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Abstract

We study nuclearµ−–e− conversion in the general framework of an effective Lagrangian approach without referring to
any specific realization of the physics beyond the Standard Model (SM) responsible for lepton flavor violation (/Lf ). We show
that vector meson exchange between lepton and nucleon currents plays an important role in this process. A new issue of this
mechanism is the presence of the strange quark vector current contribution induced by theφ meson. This allows us to extract
new limits on the/Lf lepton–quark effective couplings from the existing experimental data.
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1. Introduction

Muon-to-electron (µ−–e−) conversion in nuclei

(1)µ− + (A,Z) −→ e− + (A,Z)∗

is a lepton flavor violating (/Lf ) process forbidden in
the Standard Model (SM). It is commonly recognized
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as one of the most sensitive probes of lepton flavor
violation and of related physics beyond the SM (for
reviews, see [1–3]).

The present experimental situation onµ−–e− con-
version is as follows. There is one running experi-
ment, SINDRUM II [4], and two planned ones, MECO
[5,6] and PRIME [7]. The SINDRUM II experiment at
PSI [4] with48Ti as stopping target has established the
best upper bound on the branching ratio [4]

RTi
µe = Γ (µ− + 48Ti → e− + 48Ti)

Γ (µ− + 48Ti → νµ + 48Sc)

(2)� 6.1× 10−13 (90% C.L.).

The MECO experiment with27Al is going to start soon
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at Brookhaven [6]. The sensitivity of this experiment is
expected to be at the level ofRAl

µe � 2×10−17 [6]. The
PSI experiment is also running with the very heavy
nucleus197Au aiming to improve the previous limit by
the same experiment [4,8] up toRAu

µe � 6×10−13. The
proposed new experiment PRIME (Tokyo) [7] is going
to utilize 48Ti as stopping target with an expected
sensitivity ofRTi

µe � 10−18.
These experimental limits would allow to set strin-

gent limits on mechanisms ofµ−–e−conversion and
the underlying theories of/Lf . In the literature var-
ious mechanisms beyond the SM have been studied
(see [1–3] and references therein). They can be clas-
sified as photonic and non-photonic, that is with and
without photon exchange between the lepton and nu-
clear vertices, respectively. These two categories of
mechanisms differ significantly from each other in var-
ious respects. In fact, they receive different contribu-
tions from the new physics and also require different
treatments of the effects of the nucleon and the nu-
clear structure. Latter aspect is, in particular, attributed
to the fact that the two mechanisms operate at differ-
ent distances and, therefore, involve different details
of the nucleon and nuclear structure.

In this Letter we focus on the non-photonic mech-
anisms ofµ−–e− conversion. The generic effect of
physics beyond the SM inµ−–e− conversion can be
described by an effective Lagrangian with all possible
4-fermion quark–lepton interactions consistent with
Lorentz covariance and gauge symmetry. Here, our in-
terest focuses on the vector interactions which receive
a contribution from vector meson exchange. We will
show that the vector meson contribution to theµ−–e−
conversion rate is important.

2. General framework

We start with the 4-fermion effective Lagrangian
describing the non-photonicµ−–e− conversion at the
quark level. The most general form of this Lagrangian
has been derived in Ref. [9]. Here we present only
those terms which contribute to the coherentµ−–e−
conversion:

Llq

eff = 1

Λ2
LFV

[(
η

q
V V jV

µ + η
q
AV jA

µ

)
JV µ

q

(3)+ (
η

q
SSjS + η

q
PSjP

)
J S

q

]
,

where ΛLFV is the characteristic high energy scale
of lepton flavor violation attributed to new physics.
The summation runs over all the quark speciesq =
{u,d, s, b, c, t}. Lepton and quark currents are defined
as:jV

µ = ēγµµ, jA
µ = ēγµγ5µ, jS = ēµ, jP = ēγ5µ,

J
Vµ
q = q̄γ µq , J S

q = q̄q . The /Lf parametersηq in
Eq. (3) depend on a concrete/Lf model.

The next step is the derivation of a Lagrangian in
terms of effective nucleon fields which is equivalent to
the quark level Lagrangian (3). First, we write down
the lepton–nucleon/Lf Lagrangian of the coherent
µ−–e− conversion in a general Lorentz covariant form
with the isospin structure of theµ−–e− transition
operator [9]:

LlN
eff = 1

Λ2
LFV

[
ja
µ

(
α

(0)
aV J Vµ(0) + α

(3)
aV J Vµ(3)

)

(4)+ jb
(
α

(0)
bS J S(0) + α

(3)
bS J S(3)

)]
,

where the summation runs over the double indices
a = V,A andb = S,P . The isoscalarJ (0) and isovec-
tor J (3) nucleon currents are defined asJV µ(k) =
N̄γ µτkN , J S(k) = N̄τ kN , whereN is the nucleon
isospin doublet,k = 0,3 andτ0 ≡ Î . This Lagrangian
is supposed to be generated by the one of Eq. (3) and,
therefore, must correspond to the same order 1/Λ2

LFV
in inverse powers of the/Lf scale. The Lagrangian (4)
is the basis for the derivation of the nuclear transition
operators.

Now one needs to relate the lepton–nucleon/Lf pa-
rametersα in Eq. (4) to the more fundamental lepton–
quark /Lf parametersη in Eq. (3). This implies a
certain hadronization prescription which specifies the
way in which the effect of quarks is simulated by
hadrons. In the absence of a true theory of hadroniza-
tion we rely on some reasonable assumptions and
models.

There are basically two possibilities for the hadro-
nization mechanism. The first one is a direct embed-
ding of the quark currents into the nucleon (Fig. 1(a)),
which we call direct nucleon mechanism (DNM). The
second possibility is a two stages process (Fig. 1(b)).
First, the quark currents are embedded into the in-
terpolating meson fields which then interact with
the nucleon currents. We call this possibility meson-
exchange mechanism (MEM). In general one expects
all the mechanisms to contribute to the coupling con-
stantsα in Eq. (4). However, at present the relative
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(a) (b)

Fig. 1. Diagrams contributing to the nuclearµ−–e− conversion:
direct nucleon mechanism (a) and meson-exchange mechanism (b).

amplitudes of each mechanism are unknown. In view
of this problem one may try to understand the impor-
tance of a specific mechanism, assuming for simplic-
ity, that only this mechanism is operative and estimat-
ing its contribution to the process in question. We fol-
low this procedure for the case ofµ−–e− conversion
and consider separately the contributions of the direct
nucleon mechanismα[N] and the meson-exchange one
α[MN] to the couplings of the Lagrangian (4).

In the present Letter we concentrate on the meson-
exchange mechanism. The contribution of the direct
nucleon mechanism has been derived in Ref. [9]. Here
we present only the results of Ref. [9] relevant for our
analysis which are the couplings of the vector nucleon
currents in Eq. (4):

α
(3)
aV [N] = 1

2

(
ηu

aV − ηd
aV

)(
Gu

V − Gd
V

)
,

(5)α
(0)
aV [N] = 1

2

(
ηu

aV + ηd
aV

)(
Gu

V + Gd
V

)
,

wherea = V,A. The nucleon form factorsGq

V define
the strong isospin symmetric normalization of the
quark current matrix elements between nucleon states:

〈p|ūγµu|p〉 = Gu
V p̄γµp,

〈n|d̄γµd|n〉 = Gu
V n̄γµn,

〈p|d̄γµd|p〉 = Gd
V p̄γµp,

(6)〈n|ūγµu|n〉 = Gd
V n̄γµn.

Since the maximal momentum transferq in µ−–e−
conversion is much smaller than the typical scale
of the nucleon structure we can safely neglect the
q2-dependence of the nucleon form factorsG

q
V . At

q2 = 0 these form factors are equal to the total number
of the corresponding species of quarks in the nucleon
and, therefore,Gu

V = 2, Gd
V = 1, while the form

factors corresponding tos, c, b, t quarks are equal to
zero. This is the reason why they do not contribute to
the couplings of the vector nucleon current in Eq. (5).
In the next section we will show that the vector meson
exchange may drastically modify this situation and
introduce the contribution of strange quarks into these
couplings.

3. Vector meson contribution

Now let us turn to the contributions of the meson-
exchange mechanism to the couplingsα of the lepton–
nucleon Lagrangian (4). The mesons which can con-
tribute to this mechanism are the unflavored vector
and scalar ones. Since the case of the scalar meson
candidatef0(600) is still quite uncertain [10] we do
not study its contribution. Thus, we are left with the
vector mesons. The lightest of them, giving the dom-
inant contributions, are the isovectorρ(770) and the
two isoscalarω(782), φ(1020)mesons. We use ideal
singlet-octet mixing for the quark content of theω and
φ mesons [10]:ω = (uū + dd̄)/

√
2 and φ= −ss̄.

First, we derive the/Lf lepton–meson effective
Lagrangian in terms of the interpolatingρ0, ω and
φ fields retaining all the interactions consistent with
Lorentz and electromagnetic gauge invariance. It can
be written as:

LlV
eff = Λ2

H

Λ2
LFV

[{(
ξ

ρ
V jV

µ + ξ
ρ
AjA

µ

)
ρ0µ

+ (
ξω
V jV

µ + ξω
AjA

µ

)
ωµ + (

ξ
φ
V jV

µ + ξ
φ
AjA

µ

)
φµ

}

(7)+ 1

Λ2
H

{
ξ

ρ(2)
V jV

µ ∂µ∂νρ0
ν + · · ·} + · · ·

]
,

with the unknown dimensionless coefficientsξ to be
determined from the hadronization prescription. Since
this Lagrangian is supposed to be generated by the
quark–lepton Lagrangian (3) all its terms have the
same suppressionΛ−2

LFV with respect to the large
/Lf scaleΛLFV. Another scale in the problem is the
hadronic scaleΛH ∼ 1 GeV which adjusts the physical
dimensions of the terms in Eq. (7). Typical momenta
involved in µ−–e− conversion areq ∼ mµ, where
mµ is the muon mass. Thus, from naive dimensional
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counting one expects that the contribution of the
derivative terms toµ−–e− conversion is suppressed
by a factor(mµ/ΛH)2 ∼ 10−2 in comparison to the
contribution of the non-derivative terms. Therefore, at
this step in Eq. (7) we retain only the dominant non-
derivative terms. However, it is worth noting that a
true hadronization theory, yet non-existing, may forbid
such terms so that the expansion in Eq. (7) starts
from the derivative terms. In a forthcoming paper [11]
we are going to demonstrate how this happens in
a particular model of hadronization and what is the
phenomenological impact of this situation.

In order to relate the parametersξ of the La-
grangian (7) with the “fundamental” parametersη of
the quark–lepton Lagrangian (3) we use an approx-
imate method based on the standard on-mass-shell
matching condition [12]

(8)
〈
µ+e−∣∣Llq

eff|V 〉 ≈ 〈
µ+e−∣∣LlV

eff|V 〉,
with |V = ρ,ω,φ〉 corresponding to vector meson
states on mass-shell. We solve Eq. (8) using the well-
known quark current matrix elements

〈0|ūγµu
∣∣ρ0(p, ε)

〉 = −〈0|d̄γµd
∣∣ρ0(p, ε)

〉
= m2

ρfρεµ(p),

〈0|ūγµu
∣∣ω(p, ε)

〉 = 〈0|d̄γµd
∣∣ω(p, ε)

〉
= 3m2

ωfωεµ(p),

(9)〈0|s̄γµs
∣∣φ(p, ε)

〉 = −3m2
φfφεµ(p).

Here p, mV , fV and εµ are the vector-meson four-
momentum, mass,V → γ decay constant and the
polarization state vector, respectively. The quark oper-
ators in Eq. (9) are taken atx = 0. The coupling con-
stantsfV are determined from theV → e+e− decay
width: Γ (V → e+e−) = (4π/3)α2f 2

V mV , whereα is
the fine-structure constant. The current central values
of the meson couplingsfV and massesmV are [10]:

fρ = 0.2, fω = 0.059, fφ = 0.074,

mρ = 771.1 MeV, mω = 782.57 MeV,

(10)mφ = 1019.456 MeV.

Solving Eq. (8) with the help of Eqs. (9), we ob-
tain the desired expressions for the coefficientsξ of
the lepton–meson Lagrangian (7) in terms of generic

/Lf parametersη of the lepton–quark effective La-
grangian Eq. (3):

ξρ
a =

(
mρ

ΛH

)2

fρ

(
ηu

aV − ηd
aV

)
,

ξω
a = 3

(
mω

ΛH

)2

fω

(
ηu

aV + ηd
aV

)
,

(11)ξφ
a = −3

(
mφ

ΛH

)2

fφηs
aV ,

wherea = V,A.
Now we derive the vector meson exchange contri-

butions to the couplings of the effective Lagrangian in
Eq. (4) expressed on the nucleon level. To this end we
introduce the effective Lagrangian describing the in-
teraction of nucleons with vector mesons [13–15]:

(12)

LV N = 1

2
N̄γ µ

[
gρNN 	ρµ 	τ + gωNNωµ + gφNNφµ

]
N.

In this Lagrangian we neglected the derivative terms,
irrelevant for coherentµ−–e− conversion. For the
meson–nucleon couplingsgV NN we use numerical
values taken from an updated dispersive analysis [15]

(13)
gρNN = 4.0, gωNN = 41.8, gφNN = −18.3.

Substituting the values of thegV NN constants from
Eq. (13) into the SU(3) relation [16] gφNN =
gρNN (

√
3/cosθV ) − gωNN tanθV , we estimate the

ω–φ mixing angle to beθV = 32.4◦, which is close
to the ideal oneθI

V = 35.3◦, consistent with our ini-
tial assumption on the quark content of theω andφ

mesons.
At this point the following comment is in order. The

relatively large value of theφNN couplinggφNN =
−18.3 in Eq. (13) has been derived in Ref. [15] on
the basis of the assumption on the “maximal” viola-
tion of the Okuba–Zweig–Iizuka (OZI) rule. It was
also stressed in Ref. [15] that this value corresponds to
the upper limit for theφNN coupling which parame-
terizes the full spectral function in the mass region of
∼1 GeV withinφ pole dominance approximation. The
inclusion of other contributions such as theπρ contin-
uum leads to a significant reduction of thegφNN cou-
pling [17]. The detailed analysis of various meson and
baryon cloud contributions to the vectorφNN cou-
pling results in the valuegφNN = −0.24 [17]. In what
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follows, we quote this value as “physical” one. For
completeness in our numerical analysis we consider
both values ofgφNN coupling:

g
phys
φNN = −0.24 (“physical”),

(14)gmax
φNN = −18.3 (“maximal”).

The vector meson-exchange contribution to the nucle-
on–lepton effective Lagrangian (4) arises in second or-
der in the LagrangianLlV

eff + LV N and corresponds to
the diagram in Fig. 1(b). We estimate this contribution
only for the coherentµ−–e− conversion process. In
this case we disregard all the derivative terms of nu-
cleon and lepton fields. Neglecting the kinetic energy
of the final nucleus, the muon binding energy and the
electron mass, the momentum transfer squaredq2 to
the nucleus has a constant valueq2 ≈ −m2

µ. In this
approximation the vector meson propagators convert
to δ-functions leading to lepton–nucleon contact oper-
ators. Comparing them with the corresponding terms
in the Lagrangian (4), we obtain for the vector meson-
exchange contribution to the coupling constants:

α
(3)
aV [MN] = −βρ

(
ηu

aV − ηd
aV

)
,

(15)α
(0)
aV [MN] = −βω

(
ηu

aV + ηd
aV

) − βφηs
aV ,

with a = V,A and the coefficients

βρ = 1

2

gρNNfρm2
ρ

m2
ρ + m2

µ

, βω = 3

2

gωNNfωm2
ω

m2
ω + m2

µ

,

(16)βφ = −3

2

gφNN fφm2
φ

m2
φ + m2

µ

.

Substituting the values of the meson coupling con-
stants and masses from Eqs. (10) and (13), and includ-
ing the two different options for thegφNN constant
(14), we obtain for these coefficients

βρ = 0.39, βω = 3.63,

(17)β
phys
φ = 0.03, βmax

φ = 2.0.

A new issue of the vector meson contribution (15)
is the presence of the strange quark vector current
contribution associated with the LFV parameterηs

aV ,
absent in the direct nucleon mechanism as it follows
from Eq. (5). This opens up the possibility of deriving
new limits on this parameter from the experimental
data onµ−–e− conversion. Another surprising result
is that the contribution (15) of the meson-exchange

mechanism is comparable to the contribution (5) of the
direct nucleon mechanism.

4. Constraints on /Lf parameters from µ−–e−
conversion

From the Lagrangian (4), following the standard
procedure, one can derive the formula for the branch-
ing ratio of coherentµ−–e− conversion. To leading or-
der in the non-relativistic reduction the branching ratio
takes the form [1]

(18)Rcoh
µe− = Q

2πΛ4
LFV

peEe(Mp +Mn)
2

Γ (µ− → capture)
,

wherepe, Ee are 3-momentum and energy of the out-
going electron,Mp,n are the nuclearµ−–e− transi-
tion matrix elements. The factorQ has the form [9]

Q= ∣∣α(0)
V V + α

(3)
V V φ

∣∣2 + ∣∣α(0)
AV + α

(3)
AV φ

∣∣2
+ ∣∣α(0)

SS + α
(3)
SS φ

∣∣2 + ∣∣α(0)
PS + α

(3)
PSφ

∣∣2
+ 2 Re

{(
α

(0)
V V + α

(3)
V V φ

)(
α

(0)
SS + α

(3)
SS φ

)∗

(19)+ (
α

(0)
AV + α

(3)
AV φ

)(
α

(0)
PS + α

(3)
PSφ

)∗}
in terms of the parameters of the lepton–nucleon
effective Lagrangian (4) and the nuclear structure
factorφ = (Mp −Mn)/(Mp +Mn).

In Refs. [1,9] it was argued that for all the exper-
imentally interesting nuclei the parameterφ is small
∼ 10−2. Therefore the nuclear structure dependence
of Q can always be neglected except for a very spe-
cial narrow domain in the/Lf parameter space where
α(0) � α(3)φ. Another important issue of the small-
ness of the ratioφ in Eq. (19) is the dominance of the
isoscalar contribution associated with the coefficients
α(0). For this reason the role of theρ-meson exchange
in µ−–e− conversion is expected to be unimportant
except for the above mentioned very special case.

The nuclear matrix elementsMp,n in Eq. (18) have
been calculated in Refs. [9,18] for the nuclear targets
27Al, 48Ti and 197Au. With these matrix elements
upper limits on the/Lf parameters have been deduced
from the experimental constraints [9]. In particular, for
the case of the present experimental constraint (2) it
was found that

(20)α
(0)
aV

(
1 GeV

ΛLFV

)2

� 1.2× 10−12,
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Table 1
Upper bounds on the/Lf parameters inferred from the SINDRUM II

data on48Ti [Eq. (2)] corresponding to the direct nucleon mech-
anism (DNM) and the meson exchange mechanism (MEM). The
subscript notation isa = V,A. The value in square brackets refers
to thegmax

φNN
value ofφNN coupling presented in Eq. (14)

Parameter DNM MEM

|ηu,d
aV |(1 GeV/ΛLFV )2 8.0× 10−13 3.3× 10−13

|ηs
aV

|(1 GeV/ΛLFV )2 no limits 4.0× 10−11 [6.0× 10−13]

for the combination of the dimensionless couplings
α

(0)
aV (a = A,V ) and the characteristic/Lf scaleΛLFV

in the effective lepton–nucleon Lagrangian (4). From
the above limit one can deduce the individual limits
on different terms determining the coefficientsα

(0)
aV

in the direct nucleon and meson-exchange mecha-
nisms, assuming that significant cancellations (unnat-
ural fine-tuning) between different terms are absent.
In this way we derive constraints for theη parame-
ters of the quark–lepton Lagrangian (3) for the meson-
exchange mechanism (MEM). We present these lim-
its in Table 1. For the parameter|ηs

aV | we derive the
limits for the two different cases ofgφNN coupling,
given in Eq. (14). In Table 1 we also show for com-
parison the limits corresponding to the direct nucleon
mechanism (DNM) derived inRef. [9]. The limits pre-
sented in Table 1 show the importance of the vec-
tor meson exchange contribution toµ−–e− conver-
sion.

5. Summary

We studied nuclearµ−–e− conversion in a general
framework based on an effective Lagrangian without
referring to any specific realization of the physics be-
yond the standard model responsible for lepton fla-
vor violation. We demonstrated that the vector meson-
exchange contribution to this process is significant.
A new issue of the meson-exchange mechanism in
comparison to the previously studied direct nucleon
mechanism is the presence of the strange quark vec-
tor current contribution induced by theφ meson. This
allowed us to extract new limits on the/Lf lepton–
quark effective couplings from the existing experimen-
tal data.
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