Probing lepton-number and lepton-flavor violation in
semileptonic T decays into two mesons

llakovac, Amon

Source / Izvornik: Physical Review D, Particles and fields, 1996, 54, 5653 - 5673

Journal article, Published version
Rad u casopisu, Objavljena verzija rada (izdavacev PDF)

https://doi.org/10.1103/PhysRevD.54.5653

Permanent link / Trajna poveznica: https://Jum.nsk.hr/urn:nbn:hr:217:584944

Rights / Prava: In copyright /Zasti¢eno autorskim pravom.

Download date / Datum preuzimanja: 2024-04-17

‘C\L‘STE u ZA4 e

A 2,
< 4
S %
g % Repository / Repozitorij:
8> = . . . .
7;'-; i_.“; Repository of the Faculty of Science - University of
2 S Zagreb
% T
<, N
Oy, cF

YO . MaTEmES

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII


https://doi.org/10.1103/PhysRevD.54.5653
https://urn.nsk.hr/urn:nbn:hr:217:584944
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.pmf.unizg.hr
https://repozitorij.pmf.unizg.hr
https://repozitorij.unizg.hr/islandora/object/pmf:6501
https://dabar.srce.hr/islandora/object/pmf:6501

PHYSICAL REVIEW D VOLUME 54, NUMBER 9 1 NOVEMBER 1996

Probing lepton-number and lepton-flavor violation in semileptonic 7 decays into two mesons

A. llakovac
Faculty of Science, Department of Physics, University of Zagreb, Biar82, 10 000 Zagreb, Croatia
(Received 27 October 1995

The evaluation, systematic analysis, and numerical study of the semileptéepton decays with two
mesons in the final state has been made in the frame of the standard model extended by right-handed neutrinos.
In the analysis, heavy-neutrino nondecoupling effects, finite quark masses, quark and meson mixings, finite
widths of vector mesons, chiral symmetry breakings in vector-meson—pseudoscalar-meson vertices, and effec-
tive Higgs-boson—pseudoscalar-meson couplings have been included. Numerical estimates reveal that the
decaysr —e 7 7', 7 —e K KT, andr~ —e~ K°K® have branching ratios of the order of 10 close to
present-day experimental sensitiviti€$0556-282(96)00521-9

PACS numbegps): 13.35.Dx, 11.30.Fs, 12.39.Fe, 14.60.St

I. INTRODUCTION hadronic matrix elements are derived in a few independent
ways, in order to check the formalism used.

The neutrinoless-lepton decays belong to the family of ~ For the evaluation of the leptonic part of the
phenomena which, if experimentaly confirmed, would unam-r~ —17P;P, matrix elements, the formalism and conven-
biguously show that physics exists beyond the standarions of the model described in RéfL0] are adopted. The
model(SM). Specifically, the lepton sector would have to be model is based on the SM group. Its neutrino sector is ex-
modified. In the SM, these decays are forbidden, due to thi&nded by the presence of a numbeg) of neutral isos-
fact the SM neutrinos,, v, , andv, are exactly massless, a inglets leading tong heavy Majorana neutrinos(). The
fact which follows from the doublet nature of neutrino and U@k sector of the model retains the SM structure. In cou-
Higgs-boson fields, left-handedness of the neutrinos, anB“”g_S of charged and neutral currentmteractlpns, CK_M-type
chirality conservation. Neutrinolegslepton decays, if stud- matricesB andC g'ppear[lo,l'z,lz. These matrices §at|sfy a
ied with sufficient accuracy, from the experimental point of nmuorgte)ﬁrlc?agZggltlrees(;j,uiisgu:kngntL?ribreerngfr;?sgzp?abrlgze?;rtshﬁ
?/r:\e;\évl’vzae[\i'ezr])f ?;quézliggrgu;? l:‘rzéagzsrgog??ggrgpignsm{he 'Fheory. These identities.may be useq to estabilish the
allows many decay channels. Therefore, SMeviations relation betwee8 andC matrices and neutrino masses, too.

) , : For example, in the model with two right-handed neutrinos,
from the SM can be tested in a variety of ways. Experimen-g o4 ¢ matrices read12]

tal data on these decays constantly impri®:d]. The CLEO
experiment 4], has improved the previous upper bounds on

22 neutrinoless decay channels of théepton by almost an B = PlMSE' B = iSE'
order of_magmtude. INg V1t p? IN; Vit
Neutrinoless 7-lepton decays and many other lepton-
number and lepton-flavor-violating decays have been studied . .
12 NG G

in a number of models, e.g., SU(RU(1) theories with _ E Y2 _ 2 N2
more than one Higgs doublé], leptoquark model$6], CryNy = 1+ 7%=, (s)% Cnpn,= 1+ 7%=, (s)°
R-parity-violating supersymmetry scenaripg|, superstring
models with E symmetry[8], left-right symmetric models

[9], and theories containing heavy Dirac and/or Majorana iptt 26 o
neutrinos[10,11. Here, the models with heavy Dirac and/or Cnyn, =~ Cnpn, = mzl (s.)% (1.
Majorana neutrinos will be used to estimate the processes of

interest.

: . . . . wherep=m? /m? ands’' are heavy-light neutrino mixings
This paper is devoted to the analysis of semileptonic de- p Na™ TNy L VY- g

cays with two pseudoscalar mesons in the final state, denotéd®l defined by

by 7~ —1*P,P,. Together with papergl2,13, it completes

the analysis of the lepton-number and lepton-flavor-violating 3 nR

decays of ther lepton reported by the CLEO Collaboration (s?=1-2, |B,vi|2:2 IBin |2 (1.2

[4]. In addition to the heavy-neutrino nondecoupling effects =1 =1

E(lozbaig'shimgika\?vzgtM)nt;ssz mﬁg{:é?g%?}ne;ibgsg The .second equatiofi.2) _foIIows from the afo_rementioned
relations forB andC matrices. In the theory with more than

ings already studied in the previous wdi3], this analysis 2 ; : S .
includes vector-meson—pseudoscalar-meson couplings, cHin® |_sosmglet, the heavy-light neutn_no mixing and light-
ral symmetry-breaking effects, finite widths of the vector "€Ulrin0 massesn,,) are not necessarily correlated through

mesons, and effective Higgs-pseudoscalar couplings. Thiae traditional seesaw relatiorst()zocmvllmM. The (sf')2

0556-2821/96/5®)/565321)/$10.00 54 5653 © 1996 The American Physical Society



5654 A. ILAKOVAC 54

scales as[mf(my)?mp]; [17,19, while light-neutrino
masses depend on the matripmy,'mJ . If the condition
mpmy'my=0 is satisfied, tree-level light-neutrino masses
are equal zero, Whiles{')2 can assume large values. The
light neutrinos receive nonzero values radiatively, but for
reasonableny, values, their values are in agreement with the
experimental upper bound40]. Independence of the light-
neutrino masses and the heavy-light neutrino mixings im-
plies that (sf')2 may be treated as free phenomenological
parameters, which may be constrained by low energy data
[19,20. In this way, the following upper limits for the
heavy-light neutrino mixings have been foufD]:

(s.°)?,(s#)?<0.015,
(s;7)2<0.050,
(s{®)%(s/*)?<10°8. 1.3

data accumulated at the CERN Large Electron Positron Col-
lider (LEP) has yielded the more stringent limit21] “

b
(b) 2

H
More recently, a global analysis of all available electroweak g P

(5/%)?<0.0071,

FIG. 1. Feynman graphs pertinent to the semileptonic lepton-
number-violating decays™ —!|'*P; P, (a and to the semilep-
tonic lepton-flavor-violating decays —1’~ PP, (b). The hatched
blobs represent sets of lowest-order diagrams contributing to three-
(SET)2<O.O33 (0.024 including LEP data  (1.4) ppint and four-point func_tions violating lepton flavor. These sets of

diagrams may be found in Refd.2-16. The double hatched blobs
represent interactions through which the final state pseudoscalar
mesons are formed.

(s#)2<0.0014,

at the 90% confidence levéC.L.). In this paper, the limits
obtained in Ref[20] will be used because the results of the
analysis in Ref[21] depend to certain extent on the C.L. PP )
considered in the global analysis and on some modelZ € PP _and T —e Py Pyle PPy are derlved._
dependent assumptiorfd2]. The discussion on possible Technical details are relegated to the Appendices. Numerical

theoretical dependence of the upper limits, such as those #gsults are presented in Sec. Ill. Conclusions are given in
Egs. (1.3 and(1.4), may be found in Ref{13]. Sec. IV

The hadronic part of the amplitudes contains matrix ele-
ments of quark currents between vacuum and a hadronic . 7=—=I1"*P,P,

state. Vector and axial-vector quark currents are identified . ) )
with vector and pseudoscalar mesons through PQgetial In the mod.el containing heavy Majorana neutrinos, there
conservation of axial-vector curréri22] and vector meson aré two possible types of the serrlllepto+m¢_ept9n decays
dominancg23—25 relations. The scalar quark current is ex- iNto two pseudoscalar mesofi) 7~ —1""P, P, and (2)
pressed in terms of pseudoscalar mesons, identifying QCB™—!’ "PJ!P52 Q,+Q,=0, whereP, andP, are pseudo-
and the chiral-model Lagrangian. Intermediate vector mescalar mesons, an@; and Q, are their charges. Typél)
sons are described by the Breit-Wigner propagators witlviolates both lepton flavor and lepton number, and requires
momentum-independent widf26—28. The vector-meson— the exchange of Majorana neutrinos; henceforth these reac-
pseudoscalar vertices are described by a nongaugaibns will be referred to as th®lajorana-type Type (2) vio-
U(3),_ X U(3)r/U(3)y chiral Lagrangian containing hidden lates lepton flavor and proceeds via the exchange of Dirac or
U(3)0ca SYymmetry[29], through which the vector mesons Majorana neutrinos; the appelati@irac-typewill be attrib-
are introduced. Both U(3XU(3)g/U(3),-symmetric and uted to these decays. Feynman diagrams pertinent to the
more realistic U(3)XU(3)g/U(3)y-broken Lagrangians Majorana-type and Dirac-type decays are given in Figa). 1
[30] are used in the evaluation of the matrix elements. Theand 1b), respectively. As mentioned in the Introduction,
gauge couplings of mesons are introduced indirectly througlenly the decays with two-pseudoscalar final states, which are
the quark gauge couplings in the above-mentioned matrixurrently under experimental investigation, are considered.
elements of quark currents. The decays with other two-meson final states could be cal-
This paper is organized as follows. In Sec. I, the analyti-culated within the model, too, but they are phase-space sup-
cal expressions for branching ratios of decay processesressed, they have not been experimentally searched for, and
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they decay into the final states with more than two pseudeut the mass terms of the numerators of the neutrino
oscalar mesons. The complete calculation of such decays gopagators. For that reason, only massive neutrinos
much more involved than for the decays with two pseudoseontribute to the 7~ —I1'"P; P, amplitude. Since the
calar mesons in the final staf27]. W-boson and heavy neutrino mass¢s0] are much

To start with, we consider the Majorana-type decayslarger than the energy scale at which quarks hadronize to
At the lowest, fourth order in the weak interaction couplingmesons, their propagators may be shrunk to points so as to
constant, only tree diagrams contribute to the Majorana-typéorm an effective amplitude depending only on one space-
decays. The chirality projection operators projecttime coordinate:

—ia\%\,ﬂ'z 2 R Bl*'N-BtN-
B = * \/E — L Un(1- 4y @ i(P—p)x
S =1"TPiPy) = e a,bzzl\/UdaVUdbigl e yS)Udexe
X (P P [da(x) (1~ y5)u(x)dp(X) ¥, (1~ y5)u(x)|0), (2.9)

whereay = aqn/Sirf4,~0.0323 is the weak fine-structure constant is theW-boson massy,,q, are CKM matrix elements,
my, are heavy neutrino masses, anc) andd,(x) are quark fields fou, d, ands quarks @;=d andd,=s). A more reliable

calculation would also include the QCD corrections of four quark operators ii2EL).(they introduce new quark operators,
and mixing of all quark operatorsalong with a renormalization-group analysis of their coefficidi®t,32. Since such
refinements will not alter our conclusions concerning the magnitude of the amplitude, they will be ignored.

The hadronic matrix element may be evaluated using a vacuum saturation approximation and PCAC. The vacuum satura-
tion approximation 32,33 allows one to split the matrix elements involving four-quark operators into matrix elements of
two-quark operators. The two-quark operators forming axial-vector currents may be combined into the currents having the
same quark content as the produced pseudoscalar méSohfé(x). The matrix elements of the curremﬁ(x) are evaluated
using the PCAC relatiofi22]

(O|AL(X)|P’(pp:)) = Sppr2fpip), € PP, (2.2

wherefp, is the decay constant of pseudoscalar mé3arThe Kronecker symbadsp: assures that the matrix elemef2s2)
give the nonzero result only if the final-state quantum numbers match those of the axial-vector current. Following the above
procedure, one obtains the expression for the generic matrix element of thé’ *P; P, process:

- n
i8adm? - fp fp, IR

— r+p-p- 2 * * 1 U,
T(r —=I1""Py Pz):_TvudaVudbM—Cvizl B.rNiBTNim—N(Pplppz)Uv(l—75)UT- (2.3

The corresponding branching ratio reads

4 2 n 2
awa(fplfPZ) R Mw|™ [(m-m"?
B(r —1""P;P,)=S————15|Vidq Vua|? B/nBn— f dtw, 2.4
( 1P2) 360, mMD | ud, udbl ;1 1'N, BN, My | J iy my? (2.9

whereS is the statistical factor, equal to 1/2 if two equal pseudoscalars appear in the final stateissanghase-space integral
of the Mandelstam-variable dependent part of the square of the amplitude which is defined in Appendix C.

Now we turn to the Dirac-type decays. The scattering matrix element efl’~P;P, receives contributions from
v-exchange graphsZ-boson-exchange graphs, box graphs, Higgs-bosdd-)ekchange graphs andV*-boson—
W™ -boson—exchange graphs:

S(77—=1""P1P2) =S (17 =1""P1P2) + S;(77 = 1" "P1P2) + Sy 77— 1" TP1P3)
+Su(7 =" "P1Py) +Sy-w+ (7 —1""P1Py). (2.5

The vy, Z-boson, and Higgs-boson amplitudes factorize into leptonic vertex corrections and hadronic pieces. The loop inte-
grations are straightforward. The hadronic parts of fheand Z-boson amplitudes consist of the vacuum-to-vector-meson
matrix element of the local vector and axial-vector quark curfenly vector quark currents have nonzero contributions, since
only vector mesons decay into the two-pseudoscalar-meson, siapeopagator of the vector meson and the vector-meson
P,-P, vertex. The hadronic part of thd amplitude contains vacuum-#®;-P, matrix element of the local scalar quark
current. Exploiting translation invariance, the phases that describe the motion of the(shémwned in a vacuum-to-hadron
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matrix element may be isolated. Therefore, only the space-time independent hadronic matrix elements remain. These phases
assure four-momentum conservation. TheZ-boson, and Higgs-boson amplitudes read

St —1""P1Py)=(2m)* 8 (p—p’ —p1— pz)Zo T4 7—1"V0)iSy0 ., () T"(VO—P1P,),
\

Sel7 —1'"P1Py)=(2m) 5 (p=p' ~p1=p2) 3 TH(r—1'VO)iSio ()T (V= P1Py),
\%

Su(m™—=I1""P1Py)=(2m)* 8V (p—p’ = p1—P2) Tu(7—1"P1Py), (2.6)

wherep, p’, p1, andp, are the four-momenta of, I, Py, andP,, respectively>5o is a sum over vector mesons that appear
simultaneously inrs 7 andT"(V°—P,P,) amplitudes Syo ,,,(q) is a constant-width Breit-Wigner propagaf@6-2§ of the
vector mesorV:

-0, +qule
S0 ,,(d)= e 2.7

M\~/O+I|\/|\70F\70

”(V°—>P P,) multiplied by theV polarization vector,s (q) gives avo— P1— P, vertex, which may be read from the
LagrangiangAl) and(A11), T4 ,(7—1’ VO) arey andZ parts of theT-matrix elements for the—1'V° reaction[12], from
which a polarization vector of the® meson is removed:

T (71 VO = TH(7—1'V0) V() = — ie LAV} (0)|o>

i s, , # ,
- m? “" F;'( ”‘%_ﬂ(l ye) =63 It Im( L+ y)+ m'(1- g) 1 |u
~o| 2— 1— 1_
><<V° 3U(0)7,u(0)—3d(0)7,d(0)— §s(o)yﬁs(0)‘o>, (2.8

Ty(r—1"VO) =Té(7—1" Vo)s °(q )= gW

L"(VO|VZ(O) AZ(0)]0)
2

iaW '~
ElGMZ FZ U|/ M(1_75)UT

IveinT _ _§ 2

~— 4 ~ 4
—<v0|d<0)yﬂ(1—y5— §s$v)d<0)|0>—<v0|s<om(1—y5—§s€v) s<0>|0>}, (2.9
andTy(7—1'P,P,) is the T-matrix element of the— PP, reaction:

2
_IaW J— ’ J— ’
Th(7—1"P1Py) =g (MU (14 yg)u,F Y +m'Uy (1= 76)u,Gfy )
H™Y W

X (P1P,|myu(0)u(0) +myd(0)d(0) + mes(0)s(0)|0). (2.10

In Egs.(2.79—-(2.20 m, m’, My, m,, myq, andmg are masses of the, |’, Higgs bosonyu, d, ands quarks, respectively;
Sw= Sinf is the sine of the Weinberg angle), andL’ represent— |’y and 7—1’Z loop functions, respectively, multiplied
by corresponding gauge-boson propagatp‘i@(O) is quark electromagnetic current akrﬂ(O) andAZ(O) are vector and
axial-vector quark currents for a quazkboson interaction. The loop form factdFﬁ andG/| may be found in Appendix B
andFT' andF}" in Eq.(2.6) in Ref.[12].

The box andN+ -W~ diagrams are more involved as they contain bilocal hadron currents. In the case of the box diagram,
the bilocality problem can be overwhelmed since the WWobosons in the loop assure the high virtualities of the loop
momenta. That allows one to approximate the loop-quark propagator with the free quark propagator, and to replace the bilocal
vector and axial-vector current operators with the local di&$ As in y andZ amplitudes, only the vector quark current
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operators contribute, giving rise to the vector mesons, which decay into the two-pseudoscalar-meson final state. In this way
one arrives at the following expression for the M&xnatrix element:

Sood T =1 TP1Py)=(2m)* 8 (p—p’' —p1— pz)ZO T (1 —1"VO)iSg0 (@) T (VO— P P,), (2.11)
\%

whereT{ (| —| ’Vo) is the box part of the-matrix element for the process-| "0 [12], from which the polarization vector
of the vector mesory?, is removed:

Toox(1 =1V =Tt (1 1"V (q)

Loud VOIVE(0) — AR(0)|0)— 2 L Lo g, (VO V2% 0) — AP 0) | 0)

a,b™

Ia’W_

= ez 01 ul L 790U Fio (VIUT0) (1= 75)u(0)[0)

— > R %0, (0) y#(1- v5)dp(0)|0) |, (2.12

Zds box
a b—

whereL . qq are box loop functions, an\iz"x'qq/(O) andAzox'qq’(O) are the corresponding vector and axial-vector quark

currents in ar—1"qq’ amplitude. The loop form factorlég';xdadb and Fg'o;(““ are defined in Refl13].

As in the 7~ —|~P; P, amplitude, theW bosons in theW"-W~-exchange diagram may be shrunk to points. So, an
effective amplitude depending on two space coordinates is formed. The chiral projection operators extract the momentum
dependent parts of the numerators of the neutrino propagators, so that both heavy and light neutrinos contribute. The heavy-
neutrino propagators could also be shrunk to a point, and, therefore, the corresponding amplitudes depend on one space-time
coordinate. By contrast, light-neutrino contibutions cannot be reduced from the bilocal to a local form. To enable the com-
parison of contributions of heavy and light neutrinos, all contributions to the transition matrix element are written in their
bilocal form:

- - gy < 4y 14 d*l gill=pyc+i(p’ =) t J‘
S(T _>| PlPZ) 2MW E s Vud Vudbz Bl’N TN f d Xd y( ) P P yUl’)’V |2+ 7;1,(1 Y5)
ab*
X (P1P[U(Y) 7,(1~ y5)dp(¥) da(X) 7,.(1 = y5)u(x)[0). (213

As 12<m? and the lightest heavy-neutrino mass exceeds 100ne arrives at the expression
GeV [10], the local(heavy-neutrinpterms are supressed at
least by factor 104 relatively to the nonlocallight-neutring
terms. Therefore, one can safely neglect them.

The amplitudes (2.6), (2.11), and (2.13 comprise S~ L
three typ?es o(f ) hgdro]%ic m(atrb:? elepments: (OVy; (x)|VO(pJo)) = éV/’V"\/— &vo,(PYo,Ajo)e” PV,
(V[9(0)7,a(0)|0),__ (P1PzImqa(0)q(0)|0),  and e (2.19
(P1P2[u(x) 7, da(X)dy(y)y,u(y)[0).

The evaluation of théV°[q(0)y,q(0)|0) matrix element
proceeds as follows. The two-quark operai¢®)y,q(0) is  The Kronecker symbolsyiy o, assures that the matrix
expressed in terms of vector current,, having the same elements give nonzero contributions only if the
quark content as the produced vector mesbsExploiting  vector-meson guantum numbers match those of the vector
the vector-meson_dominance relatig@3], correlating a current.

vector-meson field/,,(x) and vector curren¥,, having the The(P1P|=q-y.4,sMqa(0)a(0)[0) matrix elements may
same quark content ag,(x), be evaluated comparing the quark sector of the SM Lagrang-
ian, and the corresponding effective chiral Lagrangian, con-
m% tained in the first and second curly brackets of &), one
VV( X)= M(x) (2.14  obtains the expression for the scalar two-quark current in

\/_Yv terms of pseudoscalar fieli34],
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TABLE I. Quark content of the pseudoscalar meson states and fields: The meson states listed in this table

correspond to the tensor description of meson states, which is more appropriate for chiral model calculations.
The state$*) andK®) have opposite signs from that referred to in RéB].
M) Quark content ofM) Quark content oM (x)
|K™) us"~b/d! sut~dgb,
[KO) ds® sd°
ot ud® du®
|
I i(uucfdd‘"') i(uucfddc)
|77) 2 du® 2 ud®
[K™) sue ust
|KO) sd® ds®
| 78) 1 1

%(uuc+dd°—25§) %(UUC-FddC—ZSSC)
|72) 1 1

— (uut+dd®+ss) — (uut+dd®+ss)

V6 V6
| 7) COSHp| 17g) —SiNGp| 71) COStp77g(X) —SiNGp7:(X)
|7") Sindp| 7g)+COLp| 71) sindp77(X) +COHp71(X)
. ) 2m2 2m3,  2mZ.
ax)'q(x)! == ZfrU+Ux!, (216 r=——— =X - X (2.17
mg+m, myg+mg m,+mg

where U (x) =exd 2i w(x)/f ], 7(X)=T27%(x), 72(x) are
pseudoscalar meson field&2=\?%/2, A? are the Gell-Mann

matrices and

EH@:

R0 S, m@moan

g=u,d,s

gw
4My

22 5

Exploiting Eq.(2.16), one can write théd —q— q part of the
Yukawa Lagrangian in terms of pseudoscalar fields

H(x)| m2 (7~ (x) 7" (x) + 72(x) 70(x)) + mi+K*(x)K*(x) + mioKO(x)F(x)

1 1
+ =5 (2m =M, = Mico) 7 (X) 78(X) + 3 (Mg + Mo+ M) 72(6) + 3 (2 + 2migo—m2) m3(x) |,

(2.18

whereH(x) is the Higgs field andr~(x), 7 *(x), 7°(x), etc., are pseudoscalar-meson fields. Replacing the figidg and
71(x) by physical fieldsp(x) and ’(x) given in Table I, one obtains the set ldfboson—pseudoscalar-meson couplings.

The evaluation of théP,P,[u(x) Yuda(X)dp(y) y,u(y)|0) matrix element is, in its full complexity, a highly nonpertuba-
tive problem due to the nonlocality of the four-quark operators. The one-loop pertubative QCD analysi/GMhediagram
shows that the corresponding amplitude has strong IR divergencies, but no UV divergencies\¢yeaphgators are shrunk

to points. That suggests the evaluation of the matrix element in the model which is valid at very low energies, the gauged
U(3). X U(3)g/U(3)y chiral model with pseudoscalar mesons coupled to the SM gauge bosons. The calculations in the chiral
model show that the contributions to the amplitude come only from the diagrams with pseudoscalar mesons emitted from

different space-time points. In the quark picture that would correspond to splitting of the hadronic matrix €@A@nnto
two vacuum to pseudoscalar-meson matrix elements of the two quark operators:

(P1P2[U0X) Y,u(1= ¥5)da(X)db(y) 7,(1 = ¥5)u(¥) | 0)=~(P1[U(X) ¥, ¥5da(X)|0)(P2ldn(y) 7, 75u(y)|0) + (P P7)

=2fp. fp,dp pude) 5P2P(dbu°)eiplxeipzyplyp2V+ (P1=Py), (2.19
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where P(ud) and P(d,u®) are pseudoscalar mesons having quantum numbers of the combinations of gdgraad
dyuS, respectively € is symbol for antiquark Both the chiral model approach and quark model approach, in whict2B@)
is assumed, give the same results. Although the obtained result is appealing, one must have in mind that chiral models work
for momentum transfers 1 GeV2. Therefore, it is worth comparing this result with results obtained by some other method,
e.g., sum rules. In the sum rule approach, it is quite unlikely that one can split the matrix element ag2nlggand
consequently the quarks coming from the different space-time points are expected to fonautna) pseudoscalar mesons,
also. That somewhat lessens the value of the approximé2id®). Unfortunately, the matrix element with two light pseudo-
scalar mesons in the final state cannot be treated by usual sum rule techniques as in the case of processes with only one ligh
pseudoscalar meson in the final state, as, for instand®} iD= decays[35], because of complications of large distance
strong interactions. The approximatid®.19 will be used here, because from phenomenology it is known that such an
approximation can hardly fail the correct value of the amplitude by a factor larger than 5, and because chiral model calculation
suggests that approximation.

Following the procedure outlined above, one obtains the expression for the gég@erie:|’' ~P,P,) matrix element:

io

— ’r— T 7’ 7’ T qa ’ 7’
T(7~—=1""P1P2) = 7,(1— ¥75)U(AR p (P1—P2)* + B p 0*) + U — 5 mM(1+ y5) + M’ (1= y5)Ju,CE p (P1—P2)*

+up (1+ ys)u, DP P, +U(1— ys)u,ER P2+U|’lbz(lb_¥51)¥51(l_75)UTF|73|1’P2- (2.20

The first two terms belong to the, Z-boson, and box am-
plitude, the third and fourth to the Higgs-boson amplitude
and the last one to th‘s’ﬁ/+ W* amplitude The composite

form factorsAP P, BF> Py CP Py DP Py EP P, ande Py

fined by the LagrangiafAl), a\T,'O/, b\T/'O/ and C\T/lo/ are com-
'posite form factors forr—1'V° decays found in Ref[13]
and listed in Appendix B; anﬁ\j\'/,w is the tree-level form

factor,
read
0 N A’ A’
AR P, == 25 Phw()Cuop,pi(ajo +bJo), Fvw == n7es BinB (2.23
vV (p PN
2 2 .
A VO At mz Here a few comments are in order.

BP1P2_% Pew(9)Cvop,p,i(ayo +byo) |\/|7 (1) From the structure of the total amplitud®.20), one
can easily find which of the amplitudds,, T, Tpox, TH,
and Ty-w+ give the dominant contribution. The amplitudes

E (@)C o7 T,, Tz, and Ty contain a common factor i(uW/
P Pz pBW A Cvop Pz' V°’ 16MW)(gpM/yV) In place of that factor, in the amplltudes
Ty and Ty-w+ are factors (aW/16MW)(M HP,P /MH) and
, o2, qup . , (|awwleW)(fplfpZ/MW)VudaVudbENiB,,NiBTNi, respec-
DE,' p=— o ﬁ_szHl , tively. The amplituded, and Ty contain loop form factors
. 16My My behaving as the square of the heavy neutrino ma%s,in
the largemy limit, T,, and Ty, have Inmy asymptotics in
L2 M2, that limit, and T\y-y+ is almost independent omy . Ap-
A __ 1%w THPiP, G’ proximating roughly all momenta of outer particles with
P1P2 16M\2N Mf{o Ho 7-lepton mass, one obtains the approximate ratio of the mag-
nitudes of the amplitudes
7’ \2’\/772 * 7’
Fp.p,= =i NS VudavudbfplfszW,Wﬁ (2.21 )
W T To:T gp7777|:7'|' MH FT|’ 6ﬂ2fP1fP2
Zoox: TH:Tw-w+= :
where aboe TNy, 2 MH M3
“ 1 xvudavjdb% By By, (2.24
Pew= - (2.22 i

t— m\z/o +1 m\/OF VO

is a denominator-part of Breit-Wigner propagator for a vec-For heavy-light neutrino mixingss()?=0.01, (5;*)*=0,
tor mesonV® (2.7). Cyop p, areVO—P,— P, couplings de- and (5/7)?=0.05,F7 andF{} assume values-0.01 and
172
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2 m2 m2 m?2
3 ~ ¢ 0 © 0
s 10° ————r—————1 — Lo e A _”po vl +———s,0° |,
® F 7 27, " 23y, T 243y,
T [ ! T
§ 107 | t 2 J 2
A 3 Ow b o Mg[CyCow Sy
B - Lppo=——2H — — —
. 4 7AY, 4cy, Y, 2WP Ve \/§ \/6 Dy
107" F b
D m? [ syc c
- i e - + y—( V\/§2W - \/—\é) a)’u y (225)
10" |k /::j,—”— _:——‘Z/"E: - ¢
e 1 wheres, = sinf, andcy=cost,. They, Z, andW~W* am-
P p plitudes could be also evaluated using the gauged version of
107 | . the U(3) XU(3)g/U(3)y chiral Lagrangian with hidden
i 7 | U(3)0cal SYymmetry. Both approaches give the same results
8 5 for these amplitudes. That follows from the comparison of
107 9 . the effective Lagrangian®.25 and the corresponding terms
| 10 ] in the gauged chiral LagrangidAl). Identifying
-30
R J ag "2y, 2y, 27, (2.26
-34 —— _— N N P R
10 5(')0 10'00 1500 2000 the Lagrangiang2.25 and the corresponding parts of the
my(GeV) Lagrangian(Al) become equal. This identification is justi-

FIG. 2. Branching ratios(BR’s) vs heavy-neutrino mass
My= My, = 3My, for the decaysr——e~a~ a* (thick solid line,
7~ —e K~K™ (thick dashed ling 7~ —e~K°K® (thick dot-dashed
line), 7~—e 7w K'/le"m"K™ (1), 7 —e 7°K%e 7K° (2),
T~ —e pK%e™ yK° 3, —e 5'K%e 5'K° (4),
e 77 (5, T —e gy 6, T —e gy (7)),
T —eta a (8), 7 —etm K™ (9), 7 —e"K K™ (10), as-
suming §/¢)=0.01 and §,7)2=0.05.

0.01, respectively, fomy=100 GeV, and values-1.6 and
2.2, respectively, for maximal value ofy allowed by the
pertubative unitarity relation[see Eq. (3.1) below],
my=3700 GeV. Putting these values into Hg.24), one
finds that theT\,-y+ and Ty amplitudes are six to four and
four orders of magnitude smaller than the; ., amplitude,
respectively. The numerical study of relatiVg, ; oy, Th,
and Tyy-w-~+ contributions to ther™—1'P;P, branching ra-
tios shows that th& , ; o« amplitude participates even more

than forseen by this rough estimate. Therefore, one ca

safely neglecH andW~W* contributions in the expressions

for the largest branching ratios. Since within approximation

fied numerically. The same type of identification for
W-boson—pseudoscalar-meson couplings is trivial, because
both approaches use the same hadronic parameters,
pseudoscalar-meson decay constants. The indirect way to
evaluate the hadronic part of the amplitudes was chosen be-
cause ther,,, and T, amplitudes do not have their chiral
model counterparts. Moreover, this approach enables one to
use the experimental values for the meson masses and
branching ratios. In the chiral model, they are determined by
the symmetries of the model.

(3) The chiral nonlinear Lagrangian based on the
U(3) X U(3)g/U(3)y symmetry (without hidden symme-
tries describes well the threshold proces$es,29 with
pseudoscalar mesons in the final state only, i.e., amplitudes
of vanishing pseudoscalar momenta. To comprise the domi-
nant two-pseudoscalar channels of the final state interactions
which swich on at higher energies, vector mesons are intro-
duced. One of the most common ways to include the effects
of the presence of vector mesons into the low energy chiral
model amplitudes is to multiply them with the Breit-Wigner

ropagators normalized to unity at zero-momentum transfer.
he constant-width normalized Breit-Wigner propagator has
the following form[26-28:

(2.19 only Ty amplitude participates to 2
=" 7%7% " yy/l’ " ny’ channels, it will be kept for M7 —iIMITY 227
illustration of magnitudes of corresponding branching ratios M%—t—iM\”,I‘g' '

\Y

in Fig. 2.
(2) As mentioned in the Introduction, the hadronic matrix whereMy andI'y are vector-meson mass and decay width,
elements are evaluated using the nongaugedespectively. They, Z, and box amplitudes obtained in the

U(3).XU(3)r/U(3)y Lagrangian containing hidden formalism of this paper have almost the same structure,
U(3)0ca local symmetries. The effective gauge-boson—

meson couplings are introduced through the gauge-boson—
quark couplings and PCA@2.2) and vector-meson domi-
nance (2.14 relations. The corresponding effective
Lagrangians for vector-boson—and vector-bosonz inter- XK, 7, box—2 —
actions read MTo— t—=iMGol'Go

T, 2.00= L 7,60 (P1P2)70| V2 %= A% 22 0)

2
Mvo

(2.28
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whereL? 7 o« are loop parts of the™ —1'~P;,P, amplitude
defined in Egs(2.9), (2.9), and(2.12; K, 7 nox are factors

containing coupling constantX(=—ie, K,=—igy/4cy
andK pox=1); and((P1P,)7o| V2 * >~ A%#*>10) comprise
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(4) The LagrangiarfAl) has U(3) X U(3)g/U(3), sym-
metry. The breaking of that symmetry will be introduced in
the way of Bando, Kugo, and Yamawaks0] by adding
extra terms in the Lagrangignompare EqsAl) and(All)]

products of a vacuum-to-vector meson amplitudes of a quarRnd by renormalizing the pseudoscalar fields. In that way, the
current divided by square of the vector meson mass, a ddidden U(3),c, symmetry, which becomes dependent on
nominator of the vector-meson propagators, and a vectoM(3).XU(3)r symmetry through the gauge fixing, is also
meson—pseudoscalar-meson vertex. The faMgr which broken. Since the Bandet al. Lagrangian is not Hermitian,
divides the vacuum-to-vector meson amplitude of the quarkhe Lagrangian in EqA1l) is written as half of the sum of
current, is extracted from the composite form factors for thége'rl Lagr_angtl)an and It; Hermitian (zjorgugatg. Alssummg the
— 4 ) ) tw -octet - t vect

=17V, av'o, bv'o, and C\,lo, and is assigned to the \aeal mixing be eEn (3)-octet and S(B)-singlet vector

t tor. The | limit of th i meson states, §y=arctan(1{2), Bando, Kugo, and
vector-meson propagator. 1he low energy limit ot thé MalriXy 5,5\ aki obtained the following relations between pseudo-

v,Z,b0X_ A v,Z,bo; .
elements(P 1P|V} A ~7*10) may be derived from  geaar decay constants, vector-meson masses, and vector-
the kinetic part of the chiral part of the Lagrangiéil), meson gauge coupling constants:
(ff,/4)Tr((9#Ua“UT), identifying the quark vector currents
with the corresponding pseudoscalar-meson vector currents

which may be found in Appendix A. These low energy limit f
amplitudes coincide with the corresponding amplitudes in f,= .
Eq. (2.28 for zero-momentum transfer if the replacement V1+Ca
MY—M{—iMyTy (229 me. m
m=m,=ag’ = e = T2
is made, if +Cy (1+Cy)
Yp= Yo=Y (2.30
- - - | 4 ¢ g_y2p:3g%,w:_3gw,:£ (233
and if the identification me mg \/Emi g
whereC, andC,, are breaking parameters appearing in the
i 9a_ 1 (2.31) Lagrangian(Al1l), andg,,, 9,., andg,,, are gauge-boson—
2y, 2 vector-meson coupling constants which may be read from

, , ) the Lagrangian$Al) and (A11). Replacing the expressions
is made. The equality of the factosgo is a consequence of o, the gauge coupling constants from HE.33 with the

the U(3). X U(3)r/U(3)y symmetry, and relatioi2.3D) is  qrresponding expressions in the Lagrangiéhng5 into the
nothing but the famous Kawarabayashi-Suzuki-Riazuddingyirg of Egs.(2.33, one obtains again E¢2.30. Therefore,
Fayazuddin relatior}36]. Therefore, only the replacement i the ideal mixing between S@)-octet and S(B)-singlet
(2.29 has no nqtural explanation. It will be included “by \actor mesons is assumed, the equalityof's is preserved
hand,” by replacing after the symmetry breaking. In this paper, the ideal mixing
condition is relaxed: the mixing angkg, is evaluated from
the experimental meson masses using the quadratic Gell-
Mann—Okubo mass formula.

Keeping in mind the above comments, one can derive the
corresponding expression for the branching ratios from the
expression for the generic’ —1'~P,P, amplitude:

2 2 L
M'\“‘/ Mv—IMVFV
—
V295 V295

in the vector-meson-dominance relatigh14).

(2.32

(m—m’)2

B(r~—1""P.Py)= 2567T3m31-7f(m1+m2)2

+
dt sj'dsl<|T(7'7—>|,7P1P2)|2>
St
1 (m,m’)Z 7’ 2 T’ 7l % A’ 2 T’ %
( dt| a|Ap p |+ B(Ap p Bp g +H.C)+¥|BL p |°— 3(Ap p,Cp §,+H.C)

B 647T3m3F rJ (m+ m2)2

+H.c.)

/ M
| | |
+ H.C.)+ 77(8;1'32( D;1;2+ FEglgz

!
_8|CTI, |2+§AT|’ DTl’* +m_ET|’*
P1P> P1P2\ Z PP " m —P1P2
!

+J , (2.39

1’ 1’ |’ |’
+ H.c.)+ U|DE p,|>+IEp b |?) + k(Dp p Ep 5, +H.C)

1%
ET
P1P2

7’ 7l %
J’_ _—
Cplpz( DP1P2 m
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FIG. 3. Branching ratios vs new electroweak parameters of the m@eBR’s vs My= My, =My, assuming $Ee)2=0.01 and
(s,)?=0.05. (b) BR's vs my=my, =my,, assuming ¢¥)>=0.01 and §/)>=0.02. (c) BR's vs (5;")?, assumingmy=4000 GeV and
(s,°)?=0.01.(d) BR’s vs (s°)?, assumingmy=4000 GeV and ¢7)*=0.05.
where integration boundaries and partse, 8, v, 8, &, {,  per bound on heavy neutrino masses,
7, ¥, t, and k of the square of the amplitude depending on

the momentum transfer variaktienay be found in Appendix
C.

-1

2M\2N l-i-pfl/2 =1

5 7/2—{2 (s)?

my <
Ny

(3.9

aw
I1l. NUMERICAL RESULTS

In the numerical analysis, the extension of the SM withMay be obtained fro.m the perturbative unitgrity relations
two heavy neutrinos is assumed. The description of thé12,15,37. The experimental upper bound limits.3) sug-
model and the relevant formulas fBrand C matrices may gest that eithes ® or s is approximately equal zero. Here
be found in the Introduction. The additional parameters ofwill be assumed thatstfwo, and, therefore, only
the model are three heavy-light mixings, , and two heavy- 7~ —e*P,P, decays are considered. The results obtained
neutrino massesny, andmy,. The upper limits(1.3) and  for s’®~0 case, that is forr—u™P;P, decays, almost

(1.4) experimentally constrain the mixin@ﬁ' , While the up-  coincide with correspondingtwa results, and it is super-
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(a) FIG. 4. Branching ratios vs
the ratio m,\,zlmNl for the de-
cays of Fig. 3, assuming
— — Ve) 2
107 —T T T T T T ] My, =My, = 4 Tev, (SL )
2 ] =0.01, and §;7)?=0.05.
S o
LN,
s .
RS .
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l/ -------------
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(b)

fluous to discuss them separately. The—e*P,P, decays taken to be -equal to the ideal-mixing value,
depend on new parameters of the modé?,, sff, andmNi* 9V=arctan(1l/§), but is either determined from the qua-

as well as on a whole set of quark-level parameters and mdlratic Gell-Mann—Okubo mass formula, or treated as a free
son observables: CKM mixing angles, quark masses, mixinfarameter. For pseudoscalar decay constbptsand f-,
angle between octet and singlet vector-meson states, mes8Rpearing only in th&v*W~ amplitudes ofr~—e"P, P,
masses and decay widths, pseudoscalar-meson decay cel¢cays and” —e* P, P, amplitudes, the experimental val-
stants, constants describing the coupling strength of vectdtes are usefB8],

mesons to the gauge bosons and vector-meson—

pseudoscalar-meson coupling constants. In calculations, the f,-=92.4 MeV, fr+=113 MeV. (3.3
average of the experimental upper and lower values for

tor mesons to the gauge bosons, are either extracted from

tor meso
m,=0.005 GeV, my=0.010 GeV, m,=0.199 Gev, Y '€ € decayrates,
y0=2519, 7,-2.841, y,=3.037, (3.4

m.=1.35 GeV, m,=4.3 GeV, m;=176 GeV, ] ] )
(3.2 or estimated using SB)-octet symmetry:yox = 0. Notice

that the equality of yyo's predicted by the
cited in Refs[38,39. The masses off all quarks are kept in the U(3) X U(3)g/U(3)y symmetric chiral model and by
evaluation of matrix elements, sindeand ¢ quarks give the U(3) X U(3)r/U(3)y broken chiral model is reasonably
comparable contributions to some amplitudes. The mixingatisfied. The decay rates of vector mesons, involved through
angle between singlet and octet vector-meson states is ntiie vector-meson propagators, are taken to be equal



5664 A. ILAKOVAC 54
g 107 g 107
N 8
2 £
S 107 T 107
3 S
2] 24}
10° 10°
10° 10°
_ _ U(3) xU(3) /U(3
1071 y 107" ( )LX ( )R/ ( )V
10—“ N 1 A 1 N 1 L 10-11 N 1 N ) N 1 N
0 1000 2000 3000 4000 0 1000 2000 3000 4000
my, [GeV] my, [GeV]
(a) (b)
s 10° 777
N E
oo o
B . g
-~ - -
§ 10 Er /////’/
L =
= [
10° E s
107° -
oo [
3 BV =30°
10_11 i . 1 N 1 " 1 X
0 1000 2000 3000 4000
my, [GeV]

(©)

FIG. 5. Branching ratios VBl =My, =My, for the decays of Fig. 3, assumingtf)2=0.01 and (stf)2=0.05. The figure illustrates the
dependence of BR's on few ingredients of hadronic part of the amplitéa@e$he influence of the vector meson propagators on B®)s.
The influence of the U(3)X U(3)r/U(3)y breaking on BR’s(c): BR's for 6,=30°. Thin lines represent the reference graphs and coincide
with thick lines in Fig. 3a). Thick lines show BR’s in a situation when one of the ingredients of the hadronic part of the amplitudes is
changed.

to their experimental total-decay-rate val(igg], and are not  split into four groups:T‘He‘w+w‘/e‘K+K‘/e‘K°@,
treated as momentum dependent quantif®gd. The p-7- - , e p*K~ /e 7 K* /| e 7°K° /e*TrOF/e*KOn/

7r coupling is derived from the— 27 decay width, while efﬁn/e*Kon’/e*@n’, 7 —e 7°7%e pyle 7,

t_he other vector—mes_on—pseudoscala_r—meson coupl_ings AR —et 7w /et 7 K-/e"K~K~. Only the decays of
T'Xe.d _by one of the chiral models described m_Appendlx A Itne first group are interesting from the experimental point of
is visible from the above that, whenever possible, the paramz.. and receive contributions from all five — e~ P,P,

eter; were extra'ct.ed from experiment and mOdeI'dependeﬁhplitudes[see Eq.(2.5)]. The others are suppressed by at

relat|on§ determining t_hemiwere relaxed. ) least 8 orders of magnitude relative to the first group of de-
In this paper, 17 7~ —e"P;P, decays are studied nu- cays for various reasons. The members of the second group

merically. For orientation of the reader, decay widths of all .o capbibo suppressed, and only box Wi\~ diagrams

}7 reactions are plotted in Fig. 2 as functionsmi,=  contribute to them. The decays of the third group originate

3my,, for upper bound values of heavy-light neutrino mixings from the H amplitude and are suppressed by the factor

(1.3). Concerning themy dependence, the decays can be(MﬁPlPZ/Mﬁ)2 from Eq. (2.24. The last group belongs to
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107 e e The expressions in the parentheses are obtained for the upper
) E 3 bound /%)% and (s;")? values referred in Eq(1.4). The
§ o _ m,, = 3700 GeV _ Egilssent experimental bound exists only for one of these de-
& (s, = 0.05 3
T ot (s, = 0.01
x 1070 F ] B(r —e 77 )<4.4x10°°, (3.6)
. E E
[3 107 k because the mainr~ —V° contribution mode to the
7 —e K"K /e K%K® decays, 7~ —e~ ¢, has not been
o L expenrpentaly s.earcheci for }/et. Inﬁqus(a):%a[ld i{b), _the
branching fractionsB(r~—e #w* 7 /e K"K /e"K°KO?)
are shown. The behavior of the branching ratio terms qua-
10° H dratic and quartic irs[‘ expansion have similar behavior as
the corresponding terms in—e~ M° decays[12,13. For
w0 U my values below 200 GeV, quadratisz'()2 terms, that have
In(n%,/n%;) largesmy behavior, prevail, while for largemy
N quartic terms havinc_mﬁ largeimy asymptotics dominate. As
10 i (sff)2 decreases, the branching fractions also decrease, but at
the same time the pertubative unitarity upper boundmn
102 increases, and, therefore, branching ratios increase in the

larger my interval. These two opposite effects lead to the
small difference of the largest values for branching fractions
- - in Eq. (3.5. The nondecoupling behavior of the branching
FIG. 6. Partial decay rates divided by thedecay width as 'ratio.s.displayed i.n Figs.(8) and 3b) isgconsequence of the
functions of t=(p—p’)2 assuming my,=my,=3700 GeV, implicit assumption that the mixings' may be kept con-
(s/%)?=0.01, and §")?=0.05. stant in the wholany interval of interest. As mentioned in
the Introduction,sf‘ocmD/mMocmD/mNi, and, therefore, the

the Majorana-type decays, receives contributions only frontonstancy of;" implies that for largemy, values, the Dirac

tree-level amplitudes and is suppressed by two factors: : -
componentsmp , are large also. Since the Dirac-mass values
by the factor ~(Tw-w+/T,zp00> from Eq. (2.5), P D g

. . are bounded by the typical SM SU(2)J(1) breaking scale,
and by the additional factor-(m7/my,)? coming from the 550 Gey (more precisely, pertubative unitarity upper
heavy-neutrino  propagators. In Fig. 2, the choicebound on the Dirac massigy=<1 TeV [37]), this condition
my, = Mmy,/3 was made since Majorana-type decays vanish itannot be satisfied in thay— limit, leading to vanishing
the masses of heavy neutrinos are equal. effects of heavy neutrinot0]. Nevertheless, for 0.1 TeV

In the following, only the first group of decays is dis- <my=<10 TeV it can be fullfilled. Nondecoupling effects of
cussed. The results are given in Figs. 3—6. Figures 3 and #he heavy neutrinos were first studied in Rdf4], and were
show the dependence of the branching ratiosalso extensively studied in Refgl2,13,15,16
B(r~—e 7 7 /e K"K /e"K°K® on new weak inter- Figures 3c) and 3d) present the dependence of the
action parameters of the modsf; andm . Figures 5 and 6 branching ratios on £7)? and (%)%, respectively, for

illustrate the dependence of these branching ratios on mod8in=4000 GeV. The branching ratios are almost quadratic
assumptions for hadronic part of the amplitude and on som8inctions of §7)?, and almost linear functions ofs{®)?.
strong interaction parameters. Such dependence is expected from the largebehavior of
Figures 3a) and 3b) illustrate My= My, =My, depen- form factors[12] (see also Appendix B
dence of the branching ratios fos’¢)2=0.01 and two dif- Figure 4 illustrates Majorana-neutrino quantum effects. It
2 b . displays the dependence of branching fractions on the ratio
ferent values of ¢ 7). The maximum values for branching mNzlle for fixed valuesle= 1 TeV andmN1=0.5 Tev.
ratios are. obtained for maximah,, (ste)z, and ('stf)2 val- The maximaIB(r‘He‘qurw‘/e‘K+K‘/e‘K°F) values
ues permitted by Eq¢3.1) and (1.3): are obtained fomy, /my ~3. These effects are also a con-

sequence of Iargx{i mixings (large Dirac components of the
B(r —e 7 7 )=<0.74x<10 6(0.35x 10 °), neutrino mass matrjx since they enter through the loop
functions depending on two heavy-neutrino masses, which
can be found only in quartic terms in th;%‘ expansion. A
B(7~—e KTK™)=<0.42<10 %(0.20x 10" %), similar behavior has been found fer —I’~M?° [13] and
7 —1""I; 15 [12] decays.
_ Figures %a)—5(c) show the influence of the main ingredi-
B(r —e K°%K%=0.26x10 %0.12<10 ¢). (3.5  ents of the hadronic part of the amplitudes discussed in the
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comments of Sec. Il on the branching ratios. Thick lines insitivity. The other two decays have not been measured yet,
Figs. %a)—5(c) correspond to the situation when one of the because the reactian — e~ ¢, giving the main contribution
theoretical assumptions is changed. Thin lines serve as refo these decays, has not been experimentally investigated
erence results and they coincide with the completeyet.

calculation graphs shown in Fig(e3. The main feature of the leptonic sector of the model used

Figure 5a) shows the dependence of the branching ratiogiere is largeness of the heavy-light neutrino miximﬁ‘s
on vector-meson resonances. When the vector-meson propa-

gators are replaced by their zero-momentum-transfer value§rom it the dominance of the quartiy’ terms and themﬁi

that is when the normalized vector-meson propagd®es) behavior ofr™—e 7 7 /e"K*K~/e"K°K? in the large-

are replaced by 1, one obtains the chiral-limit values for them limit follows, giving rise to the enhancement of the
branching ratios plotted in Fig.(&), which are considerably pranching ratios by the factor 40 relative to the results ob-
smaller. TheB(r~ —e 7" 7 /e”K“K™) branching ratios tained by the analysis in which the respective terms are omit-
decrease by factors5 and~ 20, respectively. The decrease ted. Thes’ behavior and theny./my. dependence of the
of the 7~ —e~K~K™ branching ratio is more prominent, IR Na" T o
because it receives a main contribution from the narrowepPranching ratios are also consequences of lafgenixings.

¢ resonance, while t8(7~—e~ @ 7 ~) only the p reso-  Particularly, themNZ/mNl dependence leads to the maxima

nance contributes. The  —e K°K® branching ratio be- of branching ratios formy,/my ~3, the same as in

comes almost equal to zero because its amplitude is proporr——ﬂl,—h—lg [12] and 7~ —1"~M° [13] decays.

: H 7'dd T’ H ; . . .
tional to the expressioR,, “— Fp.,° which is almost equal Several ingredients of the hadronic part of the

to zero. _ 7~ —I|'"P,P, amplitudes, that influence the magnitude of
In Fig. §b), the U(3)xU(3)r/U(3)y breaking effects tne corresponding branching ratios, were discussed. The

are emphasized by comparing the branching ratios obtaineglost prominent contribution comes from the vector-meson

in the U(3)XU(3)g/U(3)y symmetric chiral model with resonances, giving rise to enhancemens  of

reference re_sults which include U(§3)J_(3)R/U(3)V sym B(r —e w7 le"K*K™) by factors~5 and~20 and
metry breakings. The symmetry breaking does not influence " . I o N . : o
B(r —e 7 ") butB(r —e K K" /e KKO making B(7~ —e” K°K") different from its chiral limit
(r—e"a" @), butB(s"—e € ) are en-lue, zero, and approximately equal to branching values of
larged by a factor-1.5.
: . the other two decays. The narrower resonances lead to larger
The reference results include tlég value derived from

the Gell-Mann—Okubo quadratic mass formuti,=39.1°. enhancements. The U(gX U(3)z/U(3)y breaking of the

In Fig. 5(c), these results are compared with branching ratiosch'_ral symmetry _mduce smaller c_hang_es +°f _the_ broaiochlng
evaluated for6,=30°. As 6y is known to be close to the ratios, and they influence only the —e K"K"/e"K'K™
ideal mixing value arctan({2), the weaké, dependence branching fractions. All other modifications of or changes in
displayed in Fig. &) implies that6y variation cannot influ-  the hadronic part of the” —1*P,P, amplitudes discussed
ence the branching ratios strongly. here have negligible influence on the branching ratios.

The influence of the replacemef.29 induces so small
changes of the branching ratios that they cannot be observed
in a figure. For that reason these results have not been plot- ACKNOWLEDGMENTS
ted.
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most promising decays, 7 —e 7K /u” 7 K*/

u* 7 K™, the calculated branching ratios were found to be

much smaller than the current experimental upper boundsAPPENDIX A: STRONG INTERACTION LAGRANGIANS
Nevertheless, the 3 of 17 explored decays,

T —e ma /e KK /e"KPK®, were found to have The gauged chiral U(3)X U(3)g/U(3)y Lagrangian ex-
branching fractions of the order of 16, and the first of them tended by hidden U(3)., Symmetry and the mass term for
the branching fraction close to the current experimental serpseudoscalar mesons reads

IV. CONCLUSIONS
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L= ‘CA+ aﬁv"r‘ 'Cmass+ 'Ckin
=——fwTr<D £.60-D éré )2——fwTr<D ELEL+D L ERER)*+ Linasst Liuin
oy gyt £ f 2 > o, | A
={ - +4 =2 + +4 -
7 r(a,Uasur) 7 rTr(mU+Um)) e(agfo)| p \/_ \/_
_ _ 2 _ 2
~e(agf) stpo cy 1 23w+5_v 1 N s_vl st_c_v 1 i
2spCyw - \/§ 2swCw 6 2swew/ ¥ | {3 2swCw /6 2SwCw Ou
+1{p0“(277+3M7T’+K+3MK’—K03MF)+ V3syw*(K* 3, K~ +K% KO
+BeydH(K+ 3 K™ +KOF KO+ K #(— 2+ 5 K™+ 707 KO+ \3cpK , 7+ \3spK3 , ')
+KO* (2 3 KT = m0F KO~ \BcpK®d , p— BspKOd 7/ )} + - - -, (A1)

whereL,, is the kinetic Lagrangian of gauge fields, is the

pseudoscalar decay constaatis a free parameter equal to

2 if the vector-meson dominance is satisfigdis the cou-
pling of (hidden symmetry inducedrector meson¥, to the
chiral fieldsé_ g, cyw=coshy,

D& (X)=[d, =1V, (x)JEL(X) +T&L(X) L(X)

(LoRL,—R,), (A2)

00/ mgT im0/

&L r(x)=e o(x)=0,  (A3)

a(x)=0 being a specialunitary) gauge choicel,,(x) and
R, (x) are combinations of gauge fields:

L,(x)=eQA,(X) —twZ,(x))

e e
+—T,Z,(X)+ w
Suu 1 ? u(X) s
where
2 0 0 1 0 0
1 0 -1 0 T 1 0 -1 0
Q_§ ’ Z_E ’
0o 0o -1 0o 0o -1
(A5)
are quark charge and isospin matrices,
0 W, (X)W, (X)S,
W,(x)=| W,(xc, 0 0 |, A8
W, (X)s¢ 0 0

c. ands; are the cosine and sine of the Cabbibo angle, re-
spectively.A ,(X), Z,(X), andW (x) are photonZ-boson,
andW -boson flelds The dots in EGAL) represent the
remammg terms in the gauged chiral U(3
U(3)r/U(3)y Lagrangian containing hidden
U(3)0cal SYmmetry, not interesting for the topics discussed
in this paper. The first curly bracket contains a minimal non-
gauged chiral model Lagrangian. Using the Gell-Mann—
Levy procedurd41], the pseudoscalar-meson vector currents
may be derived from that Lagrangian:

V‘Z(X)= —2TH T3 m(x),d,m(x)]}, (A7)

with 77(x) andT?2 defined below Eq(2.16. For instance, the
vector current having quantum numberspofmeson reads

Pseudoscalar mass terms may be found in the second curly
bracket. Them is a mass matrix ofi, d, ands quarks, and
r is defined in Eq(2.17). Terms in the third curly bracket
represent photon—vector-boson adeboson—vector-boson
interactions. These interactions define the corresponding
gauge-boson-vector-meson coupling strengfiisinstance,
photon-p-meson couping is equal te eag f,z,). The fourth
curly bracket comprises vector-meson—two-pseudoscalar-
meson interactions and defines the corresponding couplings.
The breaking of the U(3)<U(3)gr/U(3)y symmetry is
introduced in the way of Bando, Kugo, and YamawiBd].
In addition to the terms containing only tkg or & fields,
they added the additional mixing terms, combined with the
matrix-valued parameters,
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0 field Lagrangian. To restore the original form of kinetic
terms pseudoscalar-meson fields have to be renormalized:
eav= 0 (A9)
Cav 7(X)— 7 (X) =N (ONE?, (A10)

defining the magnitude of the symmetry breaking. These adwhere Ay y=1+¢,y. Following the described procedure,
ditional terms change the kinetic part of the pseudoscalarene obtains the expression

£br: ‘CE\r+ a‘C{)/r_i_ ﬁmass"_ Ekin

1
= [ — g FaTr(D,é £l + D é e nbh) — (D ubréht D ubreat)))’

a

8fiTr((D,LgLfHDﬂfst§£>+(Dﬂ§R§;+DM5R8v§I>)2] +H.C.| + Liasst Liin

a)lu)A“

1+295  2(1-9%)

(1+2y$ 2(1-92)
ut

=[ —e(agffr)(/ofﬁr

3\/§cv— 376 Sv| ¢ 3\/§5v_ 376 Cv
_e(agfi)( ;\:CsjlvpﬁJr(c—\/% 25$CW< Yo s\i,lﬂ;%z/)
+( S_\/% ZSV]\-,CW( 7‘2’_25\2’V2(1; 7\2/)) )¢#+(% ZS\iCW< y\z/_ZS\leJ;Y\zx
S| 25 2]
—iga[ ol s - YA Ca T - 0T w0
+T p% ma,m +T 1+§ Cy|(K"9,K™—K"9,K")

Cv

_ 1., Ca - - -
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Sv 121, %A -1 -1
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+KO*

-1/2 —1/2

Yv VA A

RCGERG

WA YA 5
- K%, (cpm+spn’)+
\/§ 2\/—) p7 P7

Oﬁﬂ(cpﬁ’ - 3P77))

1 1 1
YW y,i’z(—w 9,K"— —=(1+2y,HK" M(cpn+spn )——770& KO

V2 2\3

1 ) - Ca ) 1 1
_T(l Ya l/2)K0<9M(—Sp77+Cp77’) ——CV m(—EKJro"ﬂﬂ' +§KO<9M7TO
275" 275" Ca V372
+ 7 (cpn+spn’)d, KO~ 76 (—spn+cpy’)d, KO Y TKO%(CP?)"‘SPW')
-3/2 _-1/2 ~1/2
WYATZ Y (WA va
_Cv(< N 2\/§>K0{9#(CP7I+SWP7] )+ \/— 5 )KO%( Spn+Cpn’ ))

(A11)

whereypy=Cay+1 andm, 7,... arerenormalized pseu- Hy, may be found in Refs[12,13. The composite loop
doscalar fieldgthe superscript is omitted. In the above form factor 67" and the loop function,, and Gy, were
. . H
EEE:)S ';:(‘1 \?gclz}t/otrr—]rigsglr?—etvt\)/g?gsne_u\:jeocsf;gfmi 0 e(!selt cnuorh/ d calculated for the case of degenerate heavy neutrino masses
curly bracket interactions are kept. in Ref. [14]. HI(,ere the ﬁxpres§|ons for the composite loop
form factorsF{; andG[, are listed,

APPENDIX B: FORM FACTORS AND LOOP FUNCTIONS

The composite form factors for—1'V® decays,ayo, Fi =i2 B%Bi/i[6ijFH(Ni) + Cf GH(Ni \)
byuo, and,cyo, appearing in the first three Equatiofis21), !
may be decomposed into the composite loop form factors +CijHu(\ )]

FZ/" , G;" JFZ, Fgloxd a% andF{ U, in the following way:
= 2 B7nBirn Lo (Fu(hn,) —Fr(0)

N; J

’ |a m 0 + +
a\r/lo _ V\/2 v C!VoF boxuqul wuy boxdngOde Gh(An,,0) GH(OJ\Ni))
16M2, yyo

+C’|\rjiN.(GH()\Ni:7\Nj)_GH()\Niio)
+a box,s rl’ss+ boxdsFﬂ ds boxdefl sd !
@0 box box box 1

GH(Oa)\Nj))+ CNiNjHH()\Niy)\Nj)]y

.2 2
|CYW va

7’

L oiad mie Gii =ZJ BXBy/i[ 8 Fu(A)+C5Gr(Xj .\
CVO:W%%O v (B1)
W +CijHu(Nj )]
The factorsa, 0 8,0, andvy, 0, containing information on the .
quark content of a vector mesdf (see Table)l, and in part :NZN BonBirnLonn, (Fr(An) —Fr(0)
information on quarky and quarkZz® couplings, may be ol
found in Table II. , +Gh(Ay,,0) +GH(0Ay,))
The loop form factorsF”', G7', F7', F” %% ang
4 z box +CﬁiNj(GH()\Nj,)\Ni)_GH(NN].,O)_GH(OJ\Ni))

FrY, andF{ andG{]" contain the leptonic part of ,,

Tz, Tpox, and Ty amplitudes, and may be further decom- +Cun Hu M) 1, B2)
posed into elementary loop functions,, G,, Fz, Gz, t e

Hz, Fpox» Hoox: Fus Gn, andHy . The loop form factors

Fo' Gl Fg, F %% andFgl i, together with the el-  (\,=m2/M2) together with the loop form factor§,
ementary loop functlonsFy, G,, Fz, Gz, Hz, Fpox, Gy, andHy contained in them:
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TABLE Il. Coefficients defining composite form factors for | "o decays: In addition to the constants listed in this table, there are two

more constants different from zerabo:"°=1/\/2 and ai%’ids— 2.

VO a\Z/O i)/%x,u u aSOX dd a?/%x SS B\);o ,y\%
p° Cow 3 3 0 2sfy —2sfy
[ SyCow Cv Sy N Cy Sy Cy Sy Cy 2 5 2 5
-— —t — - —_— = —S5S — —s4S
V3 6 23 6 2V3 6 V3 6 3 3
¢ CvCow, Sv Cy Sy Cv , Sv Cv, Sv 2, 2,
—_—t = —_— = -—+ = —+ —= — — —s4C
NN 23 6 23 6 N Neatid Neati

2 4

1—x+xInx(x  xAg| (3 xInx\x 1-4x+3x2—=2x%nx[ 3 x\y
HX) == |5+t |t|5F 5t 3 :
1-x2 2772 27 1-x)2 2(1-x)

X(X=Y)(1=X)(1—Yy)+X(1=y)(X+Xy— 2y)|nx+y(1 x)zl ny
GH(le)

2001 Y)(x )2 (ery=xy)
xInx—ylny —xy(Inx—Iny) ( 3 (1+x)|nx—(1+y)|ny+ 1 ( Inx Iny )
(1= (1=y)(x-y) 4 2(x—y) 2(x—y) |\ —1+x_ —1+y//”"
X(X—y)(1—x)(1—y) +x(1—y)(x+xy—2y)Inx+y?(1—x)2Iny 1
n(X, 2+ =(x+
V)= xy 2101y (xy)? 2 ()
XInx—ylny —xy(Inx—Iny) ( 3 (1+x)|nx—(1+y)|ny+ 1 Inx Iny ) B3
(1=x)(1=y)(X=y) 4 2(x—y) 2(x=y)\ =1+x —1+y//)
For the reader’s conveniende,;, Gy, andHy are evaluated for some special values of arguments:
. 3 e = 5X+ 44X+ x3— (10— 6x°+2x%) Inx
H( )_ Z! H( )_?! H(X,X)— 4(1_X)3 [}
Guix 1 =34+ 17— 13 —x3+ (14— 2x%) Inx _— 1-7x+8x2—5x3+3x* — (6x2— 2x3+ 2x*) Inx
H(X! )_ 4(1_X)3 ’ H( !X)_ 4(1_X)3 ’
G0 XX ox= —XERIX 112G (0020, GuOD=—. Gu(1L0=
H(X! )_W! H( !X)_Ta H( 1 )_ H( I} )_ I} H( l )__Z! H( I} )_Zy
H = 5X+ A2+ x3— (10¢° — 6x3+ 2x%) Inx i1 X3P [7-8x+ X2+ (3+4x—x?)Inx]
H(va)_ 4(1_X)3 ’ H(Xa )_ 2(1_X)3 ’
xY2[ =5+ 7x—11x%+ 9x3— (8x— 2x%+ 6x°)Inx]
HH(11X): 8(1_)()3 ’ HH(O,X):HH(X,O):HH(l,l):O (B4)

If sti are kept constant, all composite loop form factors are increasing functions of the heavy-neutrino masses. The asymptotic

behavior of the form factorEZ/", Gf/", anng", in the limitA;>1 andp=X,/\;=1, are listed in Refl12]. Here we list the

form factorsFL" and GQ" in the same limit:

5 \ Ay In hS 3p\{[4+4pY2+ (1-p¥?)In ]
T’ Tl' V,- L _H H p V|/ v| 2 PA1 P P P
FH ,GH S 8 + |n)\1 4 m +S E ( |_) 4(1+p1/2)3 (BS)
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APPENDIX C: PHASE-SPACE FUNCTIONS

The momentum dependent part of the absolute squares of thd ’IPlPZ_ampIitudes may be expressed in terms of the
Mandelstam variables=(p—p’)? ands;=(p’ +p;)?=(p—p,)?. Ther —I1'"P,P, decay rates contain the integrals of the
corresponding absolute squares of the amplitudes sivandt variables:

[ (7 1/ "P Py = f(mfm’)zdt % ds(|T(7~—1""PyP,)|? (C1)
(17— 1P2) =53 g2 s s|T(7™— 1P2)|%),
where(|T(7~—1"*P,P,)|?) is the square of the amplitude averaged over initial and summed over final lepton spins. The
boundarys, values,s; (t), read

B(t)  VB(D*—4A(DC(1)

sy (t)=m?+m3+ A~ AD : (C2
where
A(t)=4t, B(t)=—-2(m*—m'2+t)(t+m3—m3), C(t)=mA(t+ms—m>)2+mi\(m?,m’'2,t), (C3)

and \(X,y,z) =x?+y2+ 22— 2xy— 2xz—2yz. Since the momentum dependent parts of the squared amplitude ifCHExq.
contain only powers of the, variable,s; integration is easily performed resulting with expressions which are denoted by
a, B,y 6 &, (0, k, andw:

a=2S2+SH2t—2(m2+m' 2+ m2+m2)]+ S

t 1
— E(m2+ m’2) + E(m2+ m’2)2+4 2m§m§},

B=Si[m’—m’?]+S]

t 1
E(mz—m’z)— E(m“—m"‘)—(msz—m’zm%)},

t 1
y= Sg{ — §(m2+ m’?) + E(mz—m’z)z},

1 t 1 1
5= Si[?(mz—m’z)(mi—mg) +S)| - E(m2+ m’?)+ E(mz—m’z)(mi—mi)Jr E(mz— m’?)2+ (m3+m3)(m?+m’'?)

1
J’__
t

1
—5<m4—m"‘)(mi—m%)—(mzmi—m'zmé)(mi—m%)—(mi+m%>(m2—m’2>2)},

+st

2 2 2
s=S§[?(m2+ m'?) 2(m?+m'?) = =((m?+m'2)2+ (m*+m'2)(mf+m3)) — 5 (m*—m'4)(mf—m})

+S9

t 1 1
E(m2+ m’2)— E(mz—m’z)z—(m2+ m’2)(m2+m3) + Y(Zmzm’z(m2+ m’2)—4m?m’3(mé+m>)

1
—(m*=m'*)(mi—m3)+ E(m2+ m’2)(m3+m3)? | + z 2(m*—m’*)(m?ms—m’'?m3)

1 1
+(m4—m’4)(m‘1‘—m‘2‘)+(§m4+ 3m?m’ 2+ Em"‘) (mi—mg)zﬂ

{=m| St+S)

t 1
5~ 5 (m*+ m’z)—mf}),

t mz_mlz
o7
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1 1 1
{}zm(si{?(mz—m’z) +90 —2—t(m2—m’2)(m2+m’2+m§+m§)+E(mz—m’2+m§—mi)D,
1
L:S‘f[i(m2+m’2—t)},
k=mm'S},
1 2 202002 2
0=5) 5 (t=mi—m3)%(m +m'2-t)|, (C4)
where
n SI(U n
Si= [ ds;s]. (CH
ST()

The definitions of other quantities in Eq€1)—(C3) may be found in the previous text. Théntegration of expressio(C1)
has been performed numerically.
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