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Abstract

We study nucleapt——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 viqﬂ?bi.dwe 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 inducedplbiyéisen. This allows us to extract
new limits on theﬂf lepton—quark effective couplings from the existing experimental data.
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1. Introduction as one of the most sensitive probes of lepton flavor
violation and of related physics beyond the SM (for
Muon-to-electron g ~—e™) conversion in nuclei reviews, see [1-3]).
The present experimental situation pn—~ con-
uw +(AZ)— e +(A 2 (1) version is as follows. There is one running experi-

ment, SINDRUM Il [4], and two planned ones, MECO
[5,6] and PRIME [7]. The SINDRUM Il experiment at
PSI [4] with*8Ti as stopping target has established the
best upper bound on the branching ratio [4]

is a lepton flavor violating/ ) process forbidden in
the Standard Model (SM). It is commonly recognized
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at Brookhaven [6]. The sensitivity of this experimentis
expected to be at the level &), <2 x 1077 [6]. The
PSI experiment is also running with the very heavy
nucleust®’Au aiming to improve the previous limit by
the same experiment [4,8] up Rf\Y < 6x 10713, The
proposed new experiment PRIME (Tokyo) [7] is going
to utilize “8Ti as stopping target with an expected
sensitivity of R[!, < 10718,

These experimental limits would allow to set strin-
gent limits on mechanisms @f~—~conversion and
the underlying theories of ¢. 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 ~in _

mechanisms differ significantly from each other in var-
ious respects. In fact, thegceive different contribu-
tions from the new physics and also require different
treatments of the effects of the nucleon and the nu-
clear structure. Latter aspectis, in particular, attributed
to the fact that the two meelmisms 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 ofu~—e™ conversion. The generic effect of
physics beyond the SM in~—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-
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where ALpy is the characteristic high energy scale
of lepton flavor violation attributed to new physics.
The summation runs over all the quark specgjes
{u,d, s, b, c,t}. Lepton and quark currents are defined
as:jy =eyum, jit =eyuysm, jS =eu, j¥ =eysu,
I =gy, J2 =qq. The Ly parameters)? in
Eq. (3) depend on a concrete 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—nucleorf  Lagrangian of the coherent
W~ —e~ conversionin a general Lorentz covariant form
with the isospin structure of the~—e™ transition
operator [9]:

(07O +al2)

i
IO O

where the summation runs over the double indices
a=V,Aandb=S, P. Theisoscalay© and isovec-
tor J©@ nucleon currents are defined a3 *® =
NyrtkN, J3® = Ntk¥N, where N is the nucleon
isospin doubletk = 0, 3 andrg = I. This Lagrangian
is supposed to be generated by the one of Eq. (3) and,
therefore, must correspond to the same ordet?t,,
in inverse powers of thi ; scale. The Lagrangian (4)
is the basis for the derivation of the nuclear transition
operators.

Now one needs to relate the lepton—-nuclggrpa-

eff — 2
ALFV

terest focuses on the vector interactions which receive rametersy in Eq. (4) to the more fundamental lepton—

a contribution from vector meson exchange. We will
show that the vector meson contribution to the—e~
conversion rate is important.

2. General framework

We start with the 4-fermion effective Lagrangian
describing the non-photonjc™—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 cohergnt—e—
conversion:
£ =

e AEFV

[(”?/VJ;Y + ”(/I\vjxf)JqVM

+ (’lgsjs"‘n??SjP)Jc}g]’ 3)

quark [y parameters) 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-
stantsa in Eq. (4). However, at present the relative
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Fig. 1. Diagrams conbuting to the nuclean.~—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 pf-—~ conversion
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g% = 0 these form factors are equal to the total number
of the corresponding species of quarks in the nucleon
and, therefore Gy, = 2, G‘{, = 1, while the form
factors corresponding tg ¢, 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 couplinagsf 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
candidatefp(600) is still quite uncertain [10] we do
not study its contribution. Thus, we are left with the

and consider separately the contributions of the direct vector mesons. The lightest of them, giving the dom-

nucleon mechanisig v and the meson-exchange one
arm N 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 EqQ. (4):

@ _1
QviNy = E(’YZV -

1
ac(zce[N] = E(”Zv +14y)(GY +GY), ©)

wherea = V, A. The nucleon form factor&?, define
the strong isospin symmetric normalization of the

nay)(GY — GY),

quark current matrix elements between nucleon states:

(pliyulp) = Gy pyup,
(nldy,d|n) = GYyiyun,
(pldyud|p) = G pyup.
(nliyuln) = Gity,n. (6)

Since the maximal momentum transfgrin u=—e™
conversion is much smaller than the typical scale
of the nucleon structure we can safely neglect the
g2-dependence of the nucleon form factcﬁ%. At

inant contributions, are the isovectp(770) and the
two isoscalamw (782), ¢ (1020) mesons. We use ideal
singlet-octet mixing for the quark content of theand
¢ mesons [10]w = (uit +dd)/+/2 and ¢= —s5.

First, we derive thef; lepton-meson effective
Lagrangian in terms of the interpolating, » and
¢ fields retaining all the interactions consistent with
Lorentz and electromagnetic gauge invariance. It can
be written as:

A2 |:{($VJIL +$A]/L) on
LFV

(é\/]u +$AJ/L) (EVJ/L +$AJ/L)¢M}

0(2) 0
+A_a{sv JlYa/Lavp _i_...}_|_...i|7 @

'Ceff -

with the unknown dimensionless coefficie§tso 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 suppressiod, 5, with respect to the large
lf scale A_py. Another scale in the problem is the
hadronic scalety ~ 1 GeV which adjusts the physical
dimensions of the terms in Eq. (7). Typical momenta
involved in u~—e~ conversion arey ~ m,, where

m,, is the muon mass. Thus, from naive dimensional
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counting one expects that the contribution of the [, parameters; of the lepton—quark effective La-
derivative terms tqu~—e~ conversion is suppressed grangian Eq. (3):

by a factor(m, /An)? ~ 1072 in comparison to the )

contribution of the non-derivative terms. Therefore, at ¢p _ (ﬂ) f (nu _ nd )

this step in Eq. (7) we retain only the dominant non- “ Ap)) TPV eVl

derivative terms. However, it is worth noting that a My \ 2

true hadronization theory, yet non-existing, may forbid §; = 3(/1_) fo(nty +12y),

such terms so that the expansion in Eq. (7) starts H )

from the derivative terms. In a forthcoming paper [11] £9 = _3<@> Fom’ (11)
we are going to demonstrate how this happens in ¢ Ap ) 1V

a particular model of hadronization and what is the wherea =V, A.

phenom(;enologme:l |mp?]ct of this S|tuat|o?. ] Now we derive the vector meson exchange contri-
In order to relate the parameteésof the La- butions to the couplings of the effective Lagrangian in

grangian (7) with the “fundamental” parametersf Eq. (4) expressed on the nucleon level. To this end we
the quark-lepton Lagrangian (3) we use an approx- inyrodyce the effective Lagrangian describing the in-

imate method based on the standard on-mass-shelke 5 ction of nucleons with vector mesons [13-15]
matching condition [12]

1 S o
Lyy = ENV“[gpNNPuT + NNy + 8oNN P |N.
(12)

with |V = p,®,¢) corresponding to vector meson |n thjs Lagrangian we neglected the derivative terms,
states on mass-shell. We solve Eq. (8) using the well- jrejevant for cohereniu——e~ conversion. For the

known quark current matrix elements meson—nucleon couplingsy yy We use numerical
values taken from an updated dispersive analysis [15]

(whe |l V)~ (uhe |GV, ®)

(Ol u|p®(p, ) = = (0ldy,d|p°(p, €))

— 40, —418, —-183.
— m,z;fpfu(l?)’ 8pNN 8oNN 8¢NN (13)

(Olityuu|w(p, €)) = (Oldyud|w(p, €)) Substituting the values of thgy yy constants from
=3mf)fw€u(p), Eq. (13) into the SU(3) relation [16] 8oNN =

) 5 2NN (v/3/coshy) — gony tandy, we estimate the

(O15yus|p(p, €)) = =3m fpeu(p). €) w—¢p mixing angle to bedy = 32.4°, which is close

to the ideal oneQ{, = 35.3°, consistent with our ini-
tial assumption on the quark content of theand ¢
mesons.

At this point the following commentis in order. The
relatively large value of the NN coupling ggny =
—183 in Eg. (13) has been derived in Ref. [15] on
the basis of the assumption on the “maximal” viola-
tion of the Okuba—Zweig-lizuka (OZI) rule. It was
also stressed in Ref. [15] that this value corresponds to

Here p, my, fy ande, are the vector-meson four-
momentum, massy — y decay constant and the
polarization state vectorespectively. The quark oper-
ators in Eq. (9) are taken at= 0. The coupling con-
stantsfy are determined from th& — e*e™ decay
width: I'(V — ete™) = (471/3)a2f5mv, whereq is

the fine-structure constant. The current central values
of the meson couplinggy and massesy are [10]:

the upper limit for thep N N coupling which parame-
=0.2, =0.059, =0.074, . e .
T fo b terizes the full spectral function in the mass region of
my,=7711MeV, my, = 78257 MeV, ~1 GeV withing pole dominance approximation. The
mgy = 1019456 MeV. (10) inclusion of other contributions such as thg contin-

uum leads to a significant reduction of thgvy cou-
Solving Eg. (8) with the help of Eqgs. (9), we ob- pling[17]. The detailed analysis of various meson and
tain the desired expressions for the coefficientsf baryon cloud contributions to the vect¢tVN cou-
the lepton—-meson Lagrangian (7) in terms of generic pling results in the valuggyy = —0.24 [17]. In what
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follows, we quote this value as “physical’ one. For mechanism is comparable to the contribution (5) of the
completeness in our numerical analysis we consider direct nucleon mechanism.
both values oggnn coupling:

h " 1 ”
gonn = —024 (*physical’) 4. Congtraintson [ ; parametersfrom u~—e™~
gony =—183  (‘maximal’). (14) conversion

The vector meson-exchange contribution to the nucle-

on-lepton effective La%/ranglan (4) arises insecond or- e qure, one can derive the formula for the branch-
der in the Lagrangiafi i + Ly and corresponds to ing ratio of coherent. ~—e~ conversion. To leading or-

the diagram in Fig. 1(b). We estimate this contribution - ya i, the non-relativistic reduction the branching ratio
only for the coherentt™—e~ conversion process. In takes the form [1]

this case we disregard all the derivative terms of nu-
cleon and lepton fields. Neglecting the kinetic energy pcon _ Q  peEc(M,+ M,)?
of the final nucleus, the muon binding energy and the ~ #e~ ZJTAﬁFV I'(u~ — capture ’
electron mass, the momentum transfer squaretb

the nucleus has a constant valye~ —mi. In this

approximation the vector meson propagators conver
to s-functions leading to lepton—nucleon contact oper-

From the Lagrangian (4), following the standard

(18)

wherep,, E, are 3-momentum and energy of the out-
tgoing electron, M, , are the nucleap~—e™ transi-
tion matrix elements. The fact@ has the form [9]

ators. Comparing them with the corresponding terms Q — ‘a% +a§%/¢|2 + ’ag‘)‘)/ +a§13‘>/¢|2
in the Lagrangian (4), we obtain for the vector meson- © . (3.2 ) @) .12
exchange contribution to the coupling constants: + ’“55 + “ss¢| + |0‘P5 + “PS‘P’
©) (©) 0 (3) 4\*
©) =—B,(n"y — %) +2Re{(ayy +ayy o) (ogs +oggd)
Saviun) = e lay = Hav): + (@9 +a6) (@ +aP)7) (19)
() d Fpay T Xy P)\Xpg T Upg
YaviMn = —Bo(ngy +1ay) = Boilay (15)

in terms of the parameters of the lepton—nucleon
effective Lagrangian (4) and the nuclear structure
factorg = (M, — M)/ (M, + M,).

with a = V, A and the coefficients

2
180NN fom, B guNN fomd

Bp= M2+ m2 Bo = > 24 m2 In Refs. [1,9] it was argued that for all the exper-
o w ® w i i i i i
) imentally interesting nuclei the parametgris small
_ 38pNN femg 16 ~ 1072, Therefore the nuclear structure dependence
By = ) mé +m2 (16) of Q can always be neglected except for a very spe-
n

o ] cial narrow domain in th¢ ; parameter space where
Substituting the values of the meson coupling con- ,© < 4®3 4. Another important issue of the small-

stants and masses from Egs. (10) and (13), and includ-pess of the ratig in Eq. (19) is the dominance of the
ing the two different options for thggyy constant  jsoscalar contribution associated with the coefficients

(14), we obtain for these coefficients a9 For this reason the role of themeson exchange

B, = 0.39, 4, = 3.63, in w~—e~ conversion is e>_<pected to be u_nimportant
phys ax except for the above mentioned very special case.

By =003,  B=20. (17) The nuclear matrix elementst,, , in Eq. (18) have

A new issue of the vector meson contribution (15) been calculated in Refs. [9,18] for the nuclear targets
: 27Al, “8Ti and 197Au. With these matrix elements
is the presence of the strange quark vector current o :
contribution associated with the LFV parameigy,, upper limits on thel. ; parameters have been deduced
absent in the direct nucleon mechanism as it follows Tom the experimental constraints [9]. In particular, for
from Eq. (5). This opens up the possibility of deriving the case of the present experimental constraint (2) it
new limits on this parameter from the experimental Was found that
data onu~—e~ conversion. Another surprising result 1 GeV\?2

brsing <°)( V) <12x10°%2

is that the contribution (15) of the meson-exchange “av{ 4 (20)
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Table 1

Upper bounds on thﬁf parameters inferred from the SINDRUM I
data on*8Ti [Eq. (2)] corresponding to the direct nucleon mech-
anism (DNM) and the meson exchange mechanism (MEM). The
subscript notation ig = V, A. The value in square brackets refers
to thegg‘ﬁ’l‘v value ofp NN coupling presented in Eq. (14)
Parameter DNM
411 GeV/ALry)? 80x 10713 33x 10713
Iny|(1GeV/ALpy)? nolimits  40x 10711 (6.0 x 10713

MEM

for the combination of the dimensionless couplings
a;ce (a = A, V) and the characteristit ; scaleAry

in the effective lepton—nucleon Lagrangian (4). From
the above limit one can deduce the individual limits

on different terms determining the coeﬁiciemge

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 the parame-
ters of the quark—lepton Lagrangian (3) for the meson-
exchange mechanism (MEM). We present these lim-
its in Table 1. For the parametgr;, | we derive the
limits for the two different cases afsyn coupling,
given in Eq. (14). In Table 1 we also show for com-
parison the limits corresponding to the direct nucleon
mechanism (DNM) derived iRef. [9]. The limits pre-
sented in Table 1 show the importance of the vec-
tor meson exchange contribution to-—e~ conver-
sion.

5. Summary

We studied nuclegn~—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 tliemeson. This
allowed us to extract new limits on thg, lepton—
quark effective couplings from the existing experimen-
tal data.
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