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The flavour non-diagonaldecayK0
L
� µē, predictedby the SO(10)GUT model to oc-

cur at theMC scale,hasnot beenseenin experiments.Thelimit on thebranchingratio is
B
�
K0

L
� µē��� 3 � 3 � 10� 11. In themodel,MC turnsoutto beundetectablylarge.Its version

basedon D parity, however, admitsa muchsmallervaluefor MC which is detectable.For
this reason,asarguedin theliterature,B

�
K0

L
� µē� canbepushedto thelevel � 10� 12 in

thecontext of thisversion.Thisargument,aspointedout in thispaper, ignoresthebearing
of thepseudo-dimensionruleon thedecayconcernedwhich is forbiddenandassuchsup-
presssedby this rule.As anecessaryoutcomeof thissuppression,B

�
K0

L
� µē� is destined

to lie farbelow thelevel of 10� 12 and,accordingly, theprospectof experimentaldetection
of this decayturnsout to bemuchlessthanwhat is conventionallyexpected.This paper,
therefore,concludesthat thenon-observationof this decaydoesnot disreputetheSO(10)
GUT modelwith D parity.

PACSnumbers:12.10.Dm;12.60.-i UDC 535.217,539.21

Keywords: SO(10) model, grand unified theory (GUT), flavour non-diagonaldecay, pseudo-
dimensionrule

1. Introduction

TheSO(10)model[1-5] of GUT predictsa lot of new physicsif its spontaneoussym-
metrybreakingis assumedto proceedvia theleft-right symmetricpathSU(4)C � SU(2)L �
SU(2)R, which is oneof thetwo maximalsubgroupsof theSO(10)group.Thispathgives
riseto threeintermediatemassscales(IMSs),namelyMC 	 MWR andMZR, lying betweenthe
unificationscaleMU andMW scalewith MU 
 MC 
 MWR 
 MZR 
 MW. Thenew physics,
which occursin thescenarioof themodelconcerned,owesto theseIMSs for its genesis.
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Thesamemodel,however, predictstheexistenceof anadditionalIMS if thediscretesym-
metryD parity [5-7] (which is a two-elementsubgroupof theSO(10)group)is explicitly
takeninto account,providedthesymmetrybreakingof thismodelis assumedto takeplace
via thepathD � SU(4)C � SU(2)L � SU(2)R. Thenew scaleMD is introducedin suchaway
thatMD � MC. Apart form its importantconsequences[5–7], its introductionbrightensthe
prospectsof experimentalverificationsof theSO(10)-predictionsrelatingto new physics
astheotherthreeIMSs areloweredbecauseMD is sandwichedbetweenMU andMC. In
passing,wealsonotethattheSO(10)modelfails to populatetheregionlying betweenMU
andMW with new physicsif its spontaneoussymmetrybreakingis assumedto proceedvia
theleft-right asymmetricpathdescribedby its othermaximalsubgroupSU(5) � U(1).

In this paperwe shallbe interestedin thedecayK0
L 
 µē which,beinga flavour non-

diagonalprocess,is strictly forbiddenby the standardmodel, i.e., SU(3)C � SU(2)L �
U(1)Y. This decay, therefore,is importantin its own right as it carriesthe signatureof
the new physicsassociatedwith the MC scaleat which this decayis predictedto occur
by the SO(10)model.As is well known, the MC scalearisesdueto spontaneousbreak-
ing of SU(4)C symmetryto SU(3)C � U(1)B � L symmetry. Thecrucial role playedby the
SU(4)C symmetryin thecontext of thedecayK0

L 
 µē is reflectedin the fact thatquark-
leptonpartialunificationis describedby thissymmetrywhich treatsL andassuch � B � L �
asthe fourth colourdegreeof freedom[8], L andB denotingleptonnumberandbaryon
number, respectively. This symmetryadmitstheconversionof thequarkscomprisingK0

L
into theleptonsnecessaryfor theoccurenceof thedecayK0

L 
 µē. This decayis a gauge
mediatedprocess,asis evidentfrom thetreelevel Feynmandiagramshown in Fig. 1, un-
derlyingthis decay. It is alsotransparentfrom this diagramthatthegaugebosonsX must
beleptoquarkbosons.Furthermore,asthisdecayis predictedto takeplaceattheMC scale,
thecolouredgaugebosonsX belongto thesetof thefifteengaugebosonsof theSU(4)C
symmetry. TheseX bosons,carryingelectricchargeQ � 2� 3,areSU(2)L singletsandcon-
stitutea colourtriplet. As theSU(4)C is actuallyresponsiblefor theexistenceof thedecay
K0

L 
 µē, this decayis alsopredictedby any modelin which this symmetryis embedded.
It is worthwhilementioningin this context that this decayis alsodescribedby horizontal
symmetry[9,10].

In orderto preparethenecessarybackgroundfor ourmotivationin this paper, we pro-
ceedby notingthatthefollowing expressionfor thebranchingratioof thedecayK0

L 
 µē
hasbeenobtained[5,6] with thehelpof theSO(10)GUT model:

B � K0
L 
 µē��� 10� 8 � 100TeV

MC � in TeV� � 4 �
Thisexpressionrevealsclearlythatthevalueof thebranchingratioof thedecayK0

L 
 µē is
significantlyenhancedin theSO(10)GUT modelwith D parity relative to thesamein the
context of theSO(10)modelwithoutD parityasthevalueof MC is muchlessin theformer
modelcomparedto its valuein thelattermodel.It is worthmentioningherethatthedecay
consideredhasnot beenobserved in experiments,but B � K0

L 
 µē��� 3
�
3 � 10� 11. This

empiricalfact in turn impliesMC � 2 � 102 TeV. Keepingthesetwo boundsin mind,and
by choosingasuitablevalueof MC � � 103 TeV, whichis detectable),onecanobtainavalue
for B � K0

L 
 µē� ashighas � 10� 12 within theframework of theSO(10)GUT modelwith
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D parity, asarguedin Ref.5. Theimportantpoint to benotedhereis thatthis argumentis
basedon theimplicit assumptionthatthedecayK0

L � µē is favouredby all selectionrules
relevantfor theMC scaleandassuchoperative in this decay. This is, however, not really
thecasebecausethis decayis forbiddenby thepseudo-dimensionrule (PD rule) [11–22]
which, for thereasonpointedout in Sect.3 of this paper, is valid for all massscales.Due
to thesuppressionof thedecayK0

L � µēcausedby this rule, its branchingratio is destined
to lie muchbelow the expected[5] level of � 10� 12. Our motivation in this paperis to
highlight thepoint that thevalueof B � K0

L � µē� couldbepushedto the level � 10� 12 if
this decaywereactuallya favouredone,asimplicitly assumedin theliterature[5,6]. One
of our intentionsin this paperis to emphasizethat theprospectof experimentaldetection
of thedecayconcernedis muchlessthanwhat is expectedfrom theargumentmentioned
earlier[5].

s

d e

X

µ+

Fig.1. Treelevel Feynmandiagramthatleadsto thedecayK0
L � µē in modelswith SU(4)C

unification.X denotesa leptoquarkgaugebosonof thissymmetry.

This paper is organisedas follows. The essentialpoints regarding the pseudo-
dimension(PD) rule arediscussedin Sect.2. In Sect.3, this rule is exploited to demon-
stratethat theFeynmandiagramunderlyingthedecayK0

L � µē is forbidden.This means
that this decayis forbiddenby thesamerule. This in turn implies thatsuppressionmust
bewitnessedin this decay. Thebearingof this suppressionon thebranchingratio of the
decayconcernedis discussedin thecontext of theSO(10)GUT modelwith D parity. The
conclusionsaregivenin Sect.4.

2. Pseudo-dimensionrule
In this sectionwe presentanoverview of thepseudo-dimensionrule [11–22]by con-

sideringthe salientpoints regardingit. This rule is expressedin termsof the pseudo-
dimensions(discussedbelow) of the fields of particlesinvolved in a decayprocess.The
moststriking featureof this rule is that it coversall typesof decays(strong,electroweak
andsuperweakdecays)for thereasonto bepointedout in thissection.It is worthmention-
ing herethatthis rule is alsoapplicableto productionof particles[14–18]throughdecays
of otherparticles.

To facilitateourdiscussiononthepseudo-dimensionsof fields,wefirst focusouratten-
tion on their canonicaldimensionsastheformerdimensionsarerelatedto thelatterones.
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As is well known,thecanonicaldimensionsare1 for all bosonfieldsand3/2for all fermion
fields. Thesedimensions,therefore,arerelatedto the statisticsobeyedby the fields,but
not to their respective actualspins.It is, therefore,not surprisingthata non-trivial decay
selectionrule cannotbe framedin termsof thecanonicaldimensionsof the fieldsof the
particlestakingpartin adecayprocess,aspointedout in Ref.13.Thisdifficulty, however,
canbe bypassed[13] by switchingover from the canonicaldimensionsof fields to their
pseudo-dimensionswhich reduceto theformeronesfor somespecialcategoriesof fields.
In fact,pseudo-dimensionsareassignedto fieldsby imposingthefollowing requirements
onsuchdimensions.

(i) Thepseudo-dimensionof a massive field, be it a bosonor fermionfield, carrying
integralscalarquantumnumbersandnon-zerospinJ, mustbelinearly relatedto J in such
a way thatit coincideswith thecanonicaldimensionof thisfield if J  1! 2, andbecomes
largerthanthelatterdimensionif J " 1! 2;

(ii) thepseudo-dimensionsof masslessfermionandbosonfieldsandof massive spin-
zero bosonfields having integral scalarquantumnumbersmust be identical with their
respectivecanonicaldimension;

(iii) thepseudo-dimensionof a field carryingfractionalscalarquantumnumbersmust
be lessthanthat of a field having integral scalarquantumnumbers,providedboth fields
sharethesameactualspin.

Denotingthe pseudo-dimensionof a field by d andmakinguseof the requirements
statedabove, it is easyto obtainthe following formulae[11–22] for d. The derivations
[13,18,22]of theformulaearegivenin AppendixA1.

As statedabove, therequirement(i) refersto a massive # m ! 0$ field with J ! 0 which
carriesintegralscalarquantumnumbers.This requirementleadsto:

d  3J; J ! 0 % # 1$
which holds true for all massive bosonfields with J ! 0 and all massive fermion fields
exceptthequarkfields(whichcarryfractionalscalarquantumnumbers)asEq.(1) is valid
for afield having integralscalarquantumnumbers.

Also, takingadvantageof therequirement(ii) thefollowing formulais valid:

d  3! 2 & # 2$
This relationis applicableto all masslessfermionfieldswhich carryintegral scalarquan-
tumnumbers.

Furthermore,therequirement(ii) yieldsthefollowing formula:

d  1 & # 3$
This formulacoversthebosonfileds(with integral scalarquantumnumbers)thepseudo-
dimensionsof which are not given by Eq. (1). In fact, this formula holds true for all
masslessbosonfields with J ! 0. Suchfields includephotonandgluon fields. The same
formula is alsovalid for all massive as well as masslessbosonfields with J  0. This
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formula,therefore,is applicableto Higgsfields,scalarleptonfields(which includeẽ' ν̃e),
Goldstonefields,etc.

By exploiting therequirement(iii), oneobtainsthefollowing relation:

d ( 1) 2 for a field qα
1* 2 ' + 4,

whereqα
1* 2 denotesa spin-halffield with fractionalscalarquantumnumbers,α beingthe

colourindex. Equation(4) is valid for spin-halfquarkfieldsaswell asfor spin-halffields
Dα

1* 2 (having fractionalscalarquantumnumbers)describedby someextendedversionsof
thestandardmodelwhich includethesuperstring-inspiredE6-basedmodels[24].

Also, therequirement(iii) givesriseto thefollowing relation;

d ( 1) 3 for afield qα
0 ' + 5,

whereqα
0 denotesa scalarfield carryingfractionalscalarquantumnumbers.Equation(5)

is valid for scalarquarks(which arethesupersymmetricpartnersof spin-halfquarks)and
alsofor scalarleptoquarks[24] Dα

0 ' + Dα
0 , c which arethesupersymmetricpartnersof spin-

half field Dα
1* 2 mentionedabove.

Finally, therequirement(iii) leadsto thefollowing formula:

d ( 2
1
3

for a field Xα
1 ' + 6,

whereXα
1 denotesa vectorfield with fractionalscalarquantumnumbers.This formula,

therefore,is applicableto avectorleptoquark[24].
A few remarksare in order here. Equations(1) and (3) reveal that the pseudo-

dimensionsof bosonfields with integral scalarquantumnumbersare integral. In sharp
contrastto this,thepseudo-dimensionsof bosonfieldswith fractionalscalarquantumnum-
bersarenon-integral,asreflectedin Eqs.(5)and(6), andbecomefractionalfor suchfields
with J ( 0 asevident from Eq. (5). Needlessto mentionthat canonicaldimensionsfor
bosonfields are invariably integral, whethertheir scalarquantumnumbersare integral
or fractional. It is worth noting herethat pseudo-dimensionsof fermionfields, like their
canonicaldimensions,areodd-half integral asmanifestedin Eqs. (1), (2) and(4). It is
remarkablethat thepseudo-dimensionof a spin-halffield with fractionalscalarquantum
numbershappensto be fractional,asevident from Eq. (4). Thereis hardly any needto
emphasizethatcanonicaldimensionof a fermionfield cannever befractional,evenif its
scalarquantumnumbersarefractional. It follows from our above discussionaswell as
from Eqs.(1)–(6)thatthepseudo-dimensionsof fields,in general,aredifferentfrom their
respective canonicaldimensions.However, asstressedearlier, the formerdimensionsre-
duceto thelatteronesfor somespecialcategoriesof fieldsmentionedin thecontext of the
requirements(i) and(ii). This facthastheobviousimplicationthatpseudo-dimensionsof
fieldsadmittheinterpretationof somekind of its dimension.

We now definethequantitiesin termsof which thePD rule is stated.In whatfollows,
wewill denotebydu thepseudo-dimensionof thefieldof anunstableparticleA undergoing
thedecaysA - BC,EFG,......It maybestressedthatthetermunstableparticleis usedhere
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in themostgeneralsense,i.e., it refersto any particlewhichsuffersdecaysirrespectiveof
thenatureof interactionsresponsiblefor its decays.Furthermore,wewill denoteby D the
sumof thepseudo-dimensionsof thefieldsof theparticlesconstitutinga decaymodeof
A. Therefore,by definition,D . dB / dC for thetwo-bodymodeBC,D . dE / dF / dG for
the three-bodymodeEFGandsoon. ThePD rule is statedin termsof du andD defined
above.This rule reads[11–22]asfollows.

The allowed decaysof a particlearegovernedby oneandonly oneof the two con-
straints

du 0 D 1 7a2
and

du 3 D 1 7b2 4
wheredu is fixed for a given decayingparticle, whereasD can generallytake a finite
spectrumof discretevaluescorrespondingto thefinite numberof thedecaymodesof the
particleconcerned.As evident from its statement,this rule doesnot refer to the nature
of the interactionsresponsiblefor the decaysof a particle. This is preciselythe reason
for its validity in all typesof decays(strong,electroweakandsuperweakdecays).Stated
differently, this rule is valid at all massscales.In this connectionit may be notedthat
this rule is expectedto have its theoreticalbasisin a GUT. However, as is well known,
the standardmodelSU(3)C 5 SU(2)L 5 U(1)Y turnsout to be the low energy limit of a
GUT. Therefore,thismodeloffersa theoreticalbasisfor this rulewhenthis rule is applied
to decaysoccurringat low energies.Thesepoints,althoughdiscussedelsewhere[11,18],
havebeenelaboratedin AppendixA2.

We now considertheprocedurefor applicationof thePD rule to thedecaysof a given
particle.Ourfirst stepto accomplishthisobjective,asimpliedby thestatementof thisrule,
is to fix the constraintoperative in the decaysof the particleconcerned.This is because
thePDrule itself doesnotspecifywhichoneof thetwo constraints,givenby relations(7a)
and(7b),holdstruefor thedecayingparticleunderconsideration.Thisfact,however, does
not poseany problemasspecificationof the constraintappropriatefor a givendecaying
particlecanbemadeby any oneof the following two methodswhich suitsour purpose:
(i) directmethodand(ii) indirectmethod.

Thedirectmethod: Thismethodisapplicabletoaparticlefor whichthemostdominant
decaymodehasanappreciablebranchingratio. It makesuseof themostdominatdecay
modeas sucha modemust necessarilyenjoy the statusof an allowed modefrom the
point of view of the PD rule in order that this rule canhave any claim to be a reliable
decayselectionrule.To illustratethedirectmethod,weconsiderρ 1 7702 - decayfor which
the mostdominantmodeis ρ 6 2π, having a very appreciablebranchingratio. For the
decayingfield ρ, we have du . 3 which follows from Eq. (1) andfor the2π mode,D .
dπ / dπ . 1 / 1 . 2,sincedπ . 1 asevidentfrom Eq.(3). Clearly, themostdominantdecay
ρ 1 du . 3276 2π 1 D . 22 revealsthattheconstraintoperativein ρ-decaymusthavetheform
du 0 D. It is worth notingherethat the taskof specificationof theconstraintappropriate
for a decayingparticleamountsto a fixation of thesignof theinequalityappearingin the
relevantconstraint,astheequalitysignoccursin bothconstraintsgivenby relations(7a)
and(7b). In passing,we alsonotethat the direct methodrunsinto difficulty if the most

144 FIZIKA B 7 (1998)3, 139–153



MUKHOPADHYAY: SO(10) MODEL OF GUT, PSEUDO – DIMENSION RULE AND THE . . .

dominantdecaymodeonly indicatestheequalitysignandtherebyfails to fix thesignof
the inequality. This difficulty, however, canbebypassedby switchingover to theindirect
method.

Theindirectmethod: This methodis applicableto a decayingparticlewhich belongs
to asetof correlatedparticleshaving thesameactualspin.Suchasetof particlesfalls into
eitherof the two categories: (i) a setof particles(of identicalactualspin)belongingto a
particularrepresentationof a group(beingeithera globalgaugegrouplike SUf 8 N 9 or a
local gaugegrouplike a GUT group),and(ii) a setof particles(of identicalactualspin)
forminga spectroscopy (suchas,for example,ψ- andϒ-spectroscopy).

We first considerthe decaysof a particlebelongingto a setof particlesof category
(i). For the decaysof sucha setof particles,the following generalconclusionholds(as
shown elsewhere[11,18]): the allowed decaysof all particlesbelongingto a particular
representationof a group,beingeithera global or a local gaugegroup,aredescribedby
one and the sameconstraint.This fact allows to specify the form of the constraintfor
a given decayingparticlewithout any referenceto its decaymodes,if we cansomehow
manageto ascertainthe form of theconstraintrelevant for someotherparticle,provided
both particlesbelongto the samerepresentationof a group. To illustrate this point, we
considerthe particlesdescribedby a given representationof a local gaugegroup.To be
specific,weconsiderthegaugebosonsbelongingto 45-representationof theSO(10)GUT
group.Thesegaugebosons,needlessto mention,includephoton 8 γ 9 . We canspecifythe
constraintfor γ : - decayby using the direct methodin the context of the decaysγ :<;
e= e>@? µ= µ> . For the decayingfield γ : , we have du A 1 which follows from Eq. (3), and
for the e= e> mode,D A deBDC deE A 3F 2 C 3F 2 A 3, sincedeB A deE A 3F 2, asevident
from Eq.(1). Obviously, D A 3 for µ= µ> 8 D A 39 modealso.Therefore,thedecaysγ : 8 du A
19G; e= e> 8 D A 39 ? µ= µ> 8 D A 39 clearly reveal that theconstraintoperative in γ : -decay
musthavetheform du H D. Thisconstraint,for thereasonstatedabove,musthold truefor
thedecaysof all othergaugebosonsbelongingto theabove mentionedrepresentationof
theSO(10)group.

Finally, wediscusstheindirectmethodfor thespecificationof theconstraintsrelevant
for correlatedparticlesof category (ii) which have thesamespin. Suchparticlesinclude
vectorquarkoniawhich form a spectroscopy, e.g.ψ- andϒ-spectroscopy. Theconstraints
operativein theirdecayscanbespecifiedby takingadvantageof thefollowingfacts[14,20]
(whichcanbeeasilyverifiedby thedirectmethoddiscussedabove):

(i) thealloweddecaysof vectorquarkonia,whichareboundresonances,aredescribed
by theconstraintdu H D;

(ii) the allowed decaysof vectorquarkonia, which areunboundresonances,arede-
scribedby theconstraints

du I D for n A 1 ? 3 ? 5 ? J J J
and

du H D for n A 2 ? 4 ? 6 J J J
wheren A 1 for thefirst unboundresonance,n A 2 for thesecondunboundresonanceand
so on. The above mentionedfactscanbe exploited in fixing the approprateconstraints
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for the membersof, for example,the ψ-family. It is easyto checkthat the decaysof
ψ K 3 L 10M andψ K 3 L 69M , whichareboundresonances,aredescribedby theconstraintdu N D.
On theotherhand,theconstraintsappropriatefor thedecaysof thefirst (n O 1) unbound
resonanceψ K 3 L 77M andsecond(n O 2) unboundresonanceψ K 4 L 04M aredu P D anddu N D,
respectively.

3. PD rule andthedecayK0
L Q µē

In theprevioussection,wehavestressedthefactthatthePDrule is valid in all typesof
decays(strong,electroweak,superweakdecays),irrespective of thenatureof interactions
responsiblefor thesedecays.In otherwords,this rule is operative at all massscales,in-
cludingtheMC scale.This rule, therefore,mustbetakeninto accountin orderto ascertain
thestatusof thedecayK0

L R µē. Thisdecay, asalreadynotedin Sect.1, is favouredby all
familiarselectionrulesrelevantfor theMC scaleandassuchfor thedecayconcerned.For
thisreason,thedecayunderconsiderationhasbeentreatedin literature[5,6] asanallowed
onein theperspective of theSO(10)modelof GUT. However, aswill bedemonstratedin
this section,this decayis forbiddenby thePD rule. This meansthat theoverall statusof
thisdecayis thatof a forbiddendecayandnotof a favouredone,asimplicitly assumedin
theliterature[5,6]. Consequently, thisdecaymustundergosuppression.Now, weexamine
theimplicationsof thissuppression.

For our purpose,we proceedby notingthat thedecayK0
L R µē cantake placeunsup-

pressedprovidedtheFeynmandiagramassociatedwith thisdecayis notsuppressedby any
oneof theselectionruleswhich areoperative in this decay. This in turn necessitatesthat
theverticesof this diagramarenot forbiddenby any oneof thesetof theselectionrules
relevantfor this decay. For convenienceof furtherdiscussionon this point,we recall that
the verticesdescribingthe couplingof the leptoquarkgaugebosonsX of the SU(4)C to
fermionsaregivenin Ref.2 (for onefamily of fermions):

£int O gS
2

Xα
µ T d̄LαγµeUL V d̄RαγµeUR V ūLαγµνL V ūRαγµνRW V h L c L

whereα denotesthecolour index andothertermshave their usualmeaning.Manifestly,
theverticeshave theform Xαqc

αl , andthoseappearingin theexpressionfor h L c L have the
form X̄αqαlc, wherethe superscriptc denoteschargeconjugate,andq and l representa
quarkanda lepton,respectively. Needlessto statethat the forms of the verticesremain
thesamefor othertwo familiesof fermions.Obviously, theverticesinvolvedin theFeyn-
mandiagramshown in Fig. 1 have the forms indicatedabove. Theseverticesimply the
following transitions

Xα R qαlc X X̄α R qc
αl X

which shouldnot be forbiddenby any selectionrule in orderthat the verticesconcerned
maybetreatedasfavouredones.Otherwise,theFeynmandiagraminvolving thesevertices
mustsuffer suppression.The transitionsshown above, asis well known, areallowed by
all selectionruleswhich areappropriatefor theSU(4)C symmetry. Thesametransitions,
however, areforbiddenby thePDrule,asis discussedbelow.
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We now proceedto envisagethestatusof thetransitionsXα Y qαlc, X̄α Y qc
αl in the

light of the PD rule. Thesetransitions,needlessto emphasize,may be formally treated
asthe decaysof Xα into qα and lc andX̄α into qc

α and l . In Sect.2, we have notedthat
thedecaysof all gaugebosonsof theSO(10)GUT modelaredescribedby theconstraint
du Z D. This constraint,therefore,is operative in the decaysof the bosonsXα and X̄α

which belongto the setof 45 gaugebosonsof this model. However, beforewe employ
this constraintin Xα- and X̄α-decay, it is desirableto examinethe performanceof this
constraintin the context of the decaysof someother gaugebosonwhich is a member
of the setof 45 gaugebosonsdescribedby the SO(10)GUT model. To concretizeour
discussion,we considerZ0-decayasZ0 belongsto this set.For the reasonstatedabove,
thedecaysof Z0 arealsodescribedby theconstraintdu Z D. It is worthstressingherethat
thosedecaymodesof Z0 whicharein conformitywith this constraintcanenjoy thestatus
of allowed modesaccordingto the PD rule. It is easyto seethat the observed leptonic
decaysZ0 [ du \ 3] Y ê e_ [ D \ 3] ` µ̂ µ_ [ D \ 3] ` τ ^ τ _ [ D \ 3] areconsistentwith this
constraint.Furthermore,the empiricalfact thatZ0 decaysdominantlyinto hardrons[23]
is alsocorrectlydescribedby this constraint.To seethis point, we notethat thehadronic
decaysof thisvectorbosonoriginatefrom theelectroweakverticesZ0qq̄ which leadto the
basicdecaysZ0 Y qq̄. As thesequarkshadronizethroughthegluon-inducedmechanism,
theapplicaionof thePDrulein thehadronicdecaysof Z0 reallyamountsto theapplication
of this rule to thedecaysZ0 Y qq̄. In orderto evaluateD for theqq̄ mode,it is important
to remainawareof thefactthatZ0 is acoloursingletandassuchqq̄ \ qαq̄α a qβq̄β a qγq̄γ.
Clearly, for qq̄ modeD \ [ 1b 2 a 1b 2] a [ 1b 2 a 1b 2] a [ 1b 2 a 1b 2] \ 3 sincedqα \ dq̄α \
1b 2, etc, as evident from Eq. (4). Therefore,the constraintdu Z D is indeedsatisfied
for the decaysZ0 [ du \ 3] Y qq̄[ D \ 3] , which in turn meansthat the hadronicdecays
of Z0 are favouredby the PD rule. The sameconstraint,however, is violated in the 1-
loop decaysZ0 [ du \ 3] Y πoγ [ D \ 1 a 1 \ 2] ` 2γ [ D \ 1 a 1 \ 2] which are,therefore,
forbiddenaccordingto thePDrule.Thesedecaysareexperimentallyfoundto bestrongly
suppressed[23]. OurdiscussiononZ0-decaysrevealsthatthisdecayis correctlydescribed
by theconstraintdu Z D which, we repeatto emphasize,is alsovalid in thedecaysof all
othergaugebosonsof theSO(10)modelof GUT.

We arenow in a positionto investigatethestatusof thedecaysXα Y qαlc andX̄α Y
qc

αl from the viewpoint of the PD rule. Accordingto this rule, only thosedecaymodes
of theXα- andX̄α-bosonscanbe treatedasfavouredoneswhich areconsistentwith the
constraintdu Z D which, asnotedearlier, describesthedecaysof thebosonsconcerned.
For thesebosons,which arevectorleptoquarks,du \ 21

3 c 2 d 33,which follows from Eq.
(6). As thesebosonsare colouredones,colour sum is inadmissiblefor the evaluation
of D for the modesqαlc andqc

αl (unlike the qq̄ modeof Z0 which is a colour singlet).
Manifestly, for theqαlc mode,we have D \ dqα a dlc \ 1b 2 a 3b 2 \ 2 sincedqα \ 1b 2
anddlc \ 3b 2, asevident from Eqs. (4) and(1), respectively. Obviously, D \ 2 for the
qc

αl mode.Consequently, thedecaysXα [ du c 2 d 33] Y qαlc [ D \ 2] andX̄α [ du c 2 d 33] Y
qc

αl [ D \ 2] clearly fail to satisfy the constraintdu Z D, andassuchthey areforbidden
by thePD rule. The forbiddencharacterof thesedecays,i.e., the transitionsXα Y qαlc,
X̄α Y qc

αl impliesthat theverticesXαqαlc ` X̄αqc
αl , which causethesetransitions,arealso

forbiddenby thesamerule.As anoutcomeof this, theFeynmandiagramshown in Fig. 1
involving theseverticesmustalsobeforbiddenby this rule, which causessuppressionof
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thisdiagram.Consequently, theprocessK0
L e µēassociatedwith thisdiagrammustexhibit

suppression.
Finally, we focusourattentionto thebearingof thesuppressionof thedecayK0

L e µē
inducedby thePD rule in thecontext of the feasibility of its experimentaldetection.As
alreadynotedin Sect.1, experiments[23] reveal that B f K0

L e µēg�h 3 i 3 j 10k 11. In the
perspectiveof thisempiricalfact,asarguedin Ref.5, thetheoreticalvalueof B f K0

L e µēg
canbe pushedto the level 10k 12 within the framework of the SO(10)GUT modelwith
D parity. This argumenttacitly assumesthatthedecayconcernedis not suppressedat all.
However, asdemonstratedabove,thisdecayis suppressedby thePDrule.Thissuppression
turnsout to be too serious.This is becausethe theoreticalvalueof B f K0

L e µēg happens
to be quite small f l 10k 12g even if this decayis assumedto be unsuppressed.Thereis
hardlyany needto emphasizethat,dueto suppressioncausedby thePDrule, theeffective
theoreticalvalueof B f K0

L e µēg mustbemuchlessthantheconventionallyexpectedvalue
[5] of f l 10k 12g , and as such, this decaymust be far below the level of experimental
detection.

It is transparentfrom the above discussionthat the decayK0
L e µē might have been

observedat thelevel l 10k 12 if thisdecaywerenotsuppressedby thePDrule.Therefore,
its nonobservationis reallynotworrisomefor theSO(10)GUT modelwith D parityasthis
empiricalfact canbeeasilyaccountedfor in termsof its suppressioninducedby thePD
rule.

4. Conclusions

In this paper we have shown that the Feynman diagramunderlying the SO(10)-
predicteddecayK0

L e µē is forbiddenby the pseudo-dimensionrule, and as suchthis
decayis suppressed.The bearingof the suppressionof this decayon its branchingratio
hasbeendiscussedin the context of the SO(10)GUT modelwith D parity. Within the
framework of this versionof theSO(10)model,asarguedin the literature,thebranching
ratio of thedecayconcernedcanbepushedto the level l 10k 12 asexperimentsindicate
thatB f K0

L e µēg@h 3 i 3 j 10k 11. Thisargumentis basedontheimplicit assumptionthatthe
decayunderconsiderationis not suppressedby any of theselectionrulesoperative in this
decay. This decay, however, is suppressedby thepseudo-dimensionrule which forcesthe
branchingratio of this decayto go far below the level of l 10k 12. This paper, therefore,
concludesthattheprospectof experimentaldetectionof thisdecayis muchlessthanwhat
is expectednaively from the viewpoint of the SO(10)modelwith D parity. Oneof the
importantconclusionsof thispaperis thatthesofarnon-observationof thedecayK0

L e µē
is really not worrisomefor theSO(10)modelwith D parity asthis empiricalfactcanbe
easilyaccountedfor in termsof theinfluenceof thepseudo-dimensionruleon thisdecay.

AppendixA1: Derivationsof theformulaefor thepseudo-dimensionsof
fields

To startwith, weconsidertherequirement(i) statedin Sect.2 whichrefersto amassive
field carryingintegral scalarquantumnumbersandnon-zeroactualspinJ. This require-
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mentimpliesthatthepseudo-dimensiond canbeexpressedas

d m KJ n J om 0 n p A1 q 1r
whereK, theconstantof proportionality, canbeeasilydeterminedby takingadvantageof
the fact that for a spin-halffield (with integral scalarquantumnumbers)d mustbeequal
to its canonicaldimension(which is 3/2).Thismeansthatd m 3o 2 whenJ m 1o 2. Also, it
follows from Eq. (A1.1) thatd m K o 2 whenJ m 1o 2. Obviously, thenK o 2 m 3o 2, which
in turn leadsto K m 3. Therefore,Eq.(A1.1)takestheform d m 3J with J om 0, which is Eq.
(1) of Sect.2.

We now shift our attentionto the specialcategoriesof fields (having integral scalar
quantumnumbers)alreadymentionedin thecontext of therequirement(ii), statedin Sect.
2. This requirementconcernsitself with the equalityof the pseudo-dimensionsandthe
correspondingcanonicaldimensionsof thesefields.Theformulae,givenby Eqs.(2) and
(3) in Sect. 2, follow automaticallyfrom this requirement(as canonicaldimensionsof
fermionandbosonfieldsare3/2and1, respectively).

We now focusour attentionon fieldshaving fractionalscalarquantumnumbers.The
pseudo-dimensionsof suchfieldsmustsatisfytherequirement(iii). To begin with, wecon-
sideraspin-halffield qα

1
2
n α denotingcolourindex. Its pseudo-dimensionmustbelessthan

thatof a spin-halffield with integral scalarquantumnumbers,asimplied by therequire-
ment(iii). Bearingin mindthatafield cannotbeadimensionlessentity(i.e.d om 0), andthat
thepseudo-dimensionof aspin-halffield with integralscalarquantumnumbersis 3/2, it is
easyto seethatd for aspin-halffield with fractionalscalarquantumnumbersmustsatisfy
therelation:

0 s d s 3o 2 q p A1 q 2r
In orderto specifythevalueof d in conformitywith this relation,we notethat,asevident
from Eqs.(1) and(2) of Sect.2, thepseudo-dimensionsof fermionfieldsareodd-halfin-
teger. Theaboverelationclearlyrevealsthatit is still possibleto assignanodd-halfinteger
valueto d of thefermionfield underconsideration.In fact,theonly odd-halfintegralvalue
of d consistentwith this relationis 1/2.Accordingly, weget:

d m 1o 2 for afield qα
1
2
n p A1 q 3r

which is Eq.(4) of Sect.2. It is easyto seethatEq.(A1.3) canbegiventheform

d mtp 1o 3r p 3o 2r7mup 1o 3r dc n
wheredc m 3o 2 is the canonicaldimension.This relationcanbe recastin the following
form

d
dc
m 1

3
for afield qα

1
2
q p A1 q 3ar

Theimportanceof this relationwill betransparentfrom ourdiscussionsto follow.
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Wenow turnourattentionto aspin-zerofield with fractionalscalarquantumnumbers.
For suchafield, therequirement(iii) amountsto thefollowing conditionond

0 v d v 1 w x A1 w 4y
This relationtells usthatd mustbefractional.However, in orderto assigna uniquevalue
to d, werequireanadditionalcondition.We discussthispointbelow.

We considernon-compositefermionslike electron(e), neutrino x νey andtheir respec-
tive supersymmetricpartners,namelyscalarelectron x ẽy and scalarneutrino x ν̃ey . It is
worthwhilementioningherethat thereis asyet no compellingexperimentalevidenceto
justify theircompositeness.Weproceedby recallingthatd z 3{ 2 for e, whichfollowsfrom
Eq. (1) givenin Sect.2. Also, canonicaldimensiondc z 3{ 2 for this particle.Therefore,
d { dc z 1 for e. For its supersymmetricpartnersẽ we have d z 1, asreflectedin Eq.(3)of
Sect.2. Furthermore,dc z 1 for ẽ. Obviously, x d { dc y remainsunchangedif onegoesfrom
e to ẽ. It is easyto verify that thevalueof x d { dc y alsodoesnot changeif we switchover
from νe to ν̃e. Consideringothernon-compositefermionsandtheir respective supersym-
metricpartners,onecaneasilycheckthat thevalueof x d { dc y remainsthesameif we go
from anormalparticleto its supersymmetricpartners.Thisconclusionis perfectlygeneral
andassuchmustalsohold true for a spin-halffield qα

1| 2 with fractionalscalarquantum
numbersandits supersymmetricpartnersto bedenotedby qα

0 for convenienceof writing.
Needlessto statethat thespin-zerofield qα

0 carriesfractionalscalarquantumnumbersas
bothqα

1| 2 andqα
0 sharethesamesetof scalarquantumnumbers.We have alreadyshown

that d { dc z 1{ 3 for the field qα
1| 2, asevident from Eq. (A1.3a). Therefore,d { dc z 1{ 3

alsofor its supersymmetricpartnersqα
0 for the reasonstatedabove. Sincedc z 1 for the

spin-zerofield qα
0 , wefinally getfor thisfield

d z 1{ 3 } x A1 w 5y
which is Eq.(5) of Sect.2.

We now focusour attentionon massive vectorfields with fractionalscalarquantum
numbers.For sucha field, therequirement(iii), alongwith theconditiond {z 0, impliesthe
following restriction

0 v d v 3

on d of the field underconsideration,3 being the value of the pseudo-dimensionof a
massive vector field with integral scalarquantumnumbers,as evident from Eq. (1) of
Sect.2. For convenienceof furtherdiscussions,we shalldenotethepseudo-dimensionof
a massive field having the spinJ andintegral scalarquantumnumbersby di

J andthat of
a (massive) field carryingthesamespinJ but having fractionalscalarquantumnumbers
by d f

J . Obviously, d f
J lagsbehinddi

f by the amount x di
J ~ d f

J y ; di
J � d f

J , as implied by

the requirement(iii) statedin Sect.2. The genesisof the quantity x di
J ~ d f

J y lies in the
differencein thenatureof thescalarquantumnumbersinvolved; di

J is relatedto integral

scalarquantumnumbersandd f
J to fractionalscalarquantumnumbers(J beingsamein both

thesecases).It is worthstressingherethatthepseudo-dimensionof afield is influencedby
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thenature(i.e., integralor fractional)of its scalarquantumnumbersbut notby theiractual
values.For example,bothu- andd-quarkshave thesamevalued � 1� 2, but their electric
chargesaredifferent.It is to benotedthatif wegofrom di

J to di
J � 1, thenatureof thescalar

quantumnumbersremainsthe same.A similar remarkalsoholdstrue if we go from d f
J

to d f
J� 1. As bothdi

J � 1 andd f
J� 1 arerelatedto thesamespin, thequantities� di

J � d f
J � and� di

J � 1 � d f
J� 1 � musthavethesamevalue.Therefore,consideringmassivescalarandvector

fieldsweget

di
0 � d f

0 � di
1 � d f

1 �
which leadsto

d f
1 � 2

1
3 � � A1 � 6�

sincedi
0 � 1 � d f

0 � 1� 3 anddi
1 � 3,asevidentfrom Eqs.(3), (5) and(1), respectively, given

in Sect. 2, d f
1 denotingthe pseudo-dimensionof a massive vector field with fractional

scalarquantumnumbers.In passing,we mayalsonotethatEq. (A1.6) is consistentwith
therestriction0 � d f

1 � 3, asimpliedby therequirement(iii), alreadyindicatedabove.

AppendixA2: Theoreticalbasisof thePDrule

In orderto searchfor theoreticalbasisof thePD rule,weproceedby recallingthefol-
lowing fact[11,18]mentionedin Sect.2. Thealloweddecaysof all particlesbelongingto
aparticularrepresentationof agaugegroup,beit globalor local,aredescribedby oneand
sametheconstraint.Theinteractionsresponsiblefor all thesedecaysneednotbethesame
and,in fact,generallymaybedifferent.Thispointbecomesimmediatelytransparentif we
considerthenatureof interactionsof thefavoureddecaysof the0� particlesdescribedby
octetrepresentationof SUf � 3� . As is well known, thedecayπ0 � 2γ involvesstrongand
electromagneticinteractions,whereasthedecaysπ ��� µ� νµ, π � � µ� ν̄µ occurthrough
weak interactions,which alsogive rise to the decayK � 3π. Also, stronginteractions
causethedecayη � 3π. It canbeeasilycheckedthatall thesedecaysaredescribedby the
sameconstraintdu � D. This is apparentlysurprisingasthedecaysconsideredabove do
not involvethesameinteractions.A similar remarkalsoholdstruefor thealloweddecays
of the3� � 2 particles(which includeΩ � ) belongingto the10-dimensionalrepresentation
of SUf � 3� , becausethesedecays,as can be easilychecked, aredescribedby the same
constraintdu � D despitethefactthattheinteractionsresponsiblefor all thesedecaysare
not the same.The sameremarkis also valid if we switch over to a local gaugegroup
like, for example,SO(10)GUT group.We have alreadynotedin Sect.2 that theallowed
decaysof all gaugebosonsbelongingto the45-representationof SO(10)GUT groupare
describedby oneandthesameconstraintdu � D, althoughthedecaysof virtualgluons,vir-
tualphotonsaswell asrealor virtual weakvectorbosons,heavy andsuperheavy coloured
leptoquarkvectorbosons,respectively, involvestrong,electroweakandsuperweakinterac-
tions.However, theseapparentlysurprisingfactscanbeeasilyreconciledwith if we treat
thesedifferentinteractionsasthedifferentmanifestationsof oneandthesameinteraction,
asstipulatedin GUT. In fact,only in theperspective of a GUT which considersa single
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interaction,namelytheGUT-interaction,the validity of a singleconstraintin the decays
of all particlesbelongingto a particularrepresentationof a groupcanbesatisfactorily ac-
countedfor. Therefore,it is reasonableto assumethatthedynamicsunderlyingthePDrule
is describedby a GUT. This meansthat therule concernedfinds its theoreticalbasisin a
GUT. We have alreadynotedin Sect.3 thewell-known factthata GUT modelreducesto
thestandardmodelSU(3)C � SU(2)L � U(1)Y in thelow-energy limit. Therefore,thelatter
modelcanbeconsideredasthetheoreticalbasisof thePDrulewhenthis rule is appliedin
decaysoccuringat low energies.Ouraboveargumentsarequalitative.A quantativederiva-
tion of thePD rule from a GUT modelor from thestandardmodelfor low-energy decays
is still lacking.It is worthwhilenotingherethatQCDcanqualitativelyaccountfor theOZI
rule.A quantitativederivationof this rule from QCDhasnotyetbeenachieved.
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SO(10)MODEL GUTe,PSEUDO- DIMENZIJSKO PRAVILO I RASPAD K0
L � µē

RaspadK0
L � µē, zakoji SO(10)modelGUTe predvid–a daseděsava naMC ljestvici, još

senije opazio.Eksperimentalnagranicaomjeragrananjaje B � K0
L � µē�@� 3 � 3 � 10� 11. U

modeluje MC prevelik da bi semogaoopaziti. Nove varijantezasnovanena D parnosti,
med–utim,dozvoljavajumnogomanjuvrijednostMC kojabi semoglaopaziti.Stoga,prema
raspravamau literaturi,B � K0

L � µē� bi semogaopovećati do razine � 10� 12 u okviru tih
modela.Ove tvrdnje, kako sepokazujeu radu,zanemarujupseudo-dimenzijsko pravilo
premakojemuje taj raspadzabranjen,paje prematomejako potisnut.Rezultatje zabrane
darelativnavjerojatnostB � K0

L � µē� leži daleko ispod10� 12, pa,prematome,mogúcnost
eksperimentalnogopǎzanjatog raspadaje daleko ispodonogšto seobično očekuje.Za-
ključakje ovogradadaneopǎzanjeraspravljenogprocesaneobaraSO(10)modelGUTe s
D parnǒsću.

æ
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