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Lepton-flavor violation in light hadron decays
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The lepton-flavor-violating decays of light pseudoscalar mesons and light baryons are investigated within
extensions of th&&U(2) < U(1) model. These models contain heavy Dirac or Majorana neutrinos and allow
large lepton—heavy-neutrino mixings. The free-parameter space of these models is carefully studied. Special
care is devoted to the comparison of results of different models. A large “nondecoupling” window is found,
and the decoupling of extremely heavy neutrinos is explicitly shown in all models except one, for which the
free-parameter space is bounded. Among the decays studied, the experimentally most interesting decays are
K, —eu and m°—eu. The 7°—eu decay is found to be equally interesting for the study of lepton-flavor
violation asK| —eu decay. The constraint on the model parameters, coming from the nonobservation of the
u—ey decay, leads to the maximal decay rat®éK, —eu)~5%x10 % and B(#’—eun)=<(2ng—2)

X 10715, whereng is number of heavy neutrinos, much smaller than the present experimental upper limits.
[S0556-282198)01607-3

PACS numbgs): 13.20-v, 11.30.Fs, 13.30.Ce, 14.60.St

I. INTRODUCTION view of the extensions of the standard model with heavy
neutrinos is given. In Secs. lll, IV, and V the LFV leptonic
Lepton-flavor violation is strictly forbidden in the stan- and semileptonic decay amplitudes of light pseudoscalar me-
dard model(SM). The confirmation of lepton-flavor viola- sons and semileptonic decay amplitudes of light baryons,
tion would show that the SM should be considered as a lowrespectively, are analyzed and their branching ratios are cal-
energy limit of a more fundamental theory. The slowly culated. Some technical details are relegated to the Appen-
decaying particles, such as light pseudoscalar mesons, a@iéxes. The conclusions are given in Sec. V.
suitable to search for lepton-flavor-violatingFV) effects.

Namely, the branChing ratios of the LFV decayS for SUCh|L REMARKS ON MODELS WITH ADDITIONAL HEAVY

particles are expected to be rather large. NEUTRINOS
Stringent experimental upper bounds exist for several
LFV decays of pseudoscalar mesons3(K —eu) There are two classes of models which contain the addi-

<3.3x107 11 [1-3], B(m°—eu)<1.7x1078[1,4], B(K* tional heavy neutrinos with light-neutrino masses low
—mten)<2.1x10719[1], andB(K,— 7% u)<3.2x10"8  enough to satisfy the experimental upper bouigj$0]. One
[5]. The new Brookhaven experiments E871 and E7770f them is grand unified theoryGUT) inspired, and it is
should be able to push down the branching ratifsr° obtained by introducing an additionak right-handed isos-
—eu) and B(K*—m"eu) below the ~10%2 [2]. The inglet neutrino fields into the SM. The Yukawa sector con-
measurements of thB(7’—eu) is a by-product of mea- tains lepton-number-conservingA\L=0) terms and isos-
surements ofB(K™—7"eu) [4], and the ratioB(K* inglet AL=2 Majorana mass terms. The neutrino mass
—mtew)/B(m°—eu) is restricted by the acceptance for matrix is symmetric and consists of a Dirac mass matijx
the decay chairK*— 7t 7% #°—eu, which is ~1073. coming from theAL =0 Yukawa terms and a Majorana mass
There is also an upper boul{ 7%— uve)<1.5x 1073 [6].  mMatrixmy containing theAL =2 Majorana mass terms. The
The LFV decays have been the subject of many studies, matrix elements of the Dirac matrix are usually taken to be
e.g.,[6], [7], and[8]). In order to realize the LFV effect a Of the same order as the masses of the charged particles,
number of approaches have been developed. The simpleghile the elements of the Majorana mass matrix have much
one is to add neutral fermiori9,10] or to extend the Higgs larger values. The transition from the weak to the mass basis
sector{11]. They have been also analyzed in supersymmetri@ivesng heavy Majorana neutrinos with masses of the order
models[12], superstring model$§13], left-right symmetric ~ of a typical Majorana mass amg; light neutrinos, wheré
models [14,15, technicolor modelg16], and leptoquark is the number of generations in the SM. The experimental
models[17]. limits on light-neutrino masses may be fulfilled in two ways.
In this paper LFV decays of light pseudoscalar mesonéne is to use the usual seesaw mechariis8j, giving the
and light baryons are investigated using models with addilight-neutrino matrix scaling asi,my,'mp . Then the typical
tional heavy neutrinos. LFV decays with two charged leptondViajorana mass must be very large 10® GeV). The second
in the final state are most likely to be observed. Thereforepne is realized by imposing an additional constraint on the
we concentrate on analyses of these kinds of decays. neutrino mass matrix that assures the masslessness of light
The paper is organized as follows. In Sec. Il a short overneutrinos at the tree levEd]. That can be done iig>1. We
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will denote such models a&ng. In such models the typical Ng Ng+ng

Majorana mass is constrained only by the experimental lim- L’,m *E 2 B, n, 1 [m| (1—vs)

its on lepton—heavy-neutrino mixindg3yy, which scale as \/—MW =1

mpmy*. The experimental data give the limiBy|2 —my (1+ ) Inj+Hee, 3)

~10"3-10 2. Therefore, the Majorana masses may be as
low as ~10? GeV. The second approach is very appealing

. . . NG *tNR
from the phenomenological point of view. Namely, tBg G0 19w 0
mixings lead to decays which are forbidden in the SM. In the Line= 4MWG .le Cn nj ;N i1+ tOUE @)
model [9], B;y mixings may be so large that the rates of
these decays could be comparable in size to the present ex- ne+Ng
perimental upper bounds. Although the masses of light neu- -+ _ 9w =Wy E Cp, Mo (1+ ye)N;, (5)

trinos are zero at the tree level, nonzero masses may be in- LTV g=1
duced radiatively{19]. They depend on the choice of the

renormalization point, and may be quite large compared withyhere |, are the SM leptonsn; are the(light and heavy
the experimental and astrophysical upper limits on light neuneutnno fieldsZ andW™ are the SM gauge bosorts, is the

trino masses. The second class of models is stable regardingggs scalar field, anG ™~ andG° are unphysical Goldstone
the neutrino mass renormalization and renormalization ofosons. Furtherg,, is the weak coupling constanty

By mixings [19], and, therefore, we prefer the results ob- = |\/|\2N/|v|2, andm;, i=1,...,ng+ng are neutrino masses.
tained in these models. As in the case of the first class of models, a Cabibbo—
The second class of models is superstring inspirekobayashi-Maskawa type of matrig,, appears in lepton-

[10,21,23. These models, referred to here \dsr models, neutrino-charged currents and mixing matri€gs, in neu-

are obtained by introducingg isosinglet right-handed and tral neutrino currents. These matrices are composed of
Ng isosinglet left-handed neutrino fields into the SM, which unitary matrices transforming leptons and neutrinos from the
do not interact with SM fields. The Yukawa sector containsweak to the mass basis. The maiy,,, may be expressed in
only the lepton-number-conserving terms. The neutrino masterms ofB, matrices. TheB andC matrices satisfy a set of
matrix M?” [22,23 is symmetric and contains a matmixg , relations following from the unitarity of the matrices build-
coupling the doublet neutrinos with right-handed singlet neuing them([9,19,20,25:

trinos, and a matribM, coupling the right-handed and left-

handed singlet neutrinos. The rank of the mass matrix is "¢ "R Net MR
2ng. Therefore, it hasig zero eigenvalues. As the neutrino P2 Bi1n,Blon, = O kgl CrnChin=Cnin;
mass matrix is symmetric, the mass diagonalization can be
performed by unitary transformations of the fot M”U. _—
G R

The diagonalization is performed in two std@8]. First, the
elements of the mass submatrix, are cancelled, using the 2 Bin Cnyn, = Bin;s Z Blkn Bin, C“inj' ©®)
unitary transformation of the mentioned form. Thg dou-

blet neutrino fields andg singlet left-handed neutrino fields

are combined into; massless neutrino fields ang fields which assure the renormalizability of the models. In the first

: . . ; . class of models, th8 matrices satisfy the same set of rela-
forming the mass matriMp with the right-handed singlet tions, and in addition they are constrained by relations which
fields. Then another unitary transformation is used to d|agoassure the masslessness of the light neutrinos at the tree
nalize the mass matrikp . The final mass spectrum con- |ayel.

tains ng exactly masslesgto all orders in perturbation The degeneracy of light neutrinos \fing models allows
theory left-handed neutrinosthat is, the Weyl neutrinds  gne to write the light-neutrino—lepton-charged currents in an

and ng massive Dirac neutrinos. The massless and massivgimost diagonal form, with couplings somewhat smaller than
neutrino fields contain part of the weak eigenstate doublefy SM:

fields, and, therefore, both interact with SM fields, specifi-
cally leptons, gauge bosons, and Higgs scalars. The corre-
sponding Lagrangians defining the interaction vertices are
(see Refs[20,24))

gw—9wX By, )

This small reduction of couplings is connected with cou-
plings in heavy-neutrino—lepton-charged currenBs,

ng Ng+ng through the orthogonality relations which tig, matrices
LY =— wa #; Z Bin,| Tiv,(1— ys)n;+H.c., satisfy,
(l) ng R
Bl |2~ 2 |By, 2= (c/N?=1- 2 [By[*=1~(s])%.
! i=1 ! i=1 !
g nG+nR (8)
(L =— X zn Con i v (1= ys)N;, 2 _ -
Nt Acy 21 oM7L= 75N, @ The experimental upper limi{g5,28
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(5/%)2<0.0071, Although there are no constraints on heavy-neutrino
masses from experimental limits on light-neutrino masses,
they are limited by perturbative unitarity conditi¢@9] on

VN2
(s#)°<0.0014 decay rates of heavy neutrinos,
(s/7)?<0.01, I _1
—<=. (12)
my, 2
(s,®)%(s,*)2<5.6x 10" 8 ©)

The total decay rate of the heavy Dirac neutrino of a mass
assure that the deviation of the light-neutrino—lepton mixingsmNi much larger than masses \0f andZ bosons and Higgs
from the SM mixings is small, and that the heavy-neutrino—hoson mass i§20]
lepton mixings|Byy,|* are of the orders10™°-10"2.

Using relations(6), all amplitudes of low-energy pro- FNFZ T(Ni—>|fw+)+z [T(Ni—»,2)
Vi

cesses may be written in terms of T

ng ng + T (Nj—vjH)]
iEle‘NiB,,Nif(Ni,...), ,21 Vg Voo fug, 0,
- - vy
~ a2 (B (13
ng w J
and ].2::1 Vﬁdjvudjf(di v )y (10 where ay,=ga/4m. From Eqs.(12) and(13),
NG
where f(N;, ...), f(u;,...), andf(d;, ...) areexpres- m2 B« [2=m2 C <iM2 14
sions proportional to loop functions. The ellipses represent Nijzl B NNIN gy, W 4

the indices not written explicitly. In the first type of models,

the B and C matrices satisfy additional constraints besidesfor Vng models, and

those given by Eqg6). These constraints reduce the number ne 2

of free parameters deterr_nining tige and C matrices. Eor mﬁ;E |B|.N.|2=mﬁ.CN.N<—M\2N, (15)
ng=2, the B and C matrices are completely determined. =1 PN

Therefore, the first of expressiorié0) may be calculated _
exactly. Forng>2, the number of constraints on tBeand for Ang models. The relative factor of 2 between the bounds

C matrices is too small to fix them. In the second class of 14 and (15 comes fr_om the diffe_rent ““mbef of spin de-
models, theB and C matrices satisfy only relation), and grees of freedom of Dirac and Maj_orana neutrinos. The ma-
their exact form cannot be determined, too. Only the uppelix €lémentsCyy, are known only in theA2 model, which
bounds on the absolute values of matrix elem@)smay Makes a large difference between that model and the other
be found. The upper limits of the branching ratios can bemodels discussed here. In th& model, the matrix elements
obtained using the Schwartz’s inequalities and definition forCy,n, depend on the ratio of massps=my,/my , and not
st', on the masses explicitly, so that both parts of Edp) are
upper bounds on the lightest masg . Equation(15) for the

IR my, Mass gives stronger bound am, ;

izl BinBron, f(Ni, .. )

<SE'SE"( [(F(- )

2 —1, -2
2, _2Mwp; '+p,

i N, = "o g (16)
. W .
+ Zl (f(va ) J_Zl (S|J)2
12 .
—(F(-))p)? In Ang, Nng# 2, models and it ng models, the upper bound
N ' on the lightest mass is obtained by combining Edd) and
8,
R nR )
* R
121 Vua,Viaf(u .. sjgl Vo, [V llIf Uy, -, R =(mf)? “22 piz), -
& R wherep;=my, /my. and
;1 Vg Via f(dj, ) sjgl Vaa I Vug |l )1, 1 MM TNy
(11) (my)2=4bMy/[aw=]C, (s/)?],

where( )y represents an average over heavy neutrinos. Th@ith b=1 in Vng models and=1/2 in Ang, ng#2, mod-
procedure for deriving relatior@1) is given in Appendix B, ~ €ls. Equation(16) permits only finite values of all heavy-
and is used for finding the upper limits on composite loopneutrino masses, while the masseg, i #1 satisfying Eq.
form factors and branching ratios. (17) may achieve any value iy < m,?ll. If Egs. (11) were
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used for evaluating the upper bounds on the branching ratios
(UBBR9) for LFV processes, the UBBRs would achieve in-

finite values. Therefore, iy <m¢ and any of the ratiop;
1 Ny
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T(P—e uh)=—Ueya(1— y5)u,Phoals,  (21)

whereppo is the four-momentum of the pseudoscalar meson

is very large, the UBBRs have to be evaluated in a differentind PP is its antiparticle. The composite form facta§ is

manner. Noticing that Eqg8) and (14) give rough upper
bounds,

Bin,|=s/'=Bi\, (18)
and
|BINi|\ Zbll,/ZMWE 'ONi , (19
Gw My,
one finds that if
Bin, <Bi, (20

for any matrix eIemenB|Ni, the better bound on the UBBRs

given by
%
pe_ W ne uu —peuu

apo= 2 fpo| @zF 57"+ apoFhox

16My,
dadp=uedqdy
+d dE*d abox I:box ’ (22)
a 0p=0a,s

where aW=g\2N/47r, fpo IS a pseudoscalar decay con-

dyd .
stant, F£°, FEet, Fios® are composite loop form

factors defined in Appendix A and in Ref§26,27,

and  aps (KO =22 apf (KO =22 ay(n%)=-2,
aggx(ﬂ'o):/_lv a/ggx(ﬂ-o):_l’ az( n;)g:_ag?)x( 770)
:l/_Z(ZCP/3112/2‘;(2/3)123P)v apox( 7°) =—apo 1°) =—(cp/
37°=(2/3)"sp)

are numerical coefficients containing information about the

of LFV processes may be achieved by replacing the matriyark content of pseudoscalars and on quark couplings with

elementsB,y. by B|°Ni

ment, the terms of the amplitudes comprising the nregs
do not tend to infinity but to zero in the]Ni—mc limit. That

in the amplitudes. With such a replace- photons andz bosons(only coefficients different from zero

are listed. The shorthand notatiorsp=sindp and cp
=co%p is used for mixing of octet and singlet meson states.

is, the heavy neutrino decouples from the light sector of thel "€ PSeudoscalar decay constafetsd the normalization of

model. As theA2 model is a special case Aihg models, the

creation operatojsare defined in terms of the axial vector

decoupling of the extremely heavy neutrinos is valid for it, duark currents,

too. That property cannot be seen in h2 model because
the domain ofrnNi masses is restricted by EQ.6).

Ill. MESON LFV LEPTONIC DECAYS

AP’ () =i2F pod PO + - - . (23)

. ed,d
The composite loop form factos4®, Fis,", andFp o

comprise the combinations @fyy andB;y matrix elements,

The amplitudes of LFV leptonic decays of kaons into twoWhich are all proportional to a factor smaller thaffs » .
charged leptons have a very simple structure. Only a boXhat factor strongly suppresses thiéP°—e~n*) ampli-
diagram contributes to them. These box diagrams have #ides. The branching ratio corresponding to the amplitude
very mild (logarithmig dependence on the heavy-neutrino (21) reads

masseg26,27. They are suppressed by matrix elements of

Cabibbo-Kobayashi-Maskaw@KM) matrix elements in the

hadronic part of the matrix element. The corresponding de*®
cay rates for flavor-neutral pseudoscalar mesons is not CKM
suppressed, and the matrix element has an additional

Z-boson exchange contribution with a strofggiadrati¢ de-

pendence on the heavy-neutrino md#se vector mesons
have an additional-decay channgl Unfortunately, flavor-
neutral pseudoscalar mesons decay at leaStifi®es faster

2 2 2
1 mpo )\1/2(mpo,mﬂ-me)

B(P’—e u")=—
4 FPO m|230
2 2 2y 2 2\2
><|alie|2mpo(mﬂ+me (mg,—mg)
po 2 ’
mpo

(24)

than the mesons with nonzero quantum numbers due to thghere mpo and I'po are the pseudoscalar meson mass and
electromagnetic and hadronic channels through which theyotal decay rate, and\(x,y,z)=x2+y2+z%—2(xy+xz

decay. To determine to what extent these two opposite efy y 7).
fects, concerning the magnitude of the decay rate, cancel, the

decay rates for the processeS—eu and 7°—eu have
been evaluated, too. The decg}®—eu has not been con-
sidered asy’ decays much faster than’ and 7.

The invariant amplitudeT(P°—e~ %) and the decay
rate '(P°—e~ u™) or branching ratioB(P°—e~ u™) for

IV. MESON LFV SEMILEPTONIC DECAYS

In the case of LFWK*—7*e u* decay on the quark-
lepton level there are contributions coming from a box dia-
gram andW*'W~ diagram. TheW"W~ contribution is

the decay of a light pseudoscalar meson into an electron arfdund to be much smaller than the box diagram contribution

antimuon, P°—e~ x ", may be obtained from the corre-
sponding expressions far —e~ P° decays[26] using the

[27], and, therefore, it will be neglected. The box amplitude
may be obtained from the box amplitude for the

crossing symmetry. The expression for the invariant ampli-—e~ 7K~ decay using crossing symmetry and replacing

tude is

by w. It reads



Tbox(K+‘>7T+e_,U*+): _aﬁiw+ue7a(1_ 75)U,u

X (T (py+)]S(0) y*(1— ys)

xd(0)|K™ (px+)), (25
where
i 2
A = ToMZ, box (26)

is a composite form factor comprising a factor of order

~s/®s/#. The hadronic matrix element fo*— 7 e~ u*
decay is parametrized by two form factors

(7 (pa+)|S(0) y*(1— ¥5)d(0)| K™ (px+))
=1 (9%)(Pk++ P + (G2 (Pr+ — Prs)™
(27)
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they have been performed far—e+two meson decays.
This method assumeSU(3) hadron-flavor symmetry, and,

therefore, it connects the amplitudes of various mesons, spe-

cifically of decaysk®— 7%~ u* andK®— 7%~ 1", allow-
ing one to evaluate th&, — 7%~ u* amplitude. Namely,
we determine

gpﬂw

f.(0)= ~1.2,

2’)/KO*

) m2. g
f (g)~f (0)| 1+ —5———]|,

Mios M

m

m?, mg. —m2,
—. (3D

mW+

f(a?)~f, (0)(

mKO*

In this paper we use a chiral Lagrangian which includes vecFrom the semileptonic decays), andK+3 the hadronic ma-
tor mesong$30] in order to evaluate this matrix element. This trix element is
approach assumes that the vector meson exchange dominates

the form factors. The quark legs of the box diagresra6dd
fields create the vector meson field®*, which further
couples to the pion and kaon fields. The coupling ofki &
field to the quark fields K°* meson decay constant,
mio*/\/EyKo*) is related to the coupling op® mesons

(mzo*/\/—'ypo) assumingSU(3) hadron flavor symmetry

('yKo*— 'ypo) The p-meson coupling is determined from the

(70(p,0)|S(0) (1~ y5)u(0)|K* (py+))

p’—ete” decay rate. The vector meson to pseudoscalar

meson couplingy,, ., is defined in the chiral LagrangidB0]
and it can be calculated from the— 77 decay rate. The
hadronic part of the amplitude reads

(77 (pp+)]5(0) v, (1= y5)d(0)|K " (pg+))
2

\/—YKO*

—=—iSkox , (DTY(K";K™* 77),

+ q2
1+ 2 (pK+pﬂT),u.

2
mKO* m77'
2
T

" gpﬂ"lT
2'yK0*

m+mK+ m

LRSI

m>,

(28)

where

g+ a°a mies
KO*( )= 2 2
q KO*

(29)
is the K®* -meson propagator, and
_Ig T

T K+;KO* ’7T+ — P

( ) 2

is theK™ — K% — 7% vertex. The details of evaluation of the
hadronic part of the amplitude may be found #v], where

(Pt Pa)" (30

1
=—[f 2 ++ P+ M
JE[ +(a%)(Pk++P7t)
+f_(a?)(Pk+ = P=+)"], (32
and the form factors are described [[34]
2
N q
f.(q9)=f,(0) 1+)\+Fl, (33
where\ , =0.0286+0.0022 forKJ; and\ , =0.033+0.008
for K*3 Usually, instead of the form factdr_, the scalar
form factor is introduced,
q° 9°
fo(02)=f (q®)+ ———TF_(g9)=F,(0)| 1+ Ng— |,
o(q9)=1.(q%) MZ— M2 (a%)=1.,(0) OmEJ
(34)

with A=0.004:0.007 andf,(0)=0.98. Using isospin
symmetry, (7" |sy*(1—ys)d|K*) can be related to the
(7% sy*(1— ys)u|[K™) matrix element. Our results in Egs.
(3D [\, =m>./mZo, =0.024, \o=0, f,(0)=~1.2] are in
agreement with these phenomenological results (UE3)
hadron flavor symmetry violation.

TheK?— 7%~ u* andyp— 7%~ u* have vanishing am-
plitudes, as can been seen from the chiral Lagranésee
Appendix Q. The first decay can occur through the

CP-violating component, but the induced decay rate is very

suppressed in comparison wikh" -7 e u*.
The branching ratio for the remaining" — 7 e~ u* de-
cay is found to be
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B(K'—mte u') TABLE I. The values of the form factor$, and g; at zero
momentum transfer.
1 (mg+—m_+)2
=—|a% Zf T A, L f2 Process f,(0 0
64773mi+FK+ K+t (g + me)? [As 5 1(0) 91(0)
) STope ut -1 —D+F
+A+*f+f7+A*7f7]v (35) Eoﬂneiﬂﬁr 1 -D =
I —4
whereA. ., A,_, andA__ are kinematical functions de- V2 V2 2
fined in Appendix D. A—ne ut 3 D 3F
T = —+
V6 G
V. BARYON LFV SEMILEPTONIC DECAYS =0 -
In the LFV baryon decays with two charged leptons, due NG ——=t—=
. . : o V6 6
to kinematical reasons, the final and initial baryon states dq $0a-u+
not have the same strangeness. Therefore, on the quark- € n _ 1 _B+i
lepton level, the decay amplitudes obtain contributions from 2 N
the box diagram only. =3 e ut 1 —D-F

The matrix element for the baryonic LFV semileptonic
decay is obtained from mesonic semileptonic decay matrix
elements by replacing the hadronic meson-to-meson ampli-_, — B'B B'B
tude by the baryon-to-baryon amplitude. The baryon-to{B'[Vu(0)=AL(0)[B)~Ue/[y,f1 "+ 7,750
baryon amplitude depends on six form factors

+qM7593B,B]UB
<B,|V,u(o)_A,u(o)|B>:uB’[yﬂfl+|Uﬂquf2+qu3

+7u7591+|0MV75qV92 ~Ug f?,B(O)yu+g?,B(0)
+0,7Ys93]Ug - (36)
) mg+ Mg/

However, all of them are not equally important. The currents X\ Yu¥stduys—— | |Us,
whose coefficients aré; and g, do not conserves parity Myo—q
(second class currentsTherefore, these form factors are (37)
negligibly small. Thef, term includes the recoil effects, and wheref,(0) andg,(0) are given in Table I.
is of the order of fng—mg/)/(mg+mg:) compared to thé, The vector and axial-vector form factors have a very

term. Since we are making an estimation of the branchingveak q? dependence, determined by the vector and axial-
ratios, we do not take into account these terms. gheerm  vector meson poles and, therefore, in the following, we con-
contains a pseudoscalar meson pole, and its contribution &der them as constants. Since the largest momentum transfer
not negligible when the muon is in the final std8d]. for all decays of our interestn(2+—mp)2, is much smaller

The form factorsf 1, g;, andg; depend on baryons in the than any of the vector meson or axial-vector meson masses,
initial and final states. Further, thg? dependence may be the g? dependence of these two form factors may also be
approximately described by assigning a pole dependence ofglected.
the meson having the same Lorentz transformation properties Hence, the expression for tiBe—B’e” u* amplitudes is
and opposite quantum numbers than the baryon current. Thgiven by
SU(3)-flavor symmetry of baryons allows one to express
sets of f4, g;, and gz form factors in terms ofSU(3) T
Clebsch-Gordan coefficients and two functions per set, one
corresponding to the symmetric octet representation and the
other to the antisymmetric one. Because of the isospin in- X
variance, the symmetric octet cannot contribute to the vector
current form factors. Next, the pairs of the functions describ-

(B—B'e u')=ahg Ue¥o(1— y5)v U

f88(0) y,+92% (0)

ing g; and g3 form factors are not independent, but corre- Mg+ Mg

lated through the Goldberger-Treiman relation. The X( YuYsTAuYs mZO_qz) s, (39
Goldberger-Treiman relation extrapolates the bazlryon- «
baryon-mesondgg ) Strong coupling constant af=mg, : .

to its g>=0 value. The pole dominance of tlyg form factor where again the composite form factor

of the AS=1 hadronic matrix elements is carried by kaons,

and, therefore, this extrapolation may lead te-&0% error e gy ueds

in g3 values — good enough for our purpod@s Ref. [32] Agp = Fbox (39

) ) : 16M3
the semileptonic LFV baryon decays were evaluated includ- w

ing thef, form factor in calculations After applying all of _ , _ _
the above-mentioned approximations, the final form of thecontains a factor of the order sf°s . The branching ratio
hadronic matrix elements reads B(B—B’e u™) is given by
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1 _ )2 -15
B(B—>B,eiﬂ+):—3a§g,|2"‘(m8 mB)dt 10
47T3mBFB (m,u+me)2
X[Ay(f1+93) +Ax(Fi—gD) +As(f101) 107"
+A4(0103) +As(93)]- (40)
10—17
A;—-As are kinematical functions defined in Appendix D.
VI. NUMERICAL RESULTS % 107"
The numerical analysis of the results is performed for the§
extensions of the SM with two or more heavy neutrinos. The -19

ng=2 case is treated with the special care since it allows a
comparison with theg=2 version of the theory with heavy
Majorana neutrinos for which thB and C matrices may be 107
evaluated exactly. The additional parameters of the nisdel
introduced with heavy neutrinos are three heavy-neutrino—

lepton mixingssi' and heavy-neutrino massesy . The sf' 107
are constrained by experimental upper lin{it§), while the v2,v4 A2, A4
upper limit on the heavy-neutrino masses is given by "

. _ . . | . 4 1 ] F I . 10' N 1 N 1 1 2 1 "
perturbative-unitarity relationgl4) and(15). For upper limit 0 5000 10000 0 5000 10000

of (s/#)* we take the ratio of upper limits ofs{®)?(s *)?
and (5,°)2.
The numerical results depend also on hadronic observ- FiG. 1. The UBBRs for the most interesting LFV hadron decays

ables and quark parameters. In the calculations, the expefjersusmy=my, i=1ng in modelsV2, V4, A2, andA4.
mental (absolute values for the CKM-matrix elements are

used[1] and the quark-mass valugk,33,34 —3"e u' decays are not discussed since they are strongly
hase-space suppressed compared to other LFV baryon de-
m,=0.005 GeV, my=0.010 GeV, f:’ays P PP P y
The numerical results are shown in five figures and in one
table. If (s[')2 values are not explicitly stated, the results in
my=4.3 GeV, m=176 GeV. (41)  the figures are evaluated for maximaf'§? mixings, (5)?
_ =0.0071, 6/)%(s{*)?=5.6x10"8, and /7)?=0.01. A full
For the pseudoscalar decay constants, experimental valuggscription of each figure is given in the text, together with
are used1], the interpretation of the results presented by the curves
_ _ _ shown in the figure. To avoid ambiguities, where they could
fo=841 MeV, fc==113 MeV, f,=94 Me(\g’z) emerge, the curves in the figures are designated or character-
ized in two ways — with letters and by type and weight of
and due to isospin symmetrfj o= fro~fy-=. the line.

With the input parameters defined above, one can start a Figure 1 shows the dependence of upper bounds of
discussion of the numerical results. We are interested in thBranching ratiogUBBRs) on the heavy-neutrino mass, in the
branching ratios of LFV leptonic and semileptonic decays ofc@se of ~degenerate neutrino massesy,=my, |
light pseudoscalar mesons and LFV semileptonic decays of1, ... ng. The letters a, b, c, d, e, f, and g destignate the
light baryons. Numerical results are presented only for thdJBBRs for K .—e u®, #’—e u*, n—e u*, K
most interesting decays, that is, for decays of particles with—-7" e u*, S*—pe ut, 2%—ne u*, andA—e u™,
small total decay widths and/or strong LFV decay channelstespectively. Left and right diagrams of the figure show the

results obtained in modelng, ng=2,4, and modelé\ng,

m, [GeV] m, [GeV]

m=0.199 GeV, m,=1.35 GeV,

Ki—eu, m—eu, n—epu, ng=2,4, respectively. The thickthin) lines are results ob-
tained forng=2 (ng=4). Themy domain in thev ng model

Kt—mteu, is larger by a factor of/2 than in theAng model. Them,
domain in theng=4 model is larger by a factor of2 than

>t—peu, X%—neu, A—peu, in the ng=2 model from the same class of models. Concern-

ing the my dependence, UBBRs for LFV processes studied
and E°—Aeu. (43 here may be divided into two groups, the group of processes
having only a box contribution to the amplitude, and the
For instancey;’ —eu is not studied because’ has a large group having box an@-boson exchange contributions. The
total decay width compared to other flavor-neutral pseudotBBRs within these groups have a very simitag depen-
scalar mesons. Similarly, th&&°—3% u* and =~ dence. The UBBRs in th&nng models are independent o§
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TABLE Il. The values for maximal UBBRs for degenerate heavy-neutrino masses and for two sets of
(s,")? mixings: for maximal mixings and fors{®)?=0.00355, §'7)?=0.03, and §)*(s/*)*=2.8x 108
(results in brackels

Model V2 v4 A2 A4
(MN) max (GeV) 9500 13400 6700 9500
(6800 (9600 (4800 (6800
K.—e ut 2.9x10 16 3.3x10 %6 2.6x1016 2.9x10 16
(1.3x10°19 (1.5x10° 19 (1.1x 10719 (1.3x10°19
e ut 3.2x10° % 1.4x10° 15 2.9x10 18 3.2x10° %
(1.4x 107 %) (6.3x 10719 (1.4x 10719 (1.4x 1079
n—e ut 7.5x10718 3.2x10°Y 7.5x10°%° 7.5x10718
(3.4x10° ) (1.5x10° 19 (3.5X 10729 (3.4x 10719
Kt—mte u® 3.7x10° %8 4.2x10° %8 3.2x10°18 3.7x10° %8
(1.7x10°18) (1.9x 10719 (1.4x 10719 (1.7x10719)
Stopeut 1.8x10°2° 2.0x10° 20 1.6x10 20 1.8x10°2°
(7.8x10°2Y (8.9x10°2Y (6.8x10°2Y (7.8x10°2Y
EO—Ae ut 1.7x10° 2 2.0x10° % 1.5x10° % 1.7x10° %
(7.6x1072Y (8.7x107%Y (6.7x1072Y (7.6x1072Y
30 sne pt 1.1x10°% 1.2x10° %0 9.5x10° % 1.1x10° %
(4.8x10° %Y (5.5x1072Y (4.2x10°2Y (4.8x 1072

(the thick and thin lines coincideand have a very similar is 7.7 times larger than the corresponding maximum value
my dependence as the UBBRs in thé model. The UBBRs given in Table Il. Similarly, the maximum UBBR value for
in the Ang models depend ong. That dependence is weak K, —e~ u" decay in thevV2 model is obtained fop,=5.3

in processes whose amplitudes have box contribution to thand it is equal 5.8 10 6, The maximum UBBR values for
amplitude only, but is very strong if the amplitude of the 7°—e~ u* decay inV3 and V4 models are found ap,
process contains &-boson exchange contribution. This =1.6 andp,=1.5, respectively, and they are equal to 4.34
strong dependence is a consequence osfieeial formof B x 10 '° and 6.4 10 '°. The maximum UBBR values for
matrices in theA2 model. For degenerate heavy-neutrinoK, —e~ u* decay inV3 andV4 models are reached aj
masses, the special form & matrices leads to the zero =4.5 andp,=4.1 and they are equal to 5840 ¢ and
contribution of theH,(x,y) loop function to the amplitudes. 5.11x 101, respectively. Notice that the maximum UBBR
In all otherAng models and in alV ng models, theH ,(x,y) value forK, —e~ u™ decay almost does not depend on the
loop function gives a maximal contribution. Namely, tBe  number of heavy neutrinos, while the maximum UBBR
matrix elements are unknown, and, therefore, the products ofalue form®—e~ u* decay has an almost linear dependence
the B matrix elements have to be replaced by the largesbn ng. For largerng values, we expect a weakeg depen-
value they can assume. That explains th25 times larger dence of the maximum UBBR value for’—e~ u* decay.
UBBRs in the A4 model than in theA2 model atm, Figure 2 compares thenNl dependence of UBBRs for

=6700 GeV. _ _ K.—e u* and7°—e u" decays for differenp, values
For degenerate heavy-neutrino masses, the maximal valygjuated in modely2 andA2. The letters a, b cdefag,

ues for UBBRs for the most interesting LFV leptonic mesonp gnd i correspond to the, values 1, 3, 10, 30, 100, 300,
decays, LFV semileptonic meson decays, and semileptonignop, 3000, and 10000, respectively. In the right diagrams of
baryon decays are given in Table Il for two sets of °  Figs. 2a and 2b the curves strongly overlap, and, therefore,
mixings. Among the decays having a box amplitude onlyonly curves belonging te, values 1, 3, 10, and 300 are
(box and Z-boson exchange amplitudeshe K, —e u* marked at the end points of the curves. The left and right
(m°—e~u™) decay has the largest UBBR. In the following diagrams of the figures show the results of @ andA2
discussion, only these two processes will be studied. It isnodels, respectively. Figures 2a and 2b show the results for
interesting that in model¥2, V4 andA4, them®—e u* K, —e u' decay andr®—e u™ decay, respectively. The
may have larger UBBRs tha, —e™ u™, despite ther®  UBBR curves forK, —e~ u™ and7%—e~ u ™, evaluated in
meson having a much larger total decay rate thankhe theV2 model forp,# 1, lie above thep,=1 curves. As the
meson. That makes®—e~ u* decay interesting for experi- p, increases, the UBBR curves first tend to separate from the
mental studies of lepton-flavor violation. In models with a p,=1 curves, and then, after, reaches some critical value,
largerng, the ratio of maximal UBBRs forr®—e~ ™ and  begin to approach back to thig=1 curves. As the, tends
K.—e u* decays is larger. to infinity the UBBR curves cannot be distinguished from the
The maximum values for UBBRs are not obtained forp,=1 curves. This behavior is a manifestation of the decou-
equal heavy-neutrino masses. For instance, inthenodel, pling of very heavy neutrinos from the light particles. The
if one of the masses is larger by the factgrthan the other, second interesting effect in the UBBR curves is the appear-
the maximum form®—e~u™ is reached ap,=1.85, and it ance of peaks at which the UBBR curves break. The UBBR
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4000 8000 0 5000 0 4000 8000
my, [GeV] m, [GeV] my, [GeV] m, [GeV]

P 10-21....|..........
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(b) (b)

10—21...........|

FIG. 2. The UBBRs forK, —eu and 7°—eu decays versus

- FIG. 3. The UBBRs forK, —eu and m°—eu decays versus
My, for severalp, values in modeld/2 andA2.

my, for several §%)? and (5;")? values in model&/2 andA2.

curves ofK . —e~u* decay show one one peak, while the —e x* and7’—e~ ™ decays ormy=my, for several val-
UBBR curves ofr®>—e~ u* decays show two peaks. The '
peaks emerge at soms, value, and agp, increases they lined lines correspond t&, —e u* decay while the
move towardsmy =0, and disappear. These peaks occur af ; oL K .

1 _ steeper lines represen—e~ ' decay. The curves in the
or above thele values at which some of the upper bounds g diagrams of Figs. 3a and 3b are found\i2 and A2
on By, matrix elements begin to be evaluated using@@).  models, respectively. Figure 3a gives the UBBR curves for
Starting fromp,=1, thep, value increases and the domain (s/7)?=0.01 and three pairs &fs;®)?,(s®)%(s;*)?) values,
of My, values becomes smaller, but fey= 30, the maximal  (0.0071,5.6<10°8), (0.0071,2.& 10 8 and (0.00355,2.8
my, value is almost independent p$. Notice that the maxi- X 10°89), denoted bya (solid line), b (solid gray ling, andc
mal values for UBBRs are not reached at the largagt (dashed ling respectively. Figure 3b represents the UBBRs

1 Ver2 _ VN2 —8 V2
value on thep,=1 curve, but at the pealtirst peak form®  ©F (SL? 2_0'0071' VSLZ) =5.6x10 Var;d three & ). val-
—e u't decay for p,~5. As mentioned, the maximum ues, §)“=0.01, (5,7)“=0.02, and § ")“=0.03, designated
UBBR value forK, —e~ u* andm’—e u* is ~2 and~7 by a (solid line), b (solid gray ling, and c (dashed ling
times larger than the maximum UBBR at the largesf ~ respectively. The figures show that the UBBRs fdt
value on thep,=1 curve. The UBBR curves foK, = —e " depend only on the product of mixings; €)%(s;*)?
—e u" andn’—e u' evaluated in theéd2 model do not (b andc curves in Fig. 3a coincide, araj b, andc curves in
have peaks, because in this model only the upper b¢l®d Fig. 3b coincid¢. The 7°—e u™ curves depend on all
is imposed on the heavy-neutrino masses.pjsncreases, (s)? parameters. A decreag@ncreas of the parameter
the domain of thele values quickly reduces, and at some (SEe)z or (SET)z leads to a largefsmalle) my domain. The

critical p, value it disappears. That is, the, domain is  ,5ximal UBBR value form®—e u* decay slightly de-

bounded, t00. Fop, §m_a|le‘r‘ than th.'s Srmcal \_/alue, the creasegdslightly increasesin the V2 (A2) model as $ET)2
UBBR curves show similar “decoupling” behavior—as Ynd - O . :
increases, fop,=<3 the curves move away from the=1 or (s )¢ increases. It is interesting that in thé&2 model

curve, and fop,=3 move toward it. They, dependence of Ki—e u™ and 7°—e~u™ curves always cross almost at

this “decoupling” is much weaker than in other models— the maximummy,  value for any particular values of the

the UBBR curves almost overlap. As the domain of e mixing parameters. As we will see in Fig. 5, only the

values is finite one cannot truly talk about the decoupling ofvalue changes that property, that is, changes the intersection

very heavy neutrinos. point (or relative positioh of K, —e~ u* and m°—e u*
Figure 3 compares the dependence of UBBRs Ker  curves.

ues of the squares of mixing parametes?)(z. The less in-
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5e-16 r mN1=4OOO GeV, respectively. The results given in the left
o 16T diagrams of Figs. 4a and 4b are obtainedving (V2 and
§ 3e-16 | V4) models, while those on the right diagrams are obtained
2e-16 | T ] in Ang (A2 and A4) models. In Fig. 4c, the behavior of
fe1g bt o 1 . 1 P P W T UBBRs for bothK, —e u® and #°—e u* decays are
0 5 10 15 0 5 10 15 20 . . )
o, b, shown together, but in a much larger domain. The main
a idea of this figure is to show thdecouplingof very heavy
(a)

neutrinos from light particles. Both the left and right dia-

:g_ﬁ ] b T '___" L ; grams of Fig. 4c present only the results fmm1=2000
40 ,F—“ :/\ c ] GeV. The left diagram of Fig. 4c is an enlarged version of
Do | / a E the results in the left diagrams of Figs. 4a and 4b rfln1

10° | V2, va ° . A2, A4 4 =2000 GeV. The letter destinations and the meaning of the

107 L 11

5 10 15

— types of curves in the left diagram of Fig. 4c are the same as

0 0 5 10 15 20

in Figs. 4a and 4b, and it is also assumed tmr@tl=m,\,3

P2 P2
(b) =my,. The right diagram of Fig. 4c shows only the results in
[ e  —— the V4 model, but for one, two or three neutrinos with in-
107 ] creasing mass, corresponding rtgy, =my,=my, and my,
& 107 =my. X p, (dotted ling, my =my. and my_ =my.=m
8 4o =MN, A P2 v My, =My, N, = Mg = M,

Xp, (gray ling, and my,=my =my,=my Xp, (dashed

107 B sl s el s s s o s sl s line). Having defined the notation, we can now proceed with
10° 100 100 10° 100 10" 10" 10 10° 10" 10" 10° 10 the discussion of the results shown in Fig. 4. The results
Pz Pelpop) obtained in thédA2 model differ considerably from the results
© of other models. In thé&2 model, the domain g, values is

FIG. 4. The UBBRs forK, —eu and 7°—eu decays versus finite and strongly depends ony, . The UBBR values in the
ratios p;=my, /my for severalmy, values in models/2, V4, A2, A2 model are smaller than in other models, slightly kqr
andA4. —e u’ decay (for decays depending on box amplitude

only) and considerably forr®>—e~u* decay (for decays

Figure 4 presents the dependence of the UBBRs on theith Z-boson exchange amplitudeThe UBBR curves are
ratiosp;, i =2,3,4, in the model¥/2, V4, A2, andA4. Fig-  smooth, increase slower than in other models, and in the case
ures 4a and 4b compares the dependence of UBBRs of of decays with aZ-boson exchange amplitude often have a
K.—e u' and 7°%—e u' decays, respectively, iWng ~ maximum[20,26. The UBBR curves corresponding to the
models andAng models, assuming thaty =my =my,.  largermy, lie above those evaluated for smaller, . In
The solid(dotted lines represent the results in models with other modelgrepresented by'2, V4, andA4 models in Fig.
two (four) heavy neutrinos. The letters a, b, and ¢ denoted), the p, domain extends from one to infinity. Every UBBR
curves obtained fomy, =2000 GeV,my, =6700 GeV, and curve has two peaks. One is at thevalue at which the use

FIG. 5. The UBBRs forK,
—eu and 7’—eu decays versus

Vey2 V72
(%) and (5, 7)* for severalmNl
values and severgh, values in
modelsV2 andA2.

A2

-2 L P |

0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.022 0.04
") ") s (.

(a) (b)
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of upper limits for the loop form factorB9) starts to give  only do not depend ons{")?, and have a linears{®)? de-

smaller UBBR value than the upper limi88). The otheris  pendence for almost athy andp, values. The slight devia-

at the point at Whlch/"Ni becomes smaller thaB#Ni' The tion from the linear (;Ee)2 dependence is found only in the

second peak is visible only in processes depending on gurve evaluated fop,=100. The UBBRs havin@-boson
Z-boson exchange amplitude. Namely, in the box ampli-exchange amplitudes show something between linear and cu-
tudes, thep, value at the second peak is so large that the parbic (s?)* dependence, and betwees{7? independence and

of the amplitude depending on the masg, is negligible.  quadratic ¢7)? dependence. This behavior is expected from
The UBBR curves iV ng models are almost independent of the structure of the amplitudes. The deviations from the

Ng, but they depend omy,. Namely, the position of both  smooth §/7)? and (s/)? behavior(peaks of curves evalu-
peaks strongly depends am,. Generally, the UBBR curves  ated forp,+ 1 is a consequence of passing through s}8)¢
corresponding to the Iargele values lie above those evalu- values, at which the the matrix elemeﬁmi of the heavier of

ated for smallemy, . In the models witmz>2 the UBBRs  two heavy neutrinos begins to satisfy tsf-independent
depend significantly on the number of very heavy neutrinosipper bound19). For the same reason, a departure from the
in the ranges 18p,=<150 and 5=p,=20 000 for decays linear (ste)2 dependence in th&, —e~ u* curve appears.
depending on a box amplitude only and on box @Adoson  The upper four diagrams of Figs. 5a and 5b show how the
exchange amplitudes, respectively. For any process, thgze)z and (s;7)? domains reduce amy enlarges. Beyond
UBBR for p,— and the UBBR ap,=1 are equal. Asthe he maximalm, values, defined in Eq€17) and (16), the
upper bound on the UBBR terms depending on masses satyrves do not exist. The lower four diagrams of Figs. 5a and
isfying my ~my_ is constructed using Schwartz's inequality 5p manifest the difference betweé® andV2 models(all
(B4), these UBBR terms are equal @t=1 and forp,— o, other models concerning thep, dependence. In thé2
showing that UBBR term depending ony, becomes equal model, thep, domain depends op, considerably. Fop,

to zero in thep,— = limit. This is a manifestation of decou- NOt satisfying Eq.(16) the curves do not exist. In the2
pling of heavy particles from the light sector of the model. inmodel(all other models the (s;°)* and (5,")* UBBR curves
processes depending on box amplitudes only, the heavy neexist for anyp, value, if my < mﬁl. In the left two of the

trinos decouple faster than in processes depending on ba¥wer diagrams one can follow how the#1 curves, for
andZ-boson exchange amplitudes. For example, for the paascending,, depart from the,=1 curve for small, val-
rameters of Fig. 4c, UBBRs oK, —e u* and #° yes, and approach it back ag— . These results, together
—e~ u" decays reach 10% larger value than UBBRgat  with the similar behavior ofny, curves, shown in Figs. 2a

=1 atp,=200 andp,=33 000, respectively. The slow de- 4 2b, show that the decoupling of very heavy neutrinos

coupling of heavy neutrinos in processes depending ORccrs for all allowed values of the remaining free-parameter
Z-boson exchange amplitudes is a consequence of mixingnace

amplitude terms, containing heavyn(,) and light (my,,i
#2) heavy neutrinos. The processes depending-moson VIl. SUMMARY AND CONCLUSION

exchange amplitudes illustrate that thendecoupling win- . .
dow, that is, the region of mass parameters where large LF.V decays_of light hadrons have been stu_dled and evalu—
ted in extensions of the standard model with heavy Dirac

heavy-neutrino masses have a considerable effect on the arﬁ-/ dels and Maj dels i Th
plitude, heavily depends on the structure of the amplitude o Nk model3 and Majorana Ang modely neutrinos. The
pressions for perturbative unitarity bounds on heavy neu-

the process, and that it may extend over several orders fx found to h th formdii d
magnitude of heavy-neutrino masses. The UBBR curves i [IN0 Masses were found to have the same Torivig mod-

Ang, ng# 2, models have the same properties as the UBBF?'SbaT_dAnR'_tnRT 2t’) mo?je!s, i&;re dgfelre_lr_l; frczjr_r;fthe per-
curves inVng models. urbative unitarity bound in model. The difference

Figures 5a and 5b give the dependence of UBBRs offomes from thalifferent number of free parametedgfining

f the mixi ra12 and 6772 the B andC matrices. The perturbative unitarity bounds lead
§quares ot e_m|X|ng.paramete|a§_e() and (s 7)", respec- to the bounded space of heavy-mass values2nmodels,
tively. The thinner lines represent the results fHy

LA g b while in other models all heavy-neutrino masses, except the
—emr decay, and the thick ones the results fo lightest one, may assume any value. More precisely, the per-
—e u decay. The left two diagrams in Fig. 5a and Fig. Sbyrpative unitarity bounds on all masses, except the lightest
were evaluated in the mod®¥12, while the right ones were

g ! 4 v one, do not constrain a heavy-neutrino mass, but the product
obtained in the modeA2. The upper two diagrams of Fig. 5a

. X e of the heavy-neutrino massy, and absolute value of By,
and Fig. 5b show thes(®)? and (s")* dependence of UB- 1 v element. So the enlargement of a specific heavy-

BRs, respectively, fomy=my, =my, values 2000 GeVa,  neutrino mass to infinity leads to a zero value for By

solid lines, 6000 GeV(d, dotted lines 8000 GeV(b, dotted  matrix elements. The minimal value of the lightest heavy-
lines), and 9000 GeMc, dashed lings The lower two dia- neutrino mass is bounded in all models. Ang, NR#2,
grams of Fig. 5a and Fig. 5b compare thg°f> and (5,)>  models andvng models, the maximal value of the lightest
dependence of UBBRs, respectively, fpp=1 (a, solid heavy-neutrino mass depends considerably on the number of
lines), p,=3 (b, dotted lines andp,=100(c, dashed lineés  heavy neutrinosiy .

As expected from the structure of the amplitudes, the results The infinite domain of heavy-neutrino massed/ing and
show that the UBBRs comprising the box diagram amplitudeAng, ng# 2, models gives the possibility of explicit study of
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the decouplingof very heavy-neutrinos from the lighter par- the A2 model. That shows that the upper bounds obtained in
ticles[35] in the model, looking for the mass dependence ofVng and Ang, ng# 2, models approximate the expressions
the branching ratios in the limit of very large heavy neutrinoobtained in a model with exact expressions Bomatrices
mass values. For such a study, explicit expressions for theery well. The UBBRs dependent on tEeboson exchange
branching ratios for processes depending on heavy neutrinoamplitudes differ considerably from the corresponding
or at least the upper bounds on the branching ratios, must k®irves in theA2 model, but that can be explained by the
found. In fact, only the upper bounds on the branching ratiogpecific phase structure & matrices which makes the con-
of such decays may be found, becauseBhmeatrices are not  tribution of the largest loop function in thg-boson ampli-
explicitly known in models with an infinite heavy-neutrino tude equal to zero. The unknown phase structurB,gfma-
mass domain. The upper bounds of branching ratiogrix elements inVng and Ang, ng#2, models makes the
(UBBRs) for LFV decays of light hadrons were found in this |argest loop function contribution in the-boson amplitude
paper. This was done using a combination of Schwartz’she dominant one. This makes the processes having the
mquahtles for sums containing eithBp, matix elements or  7_5s0n contribution more interesting than in t2 model,
matrix elements of the Kobayashi-Maskawa matrix. Specifi+om the experimental point of view. Next, all UBBR curves

caII_y, if the matrix elements in a sum were unknown, andobtained inVng andAng, N+ 2, models lie above the cor-
their absolute values were expected to be of the same ord ésponding curves in tha2 models. In fact. the UBBRS we
of magnitude, the usual Schwartz's inequality was used. Iobtained give the upper bounds for the branching ratios for

any of the matrix elements was known to have a smaller NV extensi f standard model with h trirngith
absolute value than others in the sum, the term containing y extension of standard model with heavy neuting
and C matrices satisfying relation®).

was extracted, replaced by its absolute value, and the rest i )
the sum evaluated using Schwartz's inequality. If any of the Concerning the hadron part of the LFV amplitudes of
parameters which influence the absolute value of any matriRadron decays, they were evaluated in standard ways. For the
element appearing in the sum changes continuously, suchR$eudoscalar meson to vacuum matrix element, partially
procedure leads to discontinuous UBBR curves at point§onserved axial-vector currentPCAC) was used. The
where the matrix element becomes “small.” For that reasorPSeudoscalar-to-pseudoscalar matrix elements were evalu-
at the parameter points at which the discontinuity would ocAated in two ways. The first evaluation is based on the chiral
cur the UBBR values were evaluated with and without ex-Lagrangian extended by vector mesons, while the other one
traction of the term containing a “small” matrix element, US€S the form factor decomposition of the pseudoscalar-to-
and the smaller of the two values was taken as the UBBR dtseudoscalar matrix element. The first approach gives a
that point. In such a way the discontinuities were removedSomewhat too large a value for the form factqrat the zero
but the UBBR curves gain peaks. The peaks are artifacts ghomentum transfer, but allows one to show that the matrix
our “upper bound” procedure. Nevertheless, they are help€lement K —z° is equal to zero. In the second one,
ful in discussions, because each peak tags one point on tti@e f.(0) is extracted from the experiment, but tig
UBBR curves, and, therefore, one can follow the mapping of~ w0 matrix element cannot be evaluated. After renormaliz-
points in the UBBR curves as any of the free parameteréd thef. (0) to the value obtained in the second approach,
changes. Using the UBBRs obtained in such a way, wéhe first one gives almost the same values fér
found that the very heavy neutrinos decouple in the infinite— 7 € u" UBBRs as the second one. The baryon-to-
mass limit, and that is valid for all values of the remaining baryon matrix elements were evaluated using the form factor
free-parameter space, when one or more masses tend to ecomposition of generic matrix elementSJU(3)-flavor
finity. There is one more interesting property of UBBR Symmetry to connect chargh and axial chargeg, form
curves concerning decoupling and “nondecoupling” of factors, and Goldberger-Treiman relation for finding effec-
heavy neutrinos. The region of heavy-neutrino masses itive pseudoscalar form factogg from g, form factors. The
which the heavy neutrinos have a large effect on the decagffective scalar form factof; and weak electricity form fac-
rate, the so-calledodecoupling windowmay be very large, tor g, were neglected since corresponding terms violate
and it strongly depends on tisructureof the amplitude of  parity, and the weak magnetism form factgrwas estimated
the process. In processes wit doson exchange amplitude to give a negligible contribution to the hadron amplitude.
it extends over four to five orders of magnitude in heavy-These baryon-to-baryon matrix elements may be found in
neutrino mas@s, while in processes depending on a boxstandard books and, in the context of LFV in baryon decays,
amplitude only, the dependence extends over two orders ofiere evaluated before, includirfg form factors[32].
magnitude of heavy-neutrino maes. So large “nondecou- From the experimental point of view, the leptonic LFV
pling” windows may make the decoupling of heavy particlesdecays of mesons are most interesting, specifically the de-
ineffectivein the experimentally interesting regions of pa- cays K. —e u* and n°—~e u*. Namely, the maximal
rameter space. UBBRs for semileptonic LFV decays of mesons and baryons
The UBBR curves, obtained with the above proceduregre smaller than~10"1" and ~10"2% respectively. The
have a few more nice properties. In the case of degenerateaximal UBBRs for decayk, —e u* and n°—e u™
neutrinos, the UBBRs as functions w§, are independent of may reach values as large as5x 10 %6 and <(2ng—2)
Nk, although the maximurmy, values depend ong. If one X 10 %, respectively. These results are still several orders of
mass increases and the others are kept constant, the UBBR®gnitude below the present experimental upper limits. The
are almost independent afiz. Further, the curves for maximal results depend on the type of the model. They are
UBBRs for decays containing a box diagram amplitude onlylarger in the models with more heavy neutrinos. They are
are slightly larger than the corresponding curves obtained ifarger in Vng models than inAng models. As far as we
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know, onlyK, —e~ u* decay was extensively studied. We
would like to stress that the “nondecoupling” effects, ap-
pearing in processes comprising theboson exchange am-
plitude, could make ther®—e~u™ decayequally interest-
ing for experimental study of lepton-flavor violation &s
—e~ u" decay. The UBBR forr®—e ™~ ™ may be an order
of magnitude larger than the UBBR fé, —e~ u* decay.
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APPENDIX A: FORM FACTORS AND LOOP FUNCTIONS

The composite form factom:®, a}$ ., andagy, , given

in Egs.(22), (26), and(39), respectively, are defined in terms
of composite form factorg4°®, Fg'()’fadb, anng'O’;jadb which
are listed here for the convenience of the reader:

R

Fie= 2

ij=

+CRun, (Gz(An; M)~ Gz(O ) —Gz(OAy,))

L BN Benl Onn, (Fz(An,) +2Gz(0\y,))

+CnnHz(M M),

nR nNg
F'gg::u: Zl jzl BZNiBeNiV:djVudj[HboxO\Niu)\dj)
_HboxO\Niao)_Hbox(oay\dj)"’Hbox(Oro)]
R
+Zl B:NiB|'Ni[HbOX()\NiVO)_HbOX(OVO)]a
nR nNg
d,d

Fhoc "= 2 2 BlnBenVua,ViaFoolAnAy)

i=1j=1 i i a Yj i j

- FboxO\Niio) - Fbox(ov)\uj) + Fbox(oao)]
R
+94,0,24 B Bin [Foon,0 = Foo 0.0,
(A1)

where )\szilM\zN. The composite loop form factors are
expressed in terms of the loop functiofg, G, Hz, Fpox
andHy,, given by

B 5x 5x2
FZ(X)__Z(l—x)_2(1_X)2|nx’

B 1 [¥*(1-y)  yA(1-x)
GZ(X’y)__Z(x—y){ 1% Inx— 1= Iny|,

N LIGHT HADRON DECAYS 4231
y Wy [P-ax YAy
V= 20y T ™ Ty ™)
. 1 e 1 x2Inx 1
o XY=y | T 1oy
2In 1 xInx 1
(1-y)? 1-x (1-x)? 1-y
ylny )
(1-y)?/ |
H 1 A Xy 1 . x2Inx 1
box(X,Y) = x—y] 21T 1x? 1oy
2In 1 xInx 1
AL —2xy + -
(1-y)? 1I-x (1-x?2 1=y
In
_ Y y2> . (A2)
(1-y)

More details how these expressions can be derived may be
found in Refs[20,26).

APPENDIX B: SCHWARTZ'S INEQUALITIES AND
UPPER BOUNDS ON FORM FACTORS

Let a=(as, ....,an), b=(by, ... by, c
=(Cq, ... Cp), - . . be the vectors of an-dimensional vec-
tor space. From Schwartz’s inequality for any pair of these
vectors,

n n 1/2/ n 1/2
jabl=| 3 ab, s(E |ai|2) (; |bj|2) =allb,
(B1)
one can derive the folowing inequalities:
|a+b|<|a+]|b], (B2)

n

> abic

i=1

1/2

s(gl |ai|2>1/2( Jil |bj|2)1/2( ki |Ck|2>

=|al[bl[c], (B3)
n n 1/2
3 abi <|a||b|<c>+|a||b|(;l|ci—<c>|2) ,
(B4)
where(c)=3;_,"c;/n. The obvious inequality
n n
Zl ajb; ii; |ail| bl (BS)

may be understood as a special form of the inequaBg).
Using the above-derived inequalities, one can write down the
upper limits on absolute values of composite form factors
defined in Eqs(22), (26), and(39). The absolute values of
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composite form factors may be written in terms of absolute f2(X)=Fz(x)+2G(0x),
values of composite loop form factors,

) 9z(X,y)=Gz(X,y) = Gz(0x) = Gz(0y),
e w
251 Lz 1|l P71+ a5 )= Ha(y),
foox(X:Y) = Frox(X,Y) = Fpox(X,0) = Fpox(0Y) + Fpox(0,0),
d.d ed,d box box box! box! box!
+dav(%:d15 |aboxb||Ff:0x b } ~
s fbOX(X):FbOX(X!O)_FbOX(010)1
Ay
|a’£3w+ = 16M2 Fggf ! Npox(X,Y) =Hpox(X,¥) = Hpox(X,0)
w
5 _Hbox(oay)+Hbox(ovo):
a1 = o P ®) R
BB’ 16M\2N pox I+ hbox(x):Hbox(Xvo)_Hbox(ovo): (B7)

Here only in the first relation is the inequalit2) used. ~and using the unequalitig8l), (B2), (B4), (BS) and defini-
Introducing abbreviations for the combinations of the looption (8) for s, one can derive the following upper limits on
functions appearing in the composite loop form factors,  the absolute values of the composite loop form factors:

nR 1/2
|<gz>|+2[ Zl [<gz()\Ni)>N_<gZ>]ZJ

ng 1/2
|F§e|$st"sze{ I{f2) +{Z’1 [fZ()\Ni)_<fZ>]2]

v,V VN2
+sL“sLe§|: (s
1/2

nR 12 nR
+[ij21 [gZ()\Ni!)\Nj)_<gZ()\Ni)>N_<gZ()\Nj)>N+<gZ>N]2] |<hz>|+2[ izl [(hz()\Ni)>N_<hZ>]2]

"R 1/2
+{ij2—1 [hz()\NiJ\Nj)_<hz(7\Ni)>N_(hz()\Nj)>N+<hz>N]2] },

R

1/2
|Fg§3adb| gst“ste< 5dadb{ |<Tbox>| + [ E [’Fbox()\Ni) - <?box>]2]

|

ng 1/2
( [(Rpoxd| + [ Zl [Rbox(An,) — <Hbox>]2]

ng ng
+E |Vu~d |Vu~d |[[E [fbox()\N-v)\u.)
=1 jda' " Ujda i i

=1

1/2
_<fbox(}\uj)>N]2] + |<fbox()\uj)>N|

|[Fhox 1=s(*s.®

e nr 1/2
+j21 |Vudj||vudj|( [ |:21 [hbox()\Nii)\dj)_<hbox()\dj)>N]2

+|<hbox()\dj)>N| : (B8)

In the above inequalitieg, ) denotes the average over all indices on which the loop function depends (Whiléenotes the
average over heavy-neutrino indices on{y((- - -))N:E:’Elf()\Ni, ...)Ing). Here a comment is in order. The absolute values

of the elements of CKM matrix elements are quite well known, and they differ in magnitude considerably. Therefore, the best
inequality to use igB5). Using relation(B4) and the unitarity of the CKM matrix instead of relati¢B5) one can obtain a

~10’ times larger result. On the other hand, the absolute values of the matrix eleméntsaifices are crudely bounded by
Egs.(18) and(19). If all B matrix elements satisfy E¢18), the best inequality to use {84), and the best approximation to

the loop form factors i$B8). If someB|Ni matrix elements satisfy Eq19) and if the(19) bound is much smaller than tti&8)

bound, for thesﬁ,Ni matrix elements it is much better to use inequalBp). The inequality(B4) and approximatior{B8)

would lead to divergent results for absolute values of composite loop form factors in thmu,rimtoo for any omei masses.
Therefore, we have constructed the upper bounds of absolute values of composite loop form factors in which the sums over
heavy neutrinos are divided into two groups, depending on which ineqlB\N,tiysatisfy. The part of a sum over heavy

neutrinos satisfying the bourid8) is approximated using the inequalifi$4), while for the rest of the sum the inequalif$5)
is used. The upper bounds on composite loop form factors read
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The subscripts andb denote heavy neutrinos satisfying Eq. Here only the second term is of interest or, more specifically,
(18) and Eq.(19), respectively. The ) is the average over only the interactions oK andK®* mesons with pseudo-
two s heavy neutrinos and ) s is the average over or®  scalar mesong27],

heavy neutrino. Expression®B8) and (B9) are used for

evaluation of UBBRs of LFV decays for any set of values of _
parameters. For any process the results are compared, andal, =

iga - o —
2 (KO #(—\2m" 5, K™+ %7 ,K°

the smallest one is kept as a UBBR of the process. 4
+ \/§CPK03“77+ \/§SPK03#77,)
APPENDIX C: THE CHIRAL LAGRANGIAN +E°*'“( \/577—3 KT—795 KO— \/§CPK03 n
M n M
. % . ) N N
The gauged chirdl (3), XU (3)g/U(3)y Lagrangian ex _ \/§SPK00M7]’)+2pO*'“7T+ Foa}+. (C2)

tended by hiddertJ(3),,ca Symmetry and the mass for the

pseudoscalar mesons comprises four terms, ) )
The parametea is a free parameter, equal to 2 if the vector

meson dominance is satisfiegl,is the coupling of(hidden-
L=La+aLly+ Lpasst Liin - (C1)  symmetry-inducedvector mesons to the chiral fieldsseu-
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doostial;ir ‘meson fields in the unitary gauf@0]). The A++:_4Si+451(_t+mi++mi++m§+mi)
p m o interaction term is included because it defines ex-
perimentally knowrg,, . coupling @, .= ga/2). The other + S t(mZ+m?2)—4mg .m’, — (m2+m?)?],
vector-meson—pseudoscalar-meson couplings are fixed when
Jpnn IS known. o o A, = _451(”1,%_ mé)

Notice that the sum dk°* 7°K® andK®* 7°K° couplings . s o )
is zero, +S3[— 2t(mZ —mg) + 2(mZ, — m2) (M +m

+m2+m2)+(m2+md)(m2, —m2.)],
Ok 0% 0Kk0+ Oikox oko=0. (C3 e wt TeRTKE ™
A =Si[t(my+mg) — (m}—mg)2], (D4)

For that reason th&, —7°u"e” amplitude has a zero where
value. Equation(C3) remains valid even if theU(3),
X U(3)g/U(3)y symmetry is broken in the way of Bando, n [s* n
Kugo, and Yamawaki30]. S = - ds;s;. (DS)

The decay rateE(B—B’e” ™) containt integralsA;, A,,
Az, A4, andAs:

The absolute squares of the LFV semileptonic hadronic 1
amplitudesH —H’e” u* may be expressed in terms of the Aj==S+ Si(—(m§+ m3, +m2+m2—t)+SY — 2mZm3,
Mandelstam variable$=(py—py/)? and s;=(py—p,)2 2 2 BroE 8
The corresponding decay rates read

APPENDIX D: PHASE-SPACE FUNCTIONS

—2mZm, — (mg+mg, ) (mg+m2)] | + 7| (mg-+mj,
1 _ )2
F(H_)H;e—IMJr):ﬁJ'(mH mHZ) dt T
256m°mp, J (mg+m,,) +me+mﬂ)t—zt )
.
S.
X [ dsy(| T(H—H'e u")|?), D1 ! !

where(|T(H—H’e” u™)|?) is the square of the amplitude
averaged over initial and summed over final leptons. The
boundarys, valuess; (t) are

1 1
A;=Slt+S) E(mi—mg)(mé—mé,)— E(m§+ m3,

1
+ma+md)t+ Et2

)

. B(t) VB(t)*—4A(t)C(t)
s; () =mj+m’+ A~ A , (D2

1 1
A=l 5 i m (g m)| + 1| S mg( i

where ?
1
At)=4t, B(t)=—2(m3—m7,+t)(t+m2—m3), +m§—m§,mi—m§mi)—EmB,(mé,mi+mi
C(t)=m3(t+m2—m2)2+m2N(m3,m3, ), 1
() H( " e) m ( H H ) (D3) —mémg—mgmi)—Et(mémg-l—mé,mi) ’
and \(X,Y,2) =x?+y?+ 72— 2xy— 2xz—2yz. The integra- t? t

_0 _ - 2 2y, = 2 2 _ 2
tion over one of the Mandelstam variables, say,is easily As=S 8 (mg+my,)+ 8[(me+mﬂ)(mB Mg-)
performed. The remaining integration has to be done nu-
merically. The decay rat€'(K*—z7*e u*) comprisest

: . +(m2—m2)2]—l(m —mg/)2(m?2—m?)?|. (D6)
integralsA, ., , A,_, andA__ given by noe g8 B woel
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