ) 5
weaker and are at the level ¢f3<10 °. The current ex- ~ X(=5+1X+(Q—8)x°+2x%) (A1)
perimental upper limits on thee— 3e decay can also set 2(x—1)* '

strong constraints on thefg variables; however they are

roughly a factor 5 weaker with respect to the correspondindn order to estimate the reliability of the leading log approxi-

ones in theu-e sector. mation, in Figs. 2, 3 we plot the absolute values of above
The bounds obtained from the— 3e decay can be cal- functions versus the leptoquark mass in both the scalar and

culated with high accuracy in perturbation theory, whereavectorial cases.
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