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Lepton flavor violation in the standard model extended by heavy singlet Dirac neutrinos
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Low-energy neutrinoless lepton flavor-violatifig-V) processes are studied in an extension of the standard
model (SM) by heavy SU(2Xx U(1) singlet Dirac neutrinos. An upper-bound procedure is elaborated for the
evaluation of amplitudes. A comment on the extraction of heavy-neutrino mixings from astrophysical obser-
vations is given. For processes not treated in the model applied, the formalism for evaluating the branching
ratios (BR’s) is presented. The processes previously studied in the model are examined and some results are
improved. The structure of the amplitudes and BR'’s as well as the relations between BR’s of different LFV
processes are examined. The decoupling of heavy neutrinos is discussed and it is explicitly shown that very
heavy neutrinos decouple when the upper-bound procedure is applied. The LFV decays are shown to be
unsuitable for finding upper bounds on “diagonal” LFV parameters. Comparing the theoretical BR’s with
curent experimental upper bounds, a few processes interesting for the search for LFV are proposed. Particu-
larly, B-meson LFV processes are suggested for the search of LFV in fBttaetories.

PACS numbsd(s): 11.30.Fs, 13.206:v, 13.30.Ce, 14.60.St

I. INTRODUCTION (LCKM). In general, the elements of this matrix are not
known. Experimental and theoretical constraints exist only
feqr some specific sums of the matrix elements of the heavy
neutrino part of the matrix. Therefore, the LFV amplitudes
cannot be evaluated exactly, but only the upper bounds on
Reir values may be found.0]. The evaluation is especially
complicated when the amplitudes contain expressions with

When instanton effecfd | are neglected, the lepton flavor
and lepton number are both conserved in the standard mod
(SM). Recently found atmospheric neutrino oscillatig2$
indicate that neutrino masses are nondegenerate and the |
ton flavor is not conserved. An independent confirmation o

the deviation _from the SM is expected to manifest_itself 8Snore than two LCKM matrix elements. In this paper a
nonconservation of lepton flavéLFV), nonconservation of - ethod for improved evaluation of the upper bounds of am-
lepton numberLNV), as a breaking of lepton universality, pjitudes found in the previous publicatigho] is presented.
in CP-violating processes which are not consistent with SM,The method gives upper bounds for all values of the model
etc. The problem of LFV and LNV is related to the physics parameters, but, in some directions of the parameter space, it
beyond SM and affects various areas of phy$8isatomic s not very restrictive. It is explicitly shown that the upper-
physics (e.g., muonium-antimuonium conversjpmuclear  bound procedure leads to the decoupling of the heavy neu-
physics (w—e conversion, double-beta degayow-energy trinos in the infinite-mass limit, showing that the “nondecou-
hadron physicgleptonic and semileptonic decays of mesonspling” of heavy neutrino§11,17 is only a transient effect,
and leptong the problem ofCP violation, etc. appearing with an enlargement of the heavy-neutrino mass. It
LFV has been found in various extensions of the SMshould be noted that this “proof” of generalization of the
[3—6]. Here, LFV is studied within one of the two extensions Appelquist-Carrazone theorem is based only on the require-
of the SM by heavy neutrinos with large heavy-neutrino—ment that the physical system can be described pertubatively,
light-neutrino mixingq7,8], obtained by adding heavy Dirac and is independent of the introduction of somewhat undeter-
neutrinos to it. It is referred to here as tive model [8]. mined maximal SU(2)-doublet mass term as in Rdfl2].
Because of the Dirac character of the heavy neutrinos, ther€o give the feeling of how large an error can be introduced
are no LNV processes in this model. The other mddél  using the upper-bound procedure elaborated here, a few
obtained by extending the SM with additional heavy Majo-branching ratios obtained by the upper-bound procedure are
rana neutrinos, has some renormalization problems and lightompared with BR’s obtained using “realistic’ LCKM ma-
neutrino mass problemi]. In addition to the additional trices.
heavy Dirac neutrinos, th& model contains three massless  The LFV processes are not very usefull for deriving upper
neutrinos. It should be noted that in this work ¥enodel is  bounds on the matrix elements of LCKM matrix. The ampli-
used phenomenologically. Any model with the same gaugeudes for these processes are proportional to the sums of
properties and about equally large heavy-neutrino massesoducts of the LCKM matrix elements and functions of
would give the same results, regardless of whether the lighteavy-neutrino masses. Using the freedom to choose un-
neutrinos are massless or have masses which agree with tkeown phases of the LCKM matrix and heavy-neutrino
present experimental data. masses, these sums can always be set to be equal to zero,
The extensions of the SM by heavy neutrinos contain aven if the absolute values of nondiagonal elements of the
Cabibbo-Kobayashi-Maskawa-type matrix for leptonsLCKM matrix are different than zero. The present limits on
the LCKM matrix elements are derived from the measure-
ments of lepton-flavor-conserving proces§&3], more pre-
*Email address: ailakov@phy.hr cisely, from the estimates of deviations of the corresponding
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decay rates from the SM results. For each fewow corre- in the limit of large heavy-neutrino masses. Most of the am-
sponds to a specific leptdp of the LCKM matrix, these data plitudes become dependent essentially only on one of the
give a limit on the sum of squares of absolute values of th&omposite-loop functions. In that limit, the ratios of the BR’s

matrix elements corresponding to the heavy neutrirs@%)?(. _having the same dominant composite-loop fu.nction become
Knowing the upper bounds OFEEC)Z’S one may derive the independent of th&-model parameters. Experimentally, for

upper bound for BR of any LFV process. One of the aims omeSt. neutrmole;; LFV processes, only the. large heavy-
. : : ; neutrino-mass limit is interesting, because, with few excep-
this paper is to derive the upper bounds of BR’s for all low-

. . tions, only in that limit do BR’s assume the values compa-
energy LFV PrOCESSES In thémodgl. The processes having rable with the present-day experimental limits. A
comparable theoretical and experimental upper bounds of thceomparitive analysis of the amplitudes and BR’s of all neu-
BR, or a theoretical upper bound larger than the experiment-rinoless LEV processes is presented
tal one, are interesting for further experimental investigation. In Sec. Il s%me propertigs of the ﬁ10de| relevant for
Neutrino oscillations of tW.O massless neutrinos in SUPET3 rther discussion, are given. A discussion’on the limits of
novae have been shown to give a very strong upper bound ¢he model parameters is given in Sec. Ill. The amplitudes for
two of the LCKM matrix elements in the part of the matrix e peytrinoless LFV processes not studied in\theodel,
corresponding to the massless neutriridgd]. Here, the 534 some improvements and corrections of the previous re-
analysis has been repeated for three neutrinos, hoping thajits are presented in Sec. IV. The amplitudes and BR’s of
the upper bounds for other “massless-neutrino” LCKM ma-| gy processes are studied in Sec. V. The numerical results
trix elements may be derived. The knowledge of nondiagonagng comparison with experimental limits are also given in
massless-neutrino” LCKM matrix elements may, in prin- sec_ V. The conclusions are summarized in Sec. VI. Appen-

ciple, lead to better upper bounds on some combinations Qfix comprises the form factors and phase functions relevant
“heavy-neutrino” LCKM matrix elements than those ob- for heavy-baryon LFV decays.

tained from the terrestrial experiments. Unfortunately, the
analysis made here shows that the three-neutrino oscillations
do not give new constraints on any combination of “heavy
neutrino” LCKM matrix elements. It only shows that the
mixing between massless “mu” and “tau” neutrinos is  Here, a model with additional S2)xU(1) singlet
smaller than the value obtained from the analysis of Superbirac neutrinos, which have large mixings with the SM lep-
Kamiokande dat&2], in which “mu” and “tau” neutrinos  tons, is used in the calculations. The masses of the singlet
were assumed to have small masses. neutrinos are not restricted by the §@)x U(1)-breaking

Until now, many of the low-energy neutrinoless LFV pro- scale. The large mixings and the large masses are the neces-
cesses have been investigated. Some of them have been @&ry conditions for obtaining observable LFV decay rates.
amined only within a few models, for instance, LFV decays In theV model considered hef8,19—23, the total lepton
of heavy mesons. The neutrinoless LFV decayBafiesons  number(L) is conserved. For each of; SM neutrinos one
have been studied in the frame of SM with an additionalleft-handed and one right-handed singlet neutrino is added.
Higgs double{15], while the neutrinoless LFV decays Bf  The structure of the mass matrix permits a modification of
mesons have been studied in the frame of leptoquark modetae V model obtained by adding arbitrary number of pairs
[16] and a flipped left-right symmetric mod¢l7]. Here, (ng) of left-handed and right-handed neutrindgng mod-
they are analyzed in thg model. Among the low-energy els). Lepton-number conservation gives a structure to the
LFV processes that have not been studied in the frame of thelass matrix which automatically leads to three massless
V model are also the muonium-antimuoniui {~M) con-  neutrinos at any order of the perturbation theft9].
version and neutrinoless LFV-violating decays of th&o- Since the new neutrinos are SU(2QU(1) singlets, the
son. The results are given here. Some of the neutrinolessiructure of the lepton interaction vertices in the weak basis
LFV processes have been analyzed in Yhanodel, but the is the same as in the SM9]. However, in a transition to the
analysis is incomplet¢l8] or there are some errors in the mass basis, nondegeneracy of the neutrinos leads to the
expressions for amplitudes or decay raf¢—12. Here, Cabibbo-Kobayashi-MaskawdCKM) type matrix B,) in
only the corrections to the previous results are given. the charged curredCC) nIW vertices. As only a part of the

On the quark and lepton level there are only a few Feynimass-basis neutrinos interact with théoson, neutral cur-
man diagramgcomposite-loop functionsthat contribute to  rent(NC) nnZ vertices € is neutrino field in the mass bagis
any neutrinoless LFV decay amplitude. If two neutrinolessare also not flavor diagonal, and contain matrix elements of
LFV processes contain only one common composite-loogthe nondiagonal matrixQ@,,). The NCIIZ vertices and the
function, the ratio of corresponding BR'’s is independent ofquark vertices are the same as in SM.
theV-model parameters. Therefore, roughly speaking, know- The C matrix from the neutrino NC vertex may be ex-
ing one BR, the BR's of processes comprising the same basjressed in terms oB matrices from the CC lepton vertex.
Feynman diagram may be evaluated without the knowledgd&herefore, beside the SM parameters, the model depends
of parameters of th¥ model. If LFV decay amplitudes con- only on theB matrix (or more precisely on the parameters
tain different loop functions, or more loop functions, the ra-defining theB matrix) and on heavy-neutrino masses. The
tio of the BR’s depends ol-model parameters. Neverthe- matricesB andC satisfy a set of relations stemming from the
less, the mass dependence of the ratio of the BR’s simplifiegauge structurésee, e.g., Ref.11)):

II. COMMENTS ON THE MODEL
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ng+nR ng+nR 30]. In these processes, heavy neutrinos may manifest them-
> BuBN=d,, > CiCi=Cj, selves only indirectly, through a change of the light-
k=1 te k=1 (masslesg-neutrino couplings. These couplings attain addi-
N+ g ne tional ¢" factors, where ¢")’=1-(s/")*=2° B, o
> BiCw=Bi, > B! Bij=Cj;. (1)  The changes of the couplings could show up as a nonuniver-
k=1 =1 sality of CC couplings, as a deviation from unitarity of the
CKM matrix, as a change of the invisible width of tle

From the orthogonality relations foB,, matrix elements, . .y
9 Y n boson, etc[13,28. The best limits on the mixings,

phase arbitrariness of leptons and 8k) invariance of
massless neutrinos lead to;ng independent angles and ey 2 VN2 V2
(ng—1)(ng—1) independent phases of tBamatrix[23,24]. (5,9)7<0.0071, (5%)°<0.0014, (s7) <0'0330'01)(;1)
Experimentally, onlyng parameterss’L’| may be estimated.

Therefore, theB matrix elements are undetermined even forwere found in Ref[13]. The value in the brackets is valid for
the simplest case with two additional heavy neutrineg, SU(2), xU(1) singlet heavy neutrinos.

=2. Since theB matrix elements are unknown, the ampli-  More stringent limits on theB;y matrix elements have
tudes of LFV processes cannot be evaluated exactly, but onlyeen searched for investigating the loop effects in the lepton-
upper bounds of the amplitudes may be found. One shoulgonserving and lepton-violating processes. Direct limits on

mention that. there exisys a mod_el with additional heavy Maipe parameterst' are not possible as the expressions derived
jorana neutrinos for which amplitudes of LFV processes calom the loop amplitudes, which are constrained by experi-

be evaluated exactly, in the casengf=2 [7]. Unfortunately, ,
as mentioned before, it is excluded because of some reno'l’nental data, depend not only on thLé parameters but also

malization and light-neutrino-mass problems. on theB)y phases and masses of heavy neutrinos. Lepton-
The degeneracy of massless neutrinos allows one to writENServing processes, including heavy neutrinos in loops,

the B matrix in the following form[6,19,25: have been studied by Kalyniak and M¢Ril,37. They stud-
ied the loop effects of heavy Dirg: neutrinos on muon decay,
Bin, =[(UDA)y,,,(UG)y 1, k=(i,1), (2 universality-breaking ratio iZ—1l decays and\r quantity.

_ _ _ _ _ _ They found no new constraints on tisf parameters. The
whereU is a unitary mgtnxDA is a diagonal matrix, and G fjayor-nondiagonalLFV) processes without light neutrinos
is a matrix satisfyingD3+GG"=1. Indicesi and| denote i the final state, have been studied extensively both theoreti-
massless ) and massivéN) neutrinos, respectively. From cally [3,4,11,19,20,23,33,3%nd experimentally3,34—37.
the structure of thed matrix, it follows that the massless- The advantage of these processes is that their observation
neutrino CC in principle is not diagonal, leading to LFV would be a clear and unambiguous signal for LFV. These
[19,25,26 and nonortogonal effective weak-neutrino StateSprocesseS proceed 0n|y through |oops_ Using the indepen_
[26], although neutrinos are massless. On the other hand, thfsnce of the loop functions on the light-neutrino masses and
massless-neutrino NC, which contains tBematrix ele-  the orthogonality of rows oB matrix, the amplitudes of
ments, is d|agond]19] Since there are no tree-level flavor- these processes may a|WayS be expressed in terms of heavy-
violating neutral current$FCNC39 in the massless-neutrino peytrino contributions only. Three of these processges,
sector, the universality of massless-neutrino couplings is not,ey, ;—3e, ande-u conversion in Ti, gave new very
satisfied, because, in general, the elements of the diagongfingent constraints on specific combinations of heavy-
matrix D, are not equal. The nonuniversality of these cou-neutrino masses and matrix elemeBts, andB ,\ [12]. Par-
plings may have some astrophysical implications. ticularly, near independence of the—ey amplitude on
As mentioned in the Introduction, timatrices are used peavy-neutrino masses enables one to find the following very
to define the parameters', which are a measure of the stringent mass-independent limit:
deviation from SM, in the following way12,27-30: )
R
MR B*\ Ben<2.4x10 4 5
(s)?=3, BinBiy,- (3) 2, BinBen ®
=

No other constraints independent of heavy-neutrino masses
Because the definition o‘sK')2 containsBjy matrix elements  have been derived from the LFV processes. It should be
of the same lepton flavor, the term “diagonal” mixi(gy noted that the limit(5) does not necessarily lead to new
will be used sometimes in the text below. limits on thes,' parameters. The sum in E¢6) may be

written in terms of the parametesﬁf‘ andsfe and a complex

lll. LIMITS ON THE MODEL PARAMETERS AND “cosine” of the “angle” between vectors{BMNi} and

METHODS OF EVALUATION OF AMPLITUDES

{Ben ).
A. Experimental limits
n
The parameter$(')2 have been determined from the glo- ER B* B, —g’ug’ex0 ®)
bal analysis of the low-energy tree level proceds27— S THNTeN L L T
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where xge=2i”§lB;NiBeNi Is/#s®. Obviously, a reduction ability for ve— v, and Vecr v, cOnversions in a simple
of x%, may assure the fulfillment of the inequality) with- ~ Landau-Zener approximatidd0,41]
out reducing thest' parameters. Within th¥ model the ex-

plicit estimates of BR'’s for the processes including more P=P(ve—v,)
than twoBy matrices were given for the first time in Ref. —1_Pp(
=1-P(ve—ve)

[10].
1 |1 w2 o
B. A comment on astrophysical limits 57|27 T o Lres cos 20 cos W,
m
The masslessness of “light” neutrinos in thé model
leads to limits on som®,, matrix elements which can be _ w2 o B
derived from astrophysical observations. Valle and collabo- ~1-exp - o Lres =1-Pyz, ©)
m

rators have noticed that the measurements of neutrino flux
from the supernova SN87 leads to two very small lepton

. > “whereP,, is the Landau-Zener crossing probabilitys® is
massless-neutrino mixing44], Lz gp by,

the neutrino oscillation length in matter at resonanég,

Be, |.|B,, |[<1072, (7) ~ /2 is the mixing angle in matter at production point
T e (neutrino-spheng and 6r =2 sin 26|dIn Y./dr|... The ap-

proximate equality in Eq(9) is a consegence of the small

sion probability in thev model. To find whether similar up- mixing angle @) approximation. psing that result, the ex-

per bounds can be found for other massless-neuiimaa- pression for the detected terrestrial fil42]

trix elements, their calculation is repeated here for three 0 0

massless neutrinos. The motivation for such a calculation is b= ¢7e(1_ P)+ ¢77P (10

the following. Through the orthogonality relations Bma-

trix elementg1), very stringent limits on the matrix elements (¢9

14

0 — - .
and ¢ are v, and v, fluxes in the absence of the
H v e T
B'” WOnUId Iead*to better upper b°‘_‘”ds on nonduagonal MXheutrino conversion, respectivelythe model-independent
mgsEiElB,NiBl,N_ than those obtained by terrestrial experi- —
|

result for the probability forv.« v, conversionP<0.35

ments. o o _ [42], and the density profiles for from the Wilson super-
The Valleet al. derivation of the limits(7) is based on an  nova model, Valle and his collaborators found the result

analysis of neutrino oscillations of the two massless neutriyiven in Eq.(7).

nos for which the experimental upper boundssphparam- Following the procedure of Refl14], a similar analysis

eters are the Weakes;ie and SET- The oscillations of mass- can be .done for the three massless neutrinos. To f':malyze the

less neutrinos are a consequence of an interplay between tiTestrial flux data, one should know only the survival prob-

charged currentCC) and neutral currerNC) neutrino weak  ability of the electron antineutrinB(ve— v,) [41,43. Equa-

interactiong 38]. They appear only if the universality of the tion (10) is still valid, but ¢% represents the sum of, and

NC interactions is not satisfied and if the nondiagonal CC— T

currents are different from zero. Following the notation of V- fluxes. In the three-neutrino case there are two reso-

Refs.[14,38), the deviation from the universality is described Nancesve« v, resonance and. v, resonance. According

by small parametersh, (for small h;, h~s). The to the limits (4) and theY, value at the neutrino sphere, the

massless-neutrino part of tBematrix is parametrized by one ve<> v, resonance is within the neutrino sphere. Therefore,
mixing angled, which is assumed to be small. The resonancehe effects of this resonance do not contribute R¢v,

The result(7) follows from an estimate of the.-v, conver-

condition is —v,). Taking that into accountor equivalently taking the
neutrino-sphere as a source of neutrinasd using the ap-
hi_ hg proximative Kuo-Pantaleone treatment for three-neutrino os-
2Ye= 1+h§ ’ (8) cillations [41] adjusted for physical situation studied here,

one obtains the following expression fBe=1— P(?eeje):
whereY.=ng/(ng+n,), Y,=1-Y,, andn, andn,, are the

_ 2 2
electron and the neutron number densities. As the experi- P=1-(|Ue|*PLz+(1=Pi2)|Ue|))
mental limits onh, and h,. are much smaller than 1, the XUt 124 U s]2) = [U a4
" . . . (| el| | eZ| ) | e3|
resonance condition can be fulfilled only in a highly neutron-
ized medium, which can be found in supernovae explosions. =1-P_;cos ¢ cos 2w—cod ¢ sifw—sintw (11)

In Ref. [14] it was shown that the neutrino-sphere appears

for the electron fractiofY,~6x 103, The experimental up- (neutrino states 1, 2, and 3 are maimly, »,, andv, flavor

per bounds(4) show that the resonance condition can bestates, respectively; the anglesand ¢ perform rotations
fulfilled for Y.=0.015, quite close to th&, value at the between 1 and 2 states and 2 and 3 states, respe¢tivaly
neutrino-sphere. Assuming there is no nonforward scatteringandau-Zener crossing probabiliB; ; can be obtained from
of neutrinos[39], the authors of Ref{14] found the prob- the P, for two-neutrino oscillations, replacing si®2vith
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2Uq Up=cog¢sin 2w in the two-neutrinoP,,. In the |BIN-|SSEi-
small-angle approximation, assumed in Ré#], the prob- '
ability P tends to zero only iP |, is almost equal to 1. Using
the result of Ref[42] mentioned aboveR <0.35, the small- - 2My _n(®

A : \ |Bin|<—5—=Bix, (15
angle approximation, and the analysis of R&#], one finds T ap My i
the limits on mixing angles» and ¢ '
originating from Eqs(3) and (13), respectively, which have
Si? 20<1x10°%,  ¢2<0.27. (12)  to be satisfied simultaneously. If the heavy-neutrino masses
differ considerably, the bound&5) are better for finding
upper bounds of BR’s than the boufit¥).

The first limit corresponds to the limif7) obtained in the The “realistic” Bin,’s which automatically satisfy the

two-neutrino case. The second one is too weak to give limits ] ) 2
on the B,y matrix elements. Therefore, astrophysical mea-PUB’s (15) and satisfy the relatiol;Byy Bjiy, <(s")* may
surements give no new limits on the heavy-neutrino part obe obtained by putting
the B matrix.

The second limit has to be compared with the v, mix- Bin,=[(s;) "+ (BR) '] 'ng 2. (16)
ing angle obtained from the favorite interpretation of recent
Super-Kamiokande resulfg], Bvﬂvf wl4. Obviously, these This choice ofB,Ni’s is used below to give an estimate of
two results are in a slight contradiction. how large an error can be made in the evaluation of BR’s
using the rough upper-bound procedure presented above.
The Byy, defined in Eq.(16) begins to differ considerably

. . . from the values; for my =100M,(0.15"). Therefore, for
If one wants to work in the perturbative regime of the L i L ,
theory, an additional constraint on ti&y mixings comes M, values smaller than 2000 GeV, tBgy 's are determined

from the theoretical argument that the partial-wave unitarityPy experimental upper boundé) and not by the theoretical
(perturbative unitarity has to be satisfied. From the pertur- PUB limits Bfﬁ?-

bative unitarity follows that the decay width of any heavy
neutrino has to be smaller than a half of its mass. Written in
terms of heavy-neutrino masses aBg,’s, this condition

C. Theoretical limits

D. Upper-bound procedure for LFV amplitudes

reads[10] Equationg15) and(16) are the basis for the evaluation of
the LFV amplitudes. The evaluation based on 8¢) gives
) e , 4 X the upper bounds on absolute values of the amplit{itiél

mNijZI [Bin $EVMWE mp . (13)  which have to be satisfied by any model with additional

heavy neutrinos. It uses the Schwartz’'s inequality for the

product of two vectors. It always gives larger estimates for
mp represents the upper value the Dirac mass may attain ian amplitude than the approach based on #&§). In both
the neutrino-mass matrix. The perturbative unitarity-boundapproaches the phases of tBg 's are neglected, but in a

(PUB) inequalities(13) give an upper limit on a combination gitferent manner. In the first approach, the upper-bound

of a heavy-neutrino magsy, and the matrix elemenBy..  value of the amplitude is formed, while in the second the
Using Eq.(3), these relations may be combined into the IimitB,Ni's are taken to be real and positive. Both approaches
for the lightest heavy-neutrino mass explicitely show that the very heavy neutrinos are decoupled.

That is, they have no influence on the amplitudes of low-
nr energy LFV processes, in accord with the Appelquist-
1+z pfz), (14 Carazzone theorem and its generalizafié,45.
=2 Here, the improved version of the upper-bound procedure
introduced in Ref[10] is given. The low-energy LFV am-
where (m%l)Z=4M \ZN/[CVWE?Sl(SEj)Z] and p;=my /my_. plitudes may be written in terms of
Concerning the calculation of BR'’s, the bound is very effec- R
tive if the heavy-neutrino masses are equal. If the heavy- 2 BiyBinf(Ni, ...,
neutrino masses differ considerably, the bound is not very i=1 ' '
restrictive. Namely, if one of the heavy-neutrino masses is

smaller than*nﬁ,l/né’z, the others may acquire infinite values

not followed by infinitely small values of the corresponding
Bin, mixings. That leads to divergent BR’s. Therefore, one

has to use the original inequalitt3) to restrict model pa-
rameters. One cannot obtain closed expressions, since the ne

model has too many free parameters, but one can write two 2 V:d.vud-f(dj Y (17)
very rough bound$10] =1

2 (02
le\(le)

e

1_21 Vujdanjjdaf(uj e ),

and
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where f(N;, ...), f(u;, ...), andf(d;, ...) areexpres- masses. Thed+1 different upper bounds of the expression
sions comprising the loop functions. The dots represent thgi"flL:-,l*N_Bl,N_f(Ni ,---) are formed combining the upper
indices not written explicitly. Namely, the amplitudes often bounds(|18) alnd (19)

contain more than one sum over neutrino or quark flavors. ’
Using the inequalities that can be derived from Schwartz’s
inequality OR

;1 BinBrion f(Ni, .. -)‘

Ei a;b;c; <Ei |ail[bil[cil, (18 $SE'SE',<|<f(”‘)>s|+

1/2

iZ (f(Ni, ...)

n

>, aibici|<[al[bl(c)+]al[bl

+ 2 By, Bl [F(Ni, ),
ip b Iy

S v — 2
§1|ci—<c>|2) .9 (F(-+))9)
(22

((cy==[_1ci/n) and definition ofs' (3), one can write the whereZ; sums over the lighter heavy-neutrino masses, and
following upper limits for the expression47): 3;, over the heavier ones. Finally, the numerical values of
theJ+ 1 upper bound§22) are compared and the smallest of
, them is taken to be the upper-bound value. For amplitudes
ssL'sE' [(F(- )N containing sums over twtheavy-neutrino and/or quarkn-
dices, the procedure is essentially the same. Again, one looks

R

Zzl Bl*NiBl’Nif(Ni, o)

ng for the minimal upper-bound value between upper bounds
> (F(N, ...) obtained for all possible partititions of heavy-neutrino
i=1 masses. This procedure gives convergent results for absolute

+

2 values of the amplitudes, and it leads to the decoupling of the
—(f(- .. 2 , 20 very heavy neutrinos.

(FC- ) } ) 20 It should be noted that the above upper-bound procedure
gives upper bounds for BR’s for neutrinoless LFV processes.
Recently, lower-bound limits for lepton decays were found
using the Super-Kamiokande data on atmospheric deficit of
v,, and interpreting it in terms of the best fit to these data
[46]. The mild Glashow-lliopoulos-Maian{GIM) mecha-
nism suppression, coming from a logarithmic dependence on
'R 'R light-neutrino masses, appearing - ul 71~/ up® decays,

Zl Vug Via f(dj, - - 521 VualVug lIf(d;, ., leads to the lower bounds of the BR’s as large~ak0™**.

' . 21) As the experimental upper limits on these processes are of
the order of~10"5, this lower limit is welcome, because it
%trongly restricts the window for the heavy-neutrino LFV

: . . : . .. effects. However, these results have to be taken with caution,
inequality (18) gives the best estimate for the upper limit if as the standard interpretation of the Super-Kamiokande data

the components; differ considerably. The inequalit{19) ;
gives the better estimate of the upper bound if the compo'—S not the only on¢47], although recent papefd8,49 have

nents ¢, are approximately equal. As the amplitudes shown that the energy dependence of the oscillation wave-

f(u;,...) andf(d,. ...)depend strongly on quark masses, length strongly supports the standard interpretation. It should

Eq.(21) give good estimates for the upper bounds. E uationbe noted that the used model can easily be modified to
g.(£1) give goo '€ upp - B4 include masses for massless neutrif@8]. The results for
(20) is effective if the heavy-neutrino masses are nearly de:

enerate, because most of th@, } functions depend the neutrinoless LFV decays almost do not change if light-
9 ’ L P neutrino masses, consistent with Super-Kamiokande mea-
strongly on the heavy-neutrino masses. If one or mor

. ) . urements, are introduced.
heavy-neutrino masses differ considerably from the othergs, ements, are introduced

then Eq.(20) may even lead to a divergent result as the

heavy-neutrino masgss tend to infinity. To avoid such un-  |v. NEW RESULTS ON LOW-ENERGY NEUTRINOLESS
desirable behavior, one has to use a combination of the upper LFV PROCESSES

bounds(18) and (19) for each set of heavy-neutrino mass

values in the following manner. First, the heavy-neutrino As mentioned in the Introduction, heavy-meson neutrino-
masses are arranged in increasing order. The arrangéess LFV decays anlfl<—M conversion have not been stud-
masses are divided into two sets, one containing the smalléed in theV model. They are examined below. Some previ-
masses and the other the larger ones. Therelarg such  ous results for neutrinoless LFV decays are extended and/or
partitions, wherel is the number of different heavy-neutrino corrected.

R R

*
j; Vg, Vi o fuy. ) sgl IV, Ve lIf Uy, -l

~

where()\ represents the average over heavy neutrinos. Th
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A. Neutrinoless LFV decays of heavy mesons <X|aa(0)7’”(1_ 75)Q(0)|H>- The corresponding matrix el-

The LFV decays of heavy mesons were discussed in a fe@ments are usually parametrized in the following way
papers in the context of the leptoquark modéa#], a flipped ~ [51,52:
left-right symmetric model[17], and SM with an additional
Higgs double{15]. In these decays, both lepton and quark — .
flavor are changed. In th¢ model they can proceed only <O|Qa(0)7u(1_7’5)Q(0)|Ha(p)>: —ifup,,
through box diagrams in which twd@V bosons are ex-
changed. The effective Lagrangian on the quark-lepton level _
reads (P(p")]9a(0)7,(1—5)Q(0)[Ha(p))

’ ma_m% 2
.2 e B (P, -2, | Fi(gd
Let=—75 2 X X Fuotay,(1-ys)l gay* a

16My, 1417 Q a
w a A

P 2
X (1~ ¥5)Q 8qcdq,u~ dqn(Fq,at 8q.9]. (23 + 7 a,Fo(a%)

Ya
NP ,

| and|” are the lepton fieldsg, and Q are the light- and  (V(P'+&)[da(0) (1= y5)Q(0)[Ha(p))

heavy-quark fields, respectivelyg,, is the welalk fine- V() 2my
structure constantyl,, is the W-boson mass, anﬂbogaQ is = T mrmy® e Pelpapp—ie* -q—0,Aq(0%)
the composite-loop function q
% m2 — m2
. T (mﬂ)w%qﬂ Aalq?)
Fhor= 2, 2, Bl B Vi Veq[Hood Ayohe)
+i(mH+mV)(s;—?qM A(g?) N?,a. (25

Hbod An;:0) ~Hbod OAg) + Hpo 0,0)],

H, is a heavy pseudoscalar meson containing light qagrk

! 1dab _ P, andV are a light pseudoscalar meson and a light vector
F box E 2 BI’N Bin, VU da jb[FDO)&)\Ni’)\ui) meson, respectivelyp andp’ are four-momenta of the heavy
and light meson, respectivelg=p—p’ is the momentum
~Foox(An;:0) = Fpod Oy )+ Fpod0,0]. (24)  transfer, is the polarizaton vector of the light vector meson,
fy is the decay constant of the heavy pseudoscalar meson,

F1, Fa, V, Ag, Aj, andA, are form factors antl?® (N{?) is

Frox @andH,,, are loop functions defined in Rg60]. These  a factor in front of the term containir@a in the quark wave
loop functions have approximately logarithmic dependencdunction of theP (V) meson. The” dependence of the form
on the heavy-neutrino masses. factors is a consequence of long-dista@sonanceeffects
The dominant processes are those which have maxima@llowing from strong interactions.
value of the CKM matrix elements, maximal LCKM matrix ~ To evaluate the hadronic matrix elements of quark cur-
elements, and-quark mass in the loop function. The main rents and to include the long-distance effects, one has to
neutrinoless LFV candidates, between the two-prong an@xpress the quark currents in terms of the meson states and to
three-prong processes studied here, BRe>7"e®, B~ introduce a strong-interaction Lagrangian on the meson
0 oo level. Similar hadronic matrix elements have been exten-
—K" e, B"~Kor7e? , andB;— g7°e”. There are no fslvely studied in radiative, semileptonic and nonleptonic de-
interestingD-meson candldates for two reasons. One is 0 cays of heavy mesons. The combination of heavy-quark ef-
dynamical origin—the quark masses involved in loop func- fective theory(HQET) and chiral pertubation theofCHPT)
tions are smaller than iB-meson decays, so loop functions has been applied to these decf§@]. Here, the modification
are much smaller. The only larger loop contribution coming ¢ yis formalism[52,54-58 is used. The authors of these
from theb quark IS sgppresged by smgll CKM matrix ele- papers replaced the HQET propagators by the full heavy-
ments. The other is kinematical—the differenceraepton uark propagators, and introduced SU(3) symmetry break-

and D-meson masses is small. The small quark masses i g through physical masses and decay constants of light
loops and large quark width makes LFV decays of t quark | \o<ons The matrix elements in that approach read
uninteresting from the experimental point of view.

The matrix element of the neutrinoless LFV decay of a o
heavy mesor, H— XII", contains hadronic matrix element (0]0a(0)y,.(1—v5)Q(0)|H(p))=—if4p,,

R NG
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— fy fu p’'-qq My«
alV) Y lL=7s = Pl — HI ! * “w 2 Hz ’
(P(p)[0a(0) 7,,(1= ¥5)QUO) [ H(P)) =+ NF| = - p,+2—— (mm )7 p,,— =
o My, | G2 —m3,.
o L 1/2 Mo , 1/2
V(') [0a(0) (1~ 72) QUO) () = NF| 2¥ngy | er*qz_#sws*“p“p'ﬁ 12428, | -
H!*
e
fo,qzs—q 1212, g mi2e* 4 2V2 g m22 PP E (26)
q*—m;? my,

H' and’H'* represent heavy-pseudoscalar-meson and heavy-vector-meson resonances, respgectiviglys, my, My«
are the corresponding decay constants and magg€ss 6.0(24) Y2 with a=2 in the case of exact vector-meson dominance
is the vector-meson self-interaction coupling constd#], g and 8 are the coupling constants in the even part of the
strong-interaction Lagrangidt1,52,54,56,58,99\ is a coupling constant in the odd part of the strong-interaction Lagrangian
[51,52,54-56,5B and@; anda, are coupling constants in the definition of weak curfé&d,56. The constantg, 8, \, a4,
and a, are free parameters which have to be determined from experimental data.

The matrix elements df{— XII' follow from Eqgs.(23), (24), and(26). From these matrix elements follow the correspond-
ing decay rates:

2 3 1/2/ 2 2 2 2 2 2\2
an fHOmHO)\ (mHo,mI,,m|) mHO(m|r+m|) (m|/_m|)

B(H—I171"")= E!'19aQ2
: 2007 TyoMy M s [Fooc™ 1%
(my—m
4 (N%a)2 5 dt[aPZPl+anPZP2+bPZP3]
B(H —>PI’I’+)=aW( P —mrmy) IF!19:02
a 2133 m%FHM 3\/ box ’
B(H,—VIT1') (N qa)2| 19202 f(m”_mV)zdt[ 27 1+ D22y + C2Zygt 02 Zyat ayCyZ
— = a c ay,C
2123 F box mHFHM ()2 vZvitbyZyot+eylyst dyZyatayeylys
+byCyZye+bydyZyr +cydyZys]. (27

The form faCtOFS&P, bp, ay, bv, Cv, anddy, and phase F£e% js a composite-loop function having the following

functionsZp;, i1=1,2,3, andZ;i = -,8 are defined in the structure[ll]
Appendix.
R
B. Muonium-antimuonium conversion Fhox =2 E BenBen Blun Bln [ Foox( A M)

The CC vertices in th& model haveV-A structure. The
effective Lagrangian for th&1< M conversion comes from
the lepton box amplitude. Therefore, the structure of the ersmg the expression(30) for large degenerate heavy-
fective Hamiltonian denSIty fOM<—>M has the Same\( neutrlno masses, one Obtalns the ||m|t
—A)X(V—A) form as in the Feinberg’s and Weinberg's
paperg 60] Gum=3.9x10"5x°

~Food OAN,) ~ Foox(An;;0) + Fpo( 0,01 (30

GF ’ (31)

neeu
H:GMME,U,V)\(]-_75)¢e$y7)\(1_75)¢e' (28) where Gg is the Fermi constant and x“eeﬂ
FESCHI10.5\(s{)%(s/®)?]. From the definition of the

in which they had elaborated the original idea of Pontecorvo Xomposite-loop function and the limi6) follows that the

[61]. The constanG,,y; contains information on physics be- 0 mav assume onlv values smaller than s4T0-3
yond SM. In the frame of th& model it comprises the pa- ° xee«. y as . Y '
rameters of the box amplitude for the procegs e~ K_eepmg that in mlnd_, the resulB1) has to be C(_)mpared
— i e*, which is forbidden in SM with the recent experimental upper boy@¥,62 which im-

proved the previous experimental res[88] by the factor

o2 ~50, Guw=3.0x10"3Gg. The upper bound(31) is
Gum= W2 Free (29 larger than the result found by Swaf@4], estimated within
16My, SM with massive Dirac neutrinos, by comparing the effec-
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tive Hamiltonians forM-M conversion and foB%-B® tran-  Which should be replaced with the expression

sition. Having in mind that the upper limi5) was much

weaker than when Swartz wrote his paper, the result obtained o(w) ﬂ 1

tan | ————— |+ 7TO(Nz—\i—\;
here is in fact larger than the numerical results show. The Az ANtN—Az (Az=hi=hy)
Gum Was also evaluated in many other modgss|. De-
pending upon the variant of the model, the valueGyjy +0(—w) VoW E n Az=Ni—AHV-w
ranges from 10°Gg to 0.1G. Nz |27 = NN -V w

The conversion probabiliti (M — IW) is the quantity that
is measured in experiments. It is related to the consBag; —i O~ N~ \))

in the following way[60]: - (35

_ 52 The notation is the same as in REE1]. The theta function
PIM—M)=——, (32 in the first square bracket was not taken into account in the
2L, analysis in Ref[11]. As it contributes only for the heavy-
neutrino masses smaller than tBdoson mass, the numeri-
where cal results given there should not change. For heavy neutri-
nos lighter tharZ-boson mass, the theta function assures the
o — 16Gym continuity of the loop functions in heavy-neutrino masses.
5 =(M[H[M)= (33 Here, LFV decays of th& boson are studied in thé model.
The terms containing the matrix elemem$,iNj, that exist

is a transition matrix element between the muonium and anenly for heavy Majorana neutrinos, are neglected. In\the

timuonium statesq is the radius of muonium atonandI’, ~ model only the upper bounds of tie—Il" amplitudes can

is the total decay width of muon. be found. They are found using the formalism of the Sec.
From the point of view of SM extended by heavy neutri- Il C.

nos,M-M conversion is not a good place to search for LFV. The only three neutrinoless LFV processes that give ad-

. i . . . ditional constraints orB|y's, u—ey, un—eeg andu—e
Roughly speakmg,lthM M amph_tude IS prop*ortlona! o .the conversion, have been examined in R&2]. Their analysis
square of the nondiagonal-e mixing EiB,uNiBeNi , Which is

has included the “nondecoupling” effects of heavy neutri-
strongly constrained by the measurements of procegses nos, has indicated that a generalization of Appelquist-
—ey, p—eeg and u—e conversion. Amplitudes of the Carazzone theoref#4,45 is valid for theV model and has
three processes depend approximately linearly on the nondtetermined the limits on specific combinationsBy’s. The
agonal u-e mixing. Therefore, if any of the experimental “proof” of the generalization of the Appelquist-Carazzone
results of measurement of the three processes is improved Biyeorem is based on an introduction of a somewhat arbitrary
a factora, the experimental result fd?(M—M) has to be maximal SU(2)-doublet mass term. The amplitude they
improved by the factoa? to be competitive in finding LFV. present foru—e conversion does not include the photon-
exchange and box contributions, and the amplitude tfor
—eee does not include the photon-exchange term. These
] . ] . terms are included here. Moreover, in their expression for
In this subsection some previous results on neutr|noles§b_,3e BR, obtained in the limit of large heavy-neutrino
LFV processes evaluated within the frame of\hEpodeI are  masses, one has to make replaceméffs— 27, and e,
extended and/or corrected. The_ dgcays d:épto_n into three  — _ /o4 S\ZN_>_8L! (the notation of Ref[12] is used.
leptons have been evaluated within Menodel in Ref[18] The neutrinoless LFV decay of® was studied in Ref.
without including terms with fouB,y’s. These terms were 14 in extensions of SM with additional Majorana and ad-
shown to dominate for large heavy-neutrino masses in SMjitigna) Dirac neutrinos. The expressions for the extension
extended by two additional heavy Majorana neutrifib®l. ith Majorana neutrinos is correct, but the expressions for
In that model theB,y's are completely determined bs{'  the extension by Dirac neutrinos is not, because the terms
parameters and the ratio of the heavy-neutrino masses. Hergxisting only for Majorana neutrinos have been kept in the
the upper bounds of complete amplitudes are evaluatedmplitude. The correct amplitude is obtained neglecting the
within the V model, and used to find the upper bounds of theterms containing the loop functidi, . When this correction

corresponding BR's. is made, the numerical results for the— ue decay become
Neutrinoless LFV decays of thé boson were studied in  ~ 25 times smaller.
Ref. [11] in SM extended with heavy Majorana neutrinos.

C. Extension and correction of some previous results

The expressions for loop functions are given in Appendix A V. ON LOW-ENERGY NEUTRINOLESS LFV
of that reference, and they are correct except for terms con- AMPLITUDES AND DECAY RATES
taining
A. Loop functions included in LFV processes
ﬂ tan 1 L) (34) In the lowest order of perturbation theory, amplitudes of
Az Nt A=Az neutrinoless LFV decays are built up from several building
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TABLE I. List of neutrinoless LFV processes, the composite-loop functions and the tree level functions
contributing to them and the approximatioipdysics needed for evaluation of amplitudésP, V, H, andB
denote leptons, light pseudoscalar mesons, light vector mesons, heavy pseudocsalafecoesmnsgc or
b quark, and light baryons, respectively. In the first column, the list of the neutrinoless LFV processes is
given, with references only to the calculations made within extensions of SM with heavy neutrinos. The
abbreviatione g f=conserved quark flavoncqf=nonconserved quark flavor, ahti= Higgs-mediated pro-
cess, serve to distinguish processes with seemingly similar particle content. In the second column, the
Feynman diagrams contributing to any specific process are listed. For instaqp®x corresponds to the
box diagram with one lepton current and one quark current. In the third column the approximations and
physics used for calculation of amplitudes are listed. Following abbreviations are used:=H@&\y-quark
effective theory, CHP¥chiral perturbation theory, VMB vector-meson dominance, GH&Goldberger-
Treiman relation] = lepton physicsg= quark physics.

process diagrams approximatiofpysics
=17y [11,18 y |

u— e conversion12,70,71 v, Z andl-g-box I, g, nuclear
M—M conversion [-box I, atomic

I~ —1"71713 [11,12,18 v, Z, andl-box |

—IP% (cqf) [11,18 v, Z, andl-g-box I, q, PCAC
7—I1P°% (ncqf) [11] I-g-box I, g, PCAC
7—1VO° (cqf) [11] v, Z, andl-g-box I, g, VMD

7—IV® (ncqf) [11] I-g-box I, g, VMD

Z11" [11,67 y, Z and|-box |

H—I1l" [68,69 H |

P°—eu (cqf) [10] v, Z, andl-g-box I, g, PCAC
P°—eu (ncqf) [10] I-g-box I, g, PCAC
HO—11' I-g-box I, q, PCAC

7 —I1'""P;P, (cqf) [66] all exceptl-box I, g, CHPT, PCAC, VMD
7 —I1'""P,P, (ncqf) [66] I-g-box andw* W~ I, g, CHPT, PCAC, VMD
7 —|'""P,P, (cqf,H) [66] HandW* W~ I, g, CHPT,PCAC
P,—P,ew [10] I-g-box I, g, VMD, CHPT
H—PIl’ I-g-box I, g, VMD, CHPT, HQET
H—VII I-g-box I, g, VMD, CHPT, HQET
B;—Byeu [10] I-g-box I, g, PCAC,GTR

blocks (composite-loop functions and tree-level functipns

which may be denoted by the exchanged bosons, or by the An/zg BrNiBI/Niv
type of the Feynman diagrany; Z, box (box containing only :

leptons, leptons and quarks, leptons and quarks, H and

W*W~. All functions except the last one are combinations B _2 B* B N\
of loop functions andBy's [11,10,66. WHW~ function is a W TN AN
tree-level function and it is strongly suppressed compared to

the otherg66]. v, Z, box, andH functions comprise two-

fermion currents. In they, Z, andH functions only one of Cor= E B, C B A, AN In ﬂ

the fermion currents changes flavor, while in box functions I NiNS=INI AN A
flavors may be changed in both fermion currents. The clas- :
sification of the neutrinoless LFV decays, given in Table |, is

made according to the Feynman diagrams they contain and Duy s = E E x (BB

the approximationgphysicg one has to use in finding the 1al2™ 2 NiN; N VNN
corresponding amplitudes. The references cited in Table |

refer only to the calculations of LFV processes in the exten- 4B B ) AN, )\N In m (36)
sions of SM by additional heavy neutrinos. INEUNT NG A A

If the heavy-neutrino masses are larger than a few hun-
dred GeV, the expressions for neutrinoless LFV decays sim-
plify considerably. All amplitudes can approximately be ex-Where\y,=mg /mg,. The building blocks mentioned above,
pressed in terms of four combinations of massesBds, expressed in terms of combinatio(@6), read
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g 1
Gy ~E./‘l”r,
I 1
Fy~- an/ ,
K 1
Fz =~ By EC”"
7141, 1
Fbox %_(A”'5|1|2+A“16|'|2)+EDII'Illz
' 9 A
11"ugu b
Tooc” b%[ _45uaub+( 41—,
—\2+8A2-16), i}
A(1—Np) INNp | Vi pVugb [ A
4 V* bVUbb}B”’ [l
! 3 Ay
dady | 3 My
Foox. =~ 6dadb+uizc,t (4 =
—NG BN AN,
+ !
4(1_"ui) NNy, | Via,Viia, | An
A,
_! *
* uiZEC,t 4 V”idavuidb By,
a2 Ay 3
FH %GH ~§A||I+TB”/+ ZC”, ,
FW+W_ (Z Vu da Udb) A“/ (37)

whereh,=mZ/mé,, x=b,t,H.

For the important case of degenera)le\]i(=)\N) and large
heavy-neutrino masses the functiaf®6) can be written in
terms of parameters' and X\,

A”/_S SVl,X”! i)

By =s/ s”"x”,ln AN

e
— Ml viy2,,0 0
Cr=9's ;1 CRRTRADIY
1
QP eP,,0 0 0,0
D||r|l|2 23 S S lsL2(X||'X|1|2+X||1X|/|2))\N' (38)

It is convenient to introduce four combinations Bfy's,
: ; uB . (4
heavy-neutrino mass&{, , and upper-bound values fef

parameters4), denoted b}EE':

PHYSICAL REVIEW D62 036010

— V-1
X||r—A||r(SE|SEI) ,

ZII’_BII’(S V', Inng7®) 7L,

-1

Yir=Cy» 5 2 (SV')Z?\PUB ,

<V f"VI VIZ)\PUB) l

Vi, =Dy, (5)'sy (39
Any of these combinations is always smaller than 1.

A few comments are in order here. First, it is obvious that
|Diiny,|<ICyi-| (the relation is also valid for large, nonde-
generate heavy-neutrino masseSecond, for degenerate
neutrino masses, the functiafy. becomes larger than the
functions Ay, and B, if

1 In\y
and A=,

X

ANZ T

X

(40)

respectively. The dominance of the functions with quadratic
mass dependence of the amplitude leads to the transient, so
called “nondecoupling behavior” of amplitudes. As ex-
plained in Sec. Ill D, decoupling follows from PUB inequali-
ties (13). A typical mass value for which the quadratic terms
become larger than the logarithmic terms isy
~1500 GeV fors" values of the order of the present ex-
perimental bound$4). Third, at the maximak  value per-
mitted by the PUB %), the functionC,. depends essen-

V|f

tially only on two diagonal mixing parameter;ﬁ_ ands ',
Vi 0
4nREi CRRR

awEi (Sti)z

4n
= _R.A” . (41)

aw

Cr(A®) =

e AN L,
s's'=—s/'s/"'x/
Ay

Therefore, amy=m{"® all amplitudes depend essentially
only on s and s”" If both the logarithmic and quadratic

mass terms are present in LFV amplitudemﬁtJB logarith-
mic terms contribute up te-10% of the total amplitude.
Fourth, if the t-quark contribution is multiplied by small
CKM matrix elements, box amplitudes may have large con-
tribution coming from thec quark in the loop expressions.
For instance, in the processes-e P’/ uP° c-quark contri-
bution to the amplitude is-13%. Fifth, the processes con-
taining only the function4,,, are most suitable for obtaining
new information orBy, parameters, because they are almost
independent of heavy-neutrino masses. Sixth, for degenerate
heavy neutrinos the dependence of LFV amplitudes on
LCKM matrix elements appears only through six sums
2iB|NiBI*’Ni’ [#17, andEi|B|Ni|2 (diagonal and nondiagonal
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mixings). Writing the sums in terms qg”l*s and x”, 's, one  processes are unsuitable for finding the limits on the diagonal
can easily show that if some LFV amplltude tends to zero foimixing parameters; -

s,'—0, then the amplitude tends to zero fqf, —0, |+

Iy . . .
=1", too. (Strictly speaking, reducing a paramegt byoa B. Approximative expressions for BR’s in the large-mass limit
factor a is equivalent to the reductionﬁﬂazxﬂ and x;,, and relations between them

0 .
—ax,, |#I", but, by definiion,xjj=1.) This analysis Keeping only the leading terms in the large-mass limit of
shows that LFV amplitudes may be reduced without changheavy neutrinos, the expressions for BR’s of neutrinoless

ing the diagonal mixing parametess It also indicates that LFV decays may be expressed in terms of the functi@6s
the absolute values of LFV amplitudes may attain any valuén the following, these expressions are listed. The definitions
between zero and the upper-bound value. Therefore, LF\#f unknown quantities are given below.

3.2 5
awSy M
B(l—=1"y)~—— ——| Ay |?, (42)
4 5
_ Ay
B(I =" 171} Ii=l,#")~——— Dy 1-2s2)Cy:|2+|282.C01?),
( 1l2 =1 )3><2153MF|(| g, ( w)Ciie |2+ [2853Cu %)
4 5
_ Ay
Bl —=I1""I{1J ,I'=l,=l,)~ ———— Dy —2(1—2 c,2—4 2],
(=110 1=1p)~ 3% 23 MAT, i, | D= 2(1=28{)Cy o>+ 5[ 4s5.C |2
4 5
— r—=1—1+ ’ ~ *w ml 2
B(I™—=1"71115,1,#1 ,I1)~mm|2)”/|l|z| , (43
3
=1+ e A aW MW
B(Z—I 1"t +171" ")~ a2, Ty ICi|?, (44)
4 3 4 5
- J— aWaemZeff 2 m
R(p Time Tiy~—— —|F( )IZQW |C el (45)
21072 Z 4I1capture g
gy
|IGuml~ =5 | (46)
25M7,
4, Z\2 2 \2 3.2
aw(apo) Mpo | Moo
B(r—IP%cqf)~——— | 1— — CAl?, 4
q YO z MCVFJ | (47)
4, Z\2 2\ 2 2 3.2
o (CY 0) m, o 0 7_rn 0
B(T—>IV°,CM)~%(1——V2) 1+2— | ——=lc4 12, (48)
2 TY\0 m T MWFT
box,ds, 2 2 \2 3.2
( pO ) mpO m pr
0 ~_ _ 7 7lds| 2
B(7—IP° ncqf)~ i 2 MQ,FJFbOX , (49
box,ds, 2 2\ 2 2 3
ap(a vo 9?2 Myo vo | MzMyo
B(r—IVoncqhr————| 1— — — nds2, (50)
q 1177_,)/\2/0 mi ?r Mcvrrl box
4, 72 2 2
aw(apo) m< | “mpom oo
B(PO—epu,cqf)~——| 1- —-| ————IC,l’ (51)
Mpo wl'p

036010-12



LEPTON FLAVOR VIOLATION IN THE STANDARD . ..

box,ds\ 2

PHYSICAL REVIEW D62 036010

2
W( po ) m/-L mpomePo d
B(P°—eu,ncqf)~ 1-— Fpedy2 (52)
M q 21077 ( méo M\NFPO | boxs1
0 a\‘}v m|2 2mHom|2f £1a,0)2
B(H ="~ ——| 1 — | bo |4 (53
Joem 2
al (m1+m2)
B(r—IP1P,.cqf)~ = R (54)
21673 McvarT -
aw( EiXOSd) |CK*0P1P2|2 Asd(2
B(r—IP.P,,ncqf)~ 103 IF b
(m,—m
j(m +my) dt{ a+2[(mf —m3)/mi, o] B+ [(mi - mz)/mK*0]27}|pBW(Q)|2
1 2
x , 55
MAmeT, (59
4 (mﬂ'_ml)2
dt
B(r—IP.P fH) ay HPlF’ZJ’(mﬁmz)z L‘BC ’ (56)
T— ,C ~ =C.l ,
2t o T aMAm T, 12 "
42 f(mpl ") AL 2 4A, ff A f2]
a\WCr 0 ++ 1+ +— -
B(Kyy )~ WEK* 0Ky J (m,—mg)? |F'“|Sd|2 57
W 2143 MﬁvmﬁFKW box | 1
Ua)2 f(mH dt[apzpl+ apbpZp,+b3Zps]
B(H,— Pl 1)~ N Jamem 2 TOGIRE 58
—
a 2133 Msv mi{ aFHa box
Gay 2
_ W( V) e} 1 (mH
B(Ha— VI 11)~ Foo %2 dtaZ +b2Zy,+c2Zys+diZy,+aycyZ
( a 21277_3 | box | M\‘}Vm%aFH (ml+m|')2 [ V&V V&V2 V&V3 V&V4 V¥ V&V5S
+bycyZyetbydyZyz+cydyZys], (59
4
, (mg—m )
B(B—B'ep)~ 5 S FhiT f P AL+ gD+ A(f]— gD+ Ag(f101) + Ax(010s)
2 WmBF (mﬂ+me)
+As(93)]- (60)

All these expressions are written in terms of products ofthe mixing angle for vector nonet state$n Eq. (45) aen

dimensionless factors. For the expressions containing th
dominant ternC;; ., the error one makes by keeping only the
dominant term is of the ordet 20%, because the ter@. is
always accompanied with th8,, term giving ~10% con-
tribution to the amplitude ani"®. The following abbrevia-
tions are usedsy,=siné,, cy=Cco0s6y (6, is Weinberg's
angle, sp=sinfp, cp=cosbp (6p is the mixing angle for
psudoscalar nonet stajeandsy=sinfp, ©,=co0sfp (OIS

e1/137 is the fine structure consta@t,is atomic nhumber
(for 55 Ti 2=22, N=A—-Z=26), Z=1T7. 6 [70-72

is the effective atomic number of T3], F(—m ) 0.54 is

its nuclear form factof 74, 75| at momentum transfetq ~
—m [70], Qw=2Z(1— 4sW) N is the coherent nuclear
charge associated with coupling dAfboson to nucleu§71]
and ' capure is the capture rate for negative muons on Ti
[71,76,717. In Egs.(47)—(53) fp andf,, are decay constants
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TABLE II. (a) Coefficients defining the meson content in axial-vector quark currents with denoted quark
content and normalization given by E(1). Two additional coefficients are different from zenﬁo'fﬁf‘dS
=1 anda b°x sd_q, (b) Coefficients defining the meson content in vector quark currents with denoted quark

content and normalization given in E¢1). Two additional coefficients are different from zemﬂ‘ixods—
box,sd

—1landa,,, =—1.
@
PO z box,uu box,dd box,ss
Qo Apo Qpo apo
° -2 1 ot 0
V2 V2
g V% s s e S V2% s
V3 3 6 V3 6 3 V3 3
o o V2sp cp S o Sp cp V2sp
NERNE] V3 V6 3 V6 3 B
(b)
Vo a{\Z/0 a%x,uu a5%x,dd aggx,ss B\Y/O '}’\ylo
p° V2, L L 0 225,  —2y2s)
V2 2
s \/ECv02w+ Sy o S oy, sy \/ECV+ Sy 2\2cys2, - 2\2cys?,
3 _ 3 V6 B 6 3 3 V3 \3
Cv V2syCow  Cy LS cy Sy oy, V2sy 2\/2s,s3, 2\2sys%,
V3 B V3 6 V3 V6 3 B V3 V3
of light and heavy pseudoscalar mesons respectively, and 1 m2 o—iTyomyo 1 .,
yyo are constants defining the decay constants for light vec- pBW(q)_ 5 = _p\éwnom(q)
tor mesonsf,=my/yy,. The normalizations used here are Yvo mvo il'yomyo—g Yvo
(62)

AL(X)=ifpd*P(x),
is the Breit-Wigner propagator for a vector meséhmulti-
2 ; . plied by slightly modified expressiom?/y,,. The modifica-
_ 0
VEX) =4 W V#(x), forlight vector mesons, tion of the expressiom?Z/y, is made to obtaipy,,™(0)

“ =1 [66,78-8Q. The constang o+ .- is equal to thep self
fymyV#(x),  for heavy vector mesons, (61)  coupling constangy from Sec. WA In Eq.(56) M{ip,p, are
mass parameters contained in the effective nggs meson La-
where A% andV{; are the axial-vectofvector currentwith  grangian[66],
the same quark content as corresponding pseudoscalar-

meson P(x) and vector-mesorV(x) fields, respectively. Jw 2 o L 2
apo, a\z,o, 2%Xdadb, anda?/%Xd % are constants defining the EHMM:m me () + 2" ) +2my KK
meson content in vector and axial-vector quark currents con- ) 5 5

tained in quark combinations in the and box amplitudes. 2 Looo, Mkt TMgot Mz )

They are defined in Table Il. The mass of the lighter lepton is +2m KK 3 N
neglected in the expressiori47)—(53). As the composite- 5 5 )

loop function F'b'(;faqh contains two terms of approximately I 2+ +2Mico— My, 2

equal magnitude, for brevity the expresions of these BR's are 3 e

not written in terms of the functiong38). The expressions 3 9 2 2

(54)—(60) contain three-body phase integrals. The phase n 2 Z(ZmW—mw—mKo) 63)
functions may be found in the following references:g, v, 3 871>

and. in Ref.[66]; A.,, A _, andA__ in Ref.[10]; A,,

Az, Az, A4 and As in Ref. [10]. In Eq. (54), Cyop p, obtained by comparing the quark mass Lagrangian with the
=0,0,+»Cyop,p, are constants stemming from the gaugedcorrespondlng term in the chiral Lagrangléﬁl] [e.g.
chiral  U(3).XU(3)r/U(3)y Lagrangian [66] (e.g., Moo =2m2=2(2m?, +m2o)/3]. In Eq. (57) Cxxox W
Cpor+»—=1), and =aCkx 0k gr T DCix ok 7 (Kw=aKs+bKs is a weak kaon
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eigenstate, an#{ g is a mass eigenstatdn Eq. (60) f4, 0, not independent, but correlated through the Goldberger-
andgs are baryon form factors. The other baryon form fac- Treiman relatior{10]. _ _
tors do not contribute, because they belong to the second All @pproximate expressions for the/l?F{é;%)—(GO), Vall'd
class currents, or give a contribution proportional to the dif-" the Igrge—maﬁsilmyt_, eice;ﬁi(l =1l L =1#17)
ference of baryon masses. The form factbreandg, can be andB(I g _Il_.IZ)' depend only on one O.f the
defined in t f two SU(3) Clebsh-Gord ffici tfunctlons(36). In the following, the smaller of two dominant
efined in terms of two (3) Clebsh-Gor an coetticien SfunctionsD,m .. will be neglected in the two exceptional
and two reduced matrix elements corresponding to symmet- L2

. . . . expressions. The maximal error one makes in the evaluation
ric and antisymmetric octet SU(3) representations. These 'St BR's of the exceptional processes+s40%. With those

duced matrix elements are almost independent of momentury,proximations, the ratios of BR’s having the same dominant
transfer and are usually identified with their value at zerofunction (36) become independent of thémodel param-
momentum transfe) andF. The functionsg, andg; are  eters:

(8 BR's with F£%(C,0): R(uTi—eTi):B(u—ee e’):B(Z—u e ):B(m’—u’e"):B(n—pu’e’)
=1:5.60<10 2:3.77x10 2
:6.05x 10 1%1.69x 10" 1, (64)

(b) BR's with FZ' (C,): B(Z—719):B(r—17%):B(7—1p°):B(r—l7" 7 ):B(r—l¢)
B(r—I171%):B(r— 117 1]):B(r—IKTK™):B(r—IK°K®):B(r—17')
:B(7—17):B(7—lw):B(7—157):B(r—1707°)

=1:3.40<10 1:3.17x10 %:2.83x10 1:2.81x 10 1:2.64x 10 1:1.64x 10 !
:1.20x 10 1:7.43x 107 %:6.15x 107 %:4.72X 10 ?
:8.78<10 2:4.34x 10 *%5.50<10 13, (65)

(c) BR's with F{:5%:  B(K —u"e®):B(K'—n u7e®):B(S —pue):B(E°—Au e ):B(A—nu“e)
B(E -3 u e ):B(E°-2% e"):B(2—nuTe*)=1:3.01x 10 2
:1.30x 107 4:1.21x 107 4:8.66x 10 °

:6.40< 10 ":4.07x 10" 7:6.31x 10 14, (66)
(d) BR's with F{2*9: B(B™— 7 pu e ):B(B—u e")=1:3.76<10 4, (67)

(e) BR's with F{:ePS:  B(B™—K* “u7e®):B(B°—K*°u*e*):B(BY— 5'u*e*):B(B’— pu e™):B(B"—K u*e?)
:B(B®—~K°u"e*):B(B%— pu*e”):B(BY—ue*)=1:9.34x 10 1:8.83x 10" *
:8.57x10 1:7.92x10 1:7.47x10° ¢

:3.31x 10 1:4.93x 104, (68)
(f) BR's with FJl95:  B(r—en"K™):B(r—eK*?):B(r—eK®)=1:7.32x10 *:2.99x 10" *, (69)
(9) BR's with F9:B(B~— 7 77 e):B(B’—7"e")=1:1.14x10"%, (70)

(h) BR's with F{®S: B(B™—K* 7 e"):B(B°—~K*°r7e*):B(BV— ¢77 e ):B(B = 7' 7" &)
‘B(B"—K 77 e"):B(B’—~K°r"e*):B(BY— r e*):B(BY’—r7e*)=1:9.37x 10!
:8.10<10 1:6.57x 10 %:6.54x10 ':6.16x 10 *:2.76x10 %:1.63x 10 L. (71)
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For each group of BR’s the BR’s are lined up in the descendt— 1’y decays are not included in the above ratios, because
ing order. For instancg,— e conversion is the most suitable each process—1’y forms a group for itself, depending
for finding LFV in the group containing the composite-loop only on the function4,,. The numerical results for the
function F4®. The position in the group depends on the cou-ratios of BR’'s agree quite well with the exact ratios for
pling constants, phase factors and the total decay rate of thegenerate heavy-neutrino masses obtainethyat mi’2.
decaying particle. For instance, the BR’s for-IP,P, pro-  That allows one to consider only one of the decays of
cesses containing-boson amplitude are- 10'? times larger  each group when comparing theoretical and experimental
than BR’s of the processes—|P;P, containing only Higgs  results.

amplitude, because of the small Higgs-meson couplings, al- In addition to the ratios of BR’s having the same domi-
though the dominant composite-loop functions are essemant function(36), it is usefull to have relations that relate
tially the same. The ratio64)—(71) are given for measured BR’s of different groups of decays. These relations generally
processes and LFV processes that have not been studiddpend on the matrix elements®matrix and CKM matrix.

in models with additional heavy neutrinos before. TheFor instance,

B(Z— 7 €"):B(Z—7 u*):B(Z—pu"e")=|FF|%|F7%|F5%2,

1.45< 10°s~ L mpo (1—m2/m30)?

— or cqf,

2|2 F 3% : T iFE2 for cqf
I'po My (1—mgo/my)

B(7—eP%:B(7— uP%):B(P’—e* u*)=
1.45¢ 10% 1 mpo (1—m?2/m%,)?
Fred 2. FT}LdS 2. M ,u,ed 2 f f
| box | box | . 2 | boxs1 or ncqt,
FPO mM (1_mp0/m )

B(THGY)iB(T—’M)’YB(M—’eY):|B’:NBeN|23|B ,LLN|2)2 S. 635 NBeN|2
B(r—ee e ):B(r—uu” u"):B(u—ee e")~|F7¥%|F7#|%5.63F4¢?
B(r—eK 7 ):B(r—uK" 7 ):B(K =7 p¥e®)=|Feti%0.983F 492 6.89Ffel?,
B(Bi—1715):B(Bj—1317)=|F 21| |F83%°12 i ,q;=u,d,s. (72

BR’s of processes having only the logarithmic dependence on mass are several orders of magnitude smaller than BR’s
containing the quadratic mass-dependent terms. In the processes containing quarks in the final state, the presence of smal
CKM matrix elements additionally reinforces this difference. For exampleyiif

B(I—1"y):B(I—1"141,)<10"2,

B(r~—e K%:B(r —e 79)=~B(r —e 7#'K ):B(r —e 7 7w )=<10 °. (73

Between the LFV decays having the box contribution only,very heavy neutrinos is shown explicitely. The possible error
the B-meson decays have the largest CKM matrix elementsone can make using the upper-bound procedure given in the
For that reason they might be the most suitable boxSec. llID is estimated.

dominated processes for finding LFV in the futiBeacto- Theoretical results depend on thémodel parameters:
ries. “diagonal” mixings SE' , phases oB,y's and heavy-neutrino
masses. The parametes§ must satisfy the experimental
C. Numerical results, comparison with experiment upper bOP”d“‘)g Fhe heavy-neutrlno_ masses are bound by
and discussion the PUB inequalities13) and(14), while the phases dB)y

matrices are undetermined. The numerical results are in prin-
In this subsection the experimental upper bounds for thé&iple largest for degenerate neutrino masses at maximal val-
measured neutrinoless LFV BR’s are compared with the thedes ofs" parameters and maximal neutrino magg . For
oretical upper bounds obtained in tMemodel. For some degenerate heavy-neutrino masses the phase dependence of
interesting unmeasured processes, the theoretical uppBfy matrices is contained in the parametgys .
bounds are given, too. The results are discussed. The limit on The numerical values for BR’s an@,;, depend on a
the nondiagonal-e mixing is updated. The decoupling of number of “SM” particle properties, too: decay rates of par-
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ticles, masses of the particles included in the decays, CKM g=0.2, B=0, A=-0.34 GeV?
matrix elements, decay constants of mesons, quark masses
included in loops, mixing angles, various couplings, etc. Al-
most all these quantities are taken from R86], or derived

from the data given there. For instance, masses ofitdes, That way, all parameters are defined.

¢, andb quarks are taken to be equal to the average of the rqr measured processes, the experimental and theoretical
upper- and lower-bound values. The CKM matrix elementqJpper bounds of the exact BR’s are compared in Tab{a)lll

are derived in the same way. Thejuark mass is set to be g some interesting processes that have not been measured,
equal to the experimental value obtained from the direct obg,e theoretical upper bounds are given in Tablébjll In

servations oft quark. For pseudoscalar-meson decay CONpoih aples, the numerical part of the theoretical results is
stants of light mesons, we took the values partly from Refg, ajuated for degenerate heavy-neutrino masses and the

a;=—-0.13 GeV? a,=-0.36 GeW? (77)

[36] and partly from Ref[82], maximal heavy-neutrino mass permited by PUB, maximal
f_+=130.7 MeV, fy+=159.8 MeV, sf' values and neglecting thg,y phases. The factors;,
Yurs Yiny,, andzy, describe the deviation of BR's from
f_o=119 MeV, these values, when the model parameters assume other val-

ues. The factory,;» andy;, i, give only the behavior of the

dominant,mﬁ-dependent term, on the model parameters. For
my values for which the terms quadratic By, matrices
begin to dominate ry~1000-1500 GeV), thez,, terms
. . begin to dominate.
Due to the isospin symmetry o= fio="fx=. The constants Comparing the theoretical upper bounds for the processes
yvo, defining the deé:ay constants of light vector mesons, argy the same type with different leptons in the initial and final
extracted from the/"—e"e" decay rates state, one can see that they are often comparable in magni-
tude. For instance, upper bounds for BR’s of the processes
¥,0=2.518, y,=2.933, y,=3.116, (75 1—=1"y, I=l"l4l,, and Z—Il' are of the order~1C?,
~10°%, and~10 °, respectively. For that reason, the muon
or estimated using the $B) octet symmetry,yyxo= v,0. LFV processes which have been measured with the greatest
For all decay constants @ andD* mesons, the conserva- Precision, are the most attractive for finding LFV. A process
tive value 200 MeV is taken. The decay constantBaind  With weaker experimental bounds may be interesting only if
B* mesons are derived using the scaling law for decay corthe parametés) x,,, for that process igare large.

f,7=131 MeV, and fn,=118 MeV.
(74)

stants derived from HQET, If, for a specific process, the theoretical upper bound is
larger than the experimental one, then the process gives the
£~ mole2 (76) better bound on a specific combination Bfy’s than the
H Hoo

limit (4). The processes for which this ratio is larger than one

areu—ey, u—eee uTi—eTi, r—ep’, r—enr* 7, and
The weak fine-structure constant is defined asy  z—er. For the last three processes the ratio is very close to
= aem/Sirly, with cosy=Mw/Mz. The p—m—m COU-  gne. As their amplitudes are dominated in, part of the
pling constantwhich is equal to the-meson self-coupling amplitude, the new limits o,y combinatons contaim?
constantis derived from thep— 2w coupling width. Other 555 gependence, too, and therefore are uninteresting. For
vector-meson—pseudoscalar-meson couplings of light m&ng first three processes the ratio is much larger than one, and
sons are fixed by one of the chiral model Lagrangiangpe, 4o give new limits on specific combinationsiy,’s as
[57,68. The mixing of the vector-meson nonet states is dep oy jn Ref[12]. Since that paper was published, the lim-
termined from the quadr_afuc Gell-Mann—Okubo mass for—i,[S on B(u—ey) and R(u Ti—eTi) improved by factors
mula 6,=39.3°. The mixing of the pseudoscalar-meson1_3 (4.1 [86]) and 7, respectively. The improvement of

nonet states is extracted from the'e” —efe  yy* . ot : g
i B(u—e ives a new limit on nondiagonal-e mixing,
—e'e (P—1yy) experiments[83], p=—23°. The only (n—e7) g gonal 9

“SM” parameters that are not firmly established are “HQET NG

+CHPT” parameters describing the semileptonic LFV de- > B, Biy<2.15<10"* (1.19x10°%). (78
cays of theB mesonsg, B, \, a1, and a, (see Sec. IVA =1 L
The corresponding parameters fdrmesons have been de-
termined by fitting the theory to the experimental values o
the semileptonic decays ob mesons[56,84,89. The

fTo obtain the limit on the nondiagonale and - mixings,

the present experimental sensitivitiesof:1 decays should
B-meson parameteis, a;, ande, may be derived from the improve py two ord(_ars of magnitl_Jde. It is interesting that the
D-meson parameters from the scaling laws for the vector an_&T'_’eT' co.nv.ersmn also nglves l/ery good mgss-
axial-vector currenf51]. The parameteg is independent of ndependent limit on the surl; 2B,y Bey, . Namely, uTi

a heavy-quark mass, and the value of param@tirconsis- — e Ti amplitude contains the mass-independent part coming
tent with zero. The beds-meson parameters obtained usingfrom the photon exchange. If the terms in tpeli—e Ti

the above procedure af85] amplitude do not cancel completely, one can make an esti-
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TABLE lll. (a) The comparison of experimental and theoretical upper bounds on LFV BR’s. Experimen-
tal upper bounds for unmarked processes are taken from[B&f.while those denoted b§ are from Ref.
[37]. The newest valuBYB(n~—e ™ y)=1.2x10 is given in Ref[86]. (b) Theoretical upper bounds for
some interesting BR’s, for which experimental upper bounds have not been found.

@

Process Boxp Bi?

fum ey 3.8x107 1! 8.08x 10 %%’
ey 2.7x10°° 3.38x 10 8x%,
TouTy 3.0x10°° 6.68< 10 °xZ,
w —eefte” 1.0x10 12 6.41x10 7y%,
T —ee'e” 2.9x10°° 2.69x 10 6y2,
o u ut e 1.9x10°8 4.48<10°7y?,
e utu” 1.8x1076 1.44x 10 y?,
T —ouete” 1.7x10°8 3.71x1077y?,
—etuT " 1.5x107° 1.32<10°%2, .
T oute e 1.5x10°8 6.67<10 %y%q,
T —e am 3.7x10°© 2.77x 10 %y2,
ou 4.0x10°° 5.40<10°y%,
T —ey 8.2x10°© 4.01x 10" Ty?,
T uTy 9.6x10°° 7.81x10 8y?,
T —e p° 2.0x10°® 2.70< 10 5y?,
T —u p° 6.3x10°° 5.27<10°7y2,
e ¢ 6.9x10°° 2.30< 10 %y?,
T ou 7.0<1078 4.46<10°7y2,
et 2.2x10°° 2.67x10 Sy%,
TR A 8.2x10°° 5.19<10°7y?,
T —e KK 6.0x10°° 1.07x 10" by?,
o u KK 15x 1078 2.07<10°7y2,
e ut 1.72x10°8 5.54< 10 ¥y?,
n—e ut 6x10°© 1.61x 10 1%y2,
Z—e u” 1.7x1078 3.43x107 7y~
fze 7" 7.3x10°® 8.08x 10 %y2,
2t 10x 1076 1.59<10 %y2,
T Tioe Ti 6.1x10 13 1.01x107%y%,
7~ —e KO 1.3x10°3 9.82x 10 *%2,
T —u K° 1.0x1073 1.93107'%2,
7 —e K*O 5.1x10°° 2.40< 107 1%,
o u K*O0 7.5x1078 4.68<107'%2,
—e K*O0 7.4x10°° 2.40< 107 %,
7 K*O 7.5x10°° 4.68<10° %2,
e mK 6.4x 10°° 3.29¢ 10 %2,
T pT K 6.5<10 ° 6.37<10 %2,
e 7K' 3.8x10°° 3.29x10 1%,
T opT KT 7.4x10°° 6.37<10 %2,
Ko—e T ut 2x 10 1 3.16x10 %,
K — e u* 3.2x10°° 0

Kt —mteTu® 4.0x10 9.72<107 %2,
BY—eTu® 5.9x10°° 3.07x10 2,
B e* st 5.3x1074 1.61x10 %2,
BTt 8.3x1074 3.18x107'%2,
Bl et u” 4.1x10°° 6.11x10 %%,
B —meu 6.4x10°° 8.16<10 '3,
B —K e u* 6.4x10°3 1.02<107 1%,
BY— K% u* 1.8x10°° 9.57<10 %,
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@
Process Boxp By
—e wn 6.5x10°° 4,02} 10 182,
7 —u 700 14x 1078 7.91x10° %2,
e gy 35x10°° 3.16x10 *y2,
T ouT gy 60x10°° 5.94<10 %2,
—e 7'y 22x10°° 0
T —u 7y 24x10°° 0

(b)
Process Bi? Process BtUB
7 —e KoKO 6.625< 10 'Z%, B™—K* e u* 1.19x107 %7,
7 —u KOKO 1.282x107722, B —K* e’ 7" 1.96x 107 %72,
Be—e’r 3.34x1071%%, BT —K* puT 3.85<10 %22,
Bl—u™ 7" 6.62<10 2, BO—K*%e¥ " 1.12<10 %%,
B —m e 7" 1.14x10 %72, BV, K*0g™ 7+ 1.82x10 °Z%,
B —m u 7" 2.24<10° 122, BO—K*0p™ 7+ 3.60<10 %22,
B"—K e "7 1.34x 10’922? BlpeT u* 1.01x 10 10229
B —K u*7" 2.63x10 122, BYge™ r* 1.56x 10 %2%,
BOKle™ 7+ 1.26x 107 %22, Blpu 1 3.06x10 %22,
BO— K% ™ 2.48x10 %2, St opetut 4.09<10 82,
BY— e p* 4.24x10 M2, A—ne’u” 2.74<10° %2,
BY— e’ " 5.64x 10 %72, 20 AeTu” 3.18x10 87,
B pu 1.11x10 %2, =0-3% u* 1.29¢10 %2,
Bl et ut 1.13x107%%7, E -3 etu” 2.02<10° %2,
Bl et st 1.35x 107 %72, S0 netu” 1.99<10 22,
Bl T 2.64x107 %22,

mate of the sum by attributing the whole amplitude to theSuper-Kamiokande result might be a sign to search for LFV

photon-exchange part of the amplitude. That way one cammong processes with tauon and muon in the fiaat ini-

only make a worse estimate of the sum. The limit one ob+ial) state.

tains that way is To estimate how large an error one can make using the
upper-bound procedure from Sec. Il D, the BR’s for the pro-
cesses uTi—eTi, Z—u 7, K .—e u™, and B~

(79 —K*~u* 7" are evaluated using both the upper-bound pro-
cedure and the “realistic’'B;y’s (16). These processes are
chosen because they have the maximal BR within the group

) ] of processes with the same dominant composite-loop func-
For all processes whose amplitudes comprise only the bo

amplitude, the theoretical upper bounds are several orders gf’ n. The first two of thﬁ?{? dprocesses contﬁfb function
magnitude smaller than the experimental upper bounds. F@nd the last two contaiR, ™ function only. The BR’s are
theK, —e™ u™ decay the ratio of theoretical and experimen- evaluated for degenerate heavy-neutrino masses and two sets
tal upper bound is largest, 1.580 %,. As the present of s andx;, parameters for which the maximal theoretical

experimental limit is 2¢10°* [37], its significant improve- | 5,e forB(u Ti—eTi) is equal to the present experimental
ment cannot be expected. Although the experimental UPP&foner bound. The first set is obtained from the “maximal
bounds for semileptonic LF\B-meson processes are weak,

the corresponding theoretical upper bounds are of the ordéFt [s"s from Eq. (4) and allx,,=1] by replacing the

~10"°. Therefore B-meson decays are interesting for find- maximal value for §¢)® with the value §°)*=4.29

ing LFV decays in the near future. X 10 19=7.1x 103X (2.459x 10" %)2. The second set is
The recent Super-Kamiokande experiment shows there isbtained from the “maximal set” by putting<,.=X,

a large mixing betweer, and some other light neutrino, =2.459x 10 *. The first set is used both within the upper-

very probablyv . If the additional heavy neutrinos exist, this bound procedure and with the “realisticB,, matrix ele-

ight suggest a large “angle” parametreiﬂ. Therefore, the ments introduced in Eq16). The second can be applied

nG
;1 By, Béy <3.93x 1074,
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FIG. 1. The BR’s and the upper bounds of the BR’s for four
leading processes of the groups of processes given in (B4s. FIG. 2. The BR’'s and upper bounds for BR's for the same
(65), (66), and(71). Each of these four processes is shown in one ofprocesses as in Fig. 1, but now evaluated as a function of the ratio
four panels. The BR’s are evaluated for degenerate heavy-neutrir@f two heavy-neutrino massesy,/my, . For all curves the first and
massesmy . The model parameters are adjusted so that the maxithird masses are taken to be degeneratg,=my_ =4000 GeV,
mal BR values are smaller than the present experimental uppevhile the second mass assumes values within the interval 1
bounds. Itis assumed that the “angle” parametgf~1, in accord smNzlles 10°. The types of lines represent the same sets of
with the Super-Kamiokande measurements. The full line represen{sarameters as in Fig. 1. In the first panel, representinguthee
the upper-bound calculation keeping the paramegrsequal to  conversion on Ti, additional curve is added, to show that one can
one, and adjusting thg”" parameters:®)2=4.29x10"*°, (s/*)>  always achieve theoretical values smaller than the present experi-
=1.4x10"3, and (;7)?=3.3x10 % The heavy, long-dashed line mental bounds. The calculation for that curve was made within the
represents the upper-bound calculation keepingsthequal to the  upper-bound procedure, fot;, =1, (s/%)?=(s,*)?=0.5x10"1°,
present experimental upper-bound val@®s and adjusting the;; and (sff)2=0.033.
parametersx o= X,.=2.459< 10"*, x,,= 1. The dotted line repre-
sents the calculation with the “realisticB, matrix elements, and

with the same parameters as for the full-line calculation. tude terms may appear in the BR’s evaluated with the “re-

alistic” Bjy’s, as in the case oft Ti—eTi. Fifth, the error
only within the upper-bound procedure, because the procesne can make in the evaluation of the maximum of BR’s
dure with the “realistic” B,y matrix elements has fixex|, using the upper-bound proceduresislO for processes with
values. In all calculations,,, is kept to be equal to one in the box amplitude only, anet 100 for processes witd am-
accord with the Super-Kamiokande results. The BR’s arelitudes. The flat behavior af—1*1'* at my~100 GeV
presented in Fig. 1. as functions of the common heavy{~m,) is a consequence of treshold effects.

neutrino mass. The figures illustrate the following properties As shown in Sec. Il C, all heavy-neutrino masses, except
of the BR’s. First, for allmy values, the upper-bound proce- one, can assume any value between zero and infinity. BR’s
dure gives larger value than the “realistid,\’s. Second, should not assume values larger than one in the whole pa-
while the BR’s evaluated in the upper-bound procedure infameter space permitted by the model. The illustration of
crease in the whole region ofiy values permitted by PUB, convergence and of good behavior of branching ratios evalu-
the BR'’s evaluated with the “realistic’'B;y’'s may have a ated using the upper-bound procedure and “realistgy’'s
maximum below then}”®. The maximum is a consequence is given in Fig. 2. BR’s are evaluated keeping two masses
of the mass dependence of the “realistiBjy’s. All BR’s of equal, while the third one is assumeed to take very large
processes with thbox-amplitude only have the maximum, variable values. In Fig. 2 the BR’s for the same processes as
but it can appear in the BR’s having tteamplitude, too. in Fig. 1 are given, but here as a function of ratio of the large
Third, by a reduction ok;;,’s one obtains results which are mass (ny,) and mass which is kept constanmty =my_).
numerically equivalent to the results obtained by a reductiorGraphs in Fig. 2 show that the very heavy neutrinos de-
of sE' parameters. Fourth, a strong cancellation of the amplicouple, and therefore, that the nondecoupling of heavy neu-
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trinos is only a transient effect. Within the upper-bound pro-and w leptons in the finalland initia) state will be most
cedure, the decoupling of the very heavy neutfho interesting for finding LFV. In addition to BR’s for the low-
manifests as the equality of BR values for degenerate heawnergy neutrinoless LFV decays, the constant characteristic
neutrinos and when some of masses tend to infinity, whildor the muonium-antimuonium conversidpy,y is evalu-

for “realistic” B;y’s BR’s reduce in magnitude. Figure 2 ated. The result obtained is too small to be interesting experi-
also illustrates that the upper-bound procedure is very crudmentally.

in the transient region where the upper boufty and up- All the above results depend only on the gauge structure
per bound(14) are almost equally effective as the secondof the model used and masses of heavy neutrinos. The results
(15 bound. To show that, with the proper choice of thedo not change if the massless neutrinos are replaced with the
parameters, experimental limits are always satisfied, in théght neutrinos satisfying the present experimental limits. A
first panel of Fig. 2 the additional BR curve is added, evalu-comment on extraction of heavy-neutrino mixings from as-
ated in the upper-bound procedure for parameters for whictrophysical observations is given. Following tWenodel as-

the maximal BR value is smaller than the present experimensumption of massless “light” neutrinos, an analysis of oscil-
tal upper bound foR(u Ti—e Ti). Only the top of the curve lations of three massless neutrinos in the supernovae is done.
is seen in the figure. The curves obtained using the “realisThe analysis gives the limits on mixings in the massless-
tic” Bjy’s are much smoother than the curves obtained frormeutrino sector that are in a slight contradiction with the
the upper-bound procedure. Therefore, for nondegenerat@uper-Kamiokande results.

heavy neutrinos good knowledge of tBg, matrix elements

is necessary to obtain reasonable estimate of the BR values. ACKNOWLEDGMENTS
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model parameters, only six processes have the theoretical
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—eee uTi—eTi, 7—ep®, r—ewr" 7, andZ—er. For
these processes, new limits on combination8 @f matrices

VI. CONCLUSIONS

The form factorsap and b, and ay, by, cy, anddy
follow directly from matrix elements of corresponding had-
ronic currentg26). They read

are obtained. The first three have been studied bgfti2g AL

. .. . Lo fH er* P2-q (mler*
and they give a new limit on the nondiagonale mixing. ap=— ¢~ : 5 5
The limit is updated here. For the last three, the ratio of the P PoMyw Q7= My,
theoretical and experimental upper bounds are very close to .
one and the limit obtained is mass dependent. Therefore, it is fopr p,-q | (mimy,, )2
not useful. A two-orders-of-magitude improvement of ex- bp=29 o 1 2 - (A1)
perimental sensitivities is needed to obtain mass-independent ) H*
limits on the nondiagonal-e and 7-u mixings from 7

. . and
— |y decays. Concerning the processes with the box ampli-
tude only, theK, —e* ™ decay has the best ratio of theo- (m3 m;, )12
H* H

retical to experimental upper bound. Nevertheless, neutrino- ay=2%\g,f},

less LFV B-meson decays have BR’s of the orded0 °, qz—mi{,*
which makes them interesting for finding LFV in future ex-

periments. If the structure of the massless part ofBhea- (m;,*m;{l)m
trix is as suggested _by the Super-Kamiokande exper_iment, bV=—21/2,89Vf,’12—2
one may expect that in the future the processes containing a™= My
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c :_21/2a g (m/ )1/2, max
v v Zpr= anff; ds14 2(P1- PaPa- Pat P1- PaP2- Pa
(my*)Y2 513
_oll2
dy=2 m2 (A2) —P1-P2P3 P4 ],
1
The phase functiondp;, i=1,2,3, andZ,;, i=1,...,8in st 2
the square bracket expressions in Ej) read Zp3= om0 dS1d 2Py P3P2: Pa—M2P3- Pal,
Smax (A3)
Zplzfnﬁ ds1d 2p;- PsP1- Pa— MIP3- Pal,
13 for H—PIl’ decays and
Zyy = f:nfi dsid P1-PaP1-P2P2: Pat P2- P3P1- PaP1- P2~ MiP2- P3P2- Pa—M3P1- P3P1- Pal,
13
Sis _ 2 1 2 1 2 1 2
Zyp= | - dsig —q P3-0dPs A+ 50"P3-Pat —(p2-q) P3-aP4-q— 59°P3- P4/ |,
S13 L mz
sTsax _ 1 1 2
Zyz= | - ds;g p3-psat—; P2:P3P2 P4~ 5MaP3- Pa] |,
S13 L m;
S5 - 2 1, 2 1 2 1,
Zya= Gmin ds;g —q°p1-P3P1-Pat 5M1G"P3- Pat ?(pZ‘Q) P1-P3P1-Pa™ 5M1P3-Pa )|,
13 L 2
Zys= Lsnﬁ ds;d 2p;- P3Pz P4~ 2P1- PaP2- P3l,
13
S 2 1
Zye= Jmin ds;g —2p3-qpsq+9°ps- Pat ?pz'Q(DZ'p3p4'q+P2'p4P3'q_p3'p4p2'Q) ,
13 2
_ [ — a2 — a2 2
Zy7= J;mm ds13{ Q°P3-AP1-P4—Q"P4-qP1-P3+0"P1-qP3- P4
13
1 2
"‘?(pz'Q) (P3-0P1-Pa- +ParAP1-P3—P1-AP3- Pa) |,
2
sis 1
Zyg= i ds;d —P3-AP1-Pa—Pa-AP1-P3t P1-dPs-Pat ?pg-q(pz-p3p1-p4+p2-p4p1-p3—p1-p2p3-p4) ,
13 2
(A4)

for H—VII' decays. The,, p,, p3, andp, are four-momenta of a heavy mescoh)( a light meson P of V), a lepton(l)
and antilepton|(’), respectively. The corresponding massesnayem,, ms, andm,. The phase functions contain integration
over Mandelstam variable ;= (p; — p3)2. The limits of integration are defined in the standard \\2§].
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