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Weexaminetheindirecteffectof thenew physics.Thevirtual effectsof thetrilineargauge
couplingof the photonto W � W � on the b � s� decayhasbeentestedconsideringthe
possibilityof thefourthgenerationin thequarksector, with correctionsupto leadingQCD
logarithmas,usingevolutionof thefourth-generationCKM matrixwith CP-violationphase
equalto zero.Rangeof massof thefourth-generationdown-typequark� � andthatof fourth
generationup-typequark� � havebeentakenwith dueobservanceof theconstraintimposed
by thepresentexperimentalvalueof the � parameter, keepingin view themassdifference
of the fourth-generationquarkdoublet.Strong-interactioncouplingconstant,however, is
takenonmatchingscaleof Z-bosonmass.
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1. Introduction

It is a factthatdueto theunitarityof theCabibbo-Kobayashi-Maskawa(CKM) matrix
[1] in theflavourchangingneutralcurrent(FCNC)processesin theStandardModel (SM)
[2], theleadingordermass-independenttermis stronglysuppressedby GIM [3] cancella-
tion mechanism,which is experimentallyconfirmed,andpavestheway for investigating
thenew sourcesof FCNC.So, thestudyof virtual effectsopenedhydraheadedwindows
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onelectroweaksymmetrybreakingandphysicsbeyondtheSM. Theexaminationof these
indirecteffectsof new physicsin higher-orderprocessesyieldsacomplementaryapproach
to thesearchfor directproductionof new particlesathigh-energy colliders.

The new resultsopenedthe scopefor investigationsin variousclassesof models,
namely, anomaloustop-quarkcouplings[4], anomaloustrilinear gaugecouplings[5],
fourth generation[6], two-Higgs-doubletmodel [7], three-Higgs-doubletmodel [8], su-
persymmetry[9], extendedtechnicolour[10], leptoquarks[11] and left-right symmetric
models[12].

Recentexperimentalfindingshave pointedtowardstheexistenceof the fourth gener-
ation in the quarksector:down-typequarksd,s,b,andb’, andup-typequarks:u,c,t and
t’ [13]. Several collidersrecentlyendeavour to find somesignaturefor the decaymodes
like b’ � b
 andb’ � bg [14], andso themattermaybedealtwith separatelyor asan
extensionof theformulationfor thethreegenerationsto thefour generations.

For the third generationat the electroweakscale,the radiative b decayis known to
beextremelysensitive to thestructureof fundamentalinteractions.This doesnot ariseat
the tree level in the SM, like any otherFCNC process.Actually, one-loopW-exchange
diagramsgeneratethis decayat the lowestorderin SM [15]. Themodelis basedon the
gaugegroupSU(3)� SU(2)� U(1), wherethequarkcouplesto the W bosonyielding the
weakcurrent ��� ���� � ������ 
 ��� ��� 
 �  ! � " # "%$ �� � � ! � " ���� " & � �  
In theaboveexpression,'�( ) � � ( � ( & & & * aregenerationindicesand! � " is an * � * unitary
CKM matrix thatarisesfrom thequark-massmatrices.

Theradiativeb decayprocessis particularlyinterestingbecauseits rateis of theorder+-,.0/21�3�4
, andall otherFCNCprocessesinvolving leptonsandphotonsareof theorder+-,.5/�,1�3�4
. At the sametime, the long-rangestronginteractionsareexpectedto play a

minor role in the exclusive processof the radiative B-mesondecay(by requiring 6�758� 9 ,: �59 ,4  ; � � 9 :  ), and its effect cannotbe ignoredwhile consideringthe inclusive
processof radiative b-quarkdecay. However, it is known that theshort-distanceeffect of
QCD [16–18],dueto thegluonexchangebetweenthequarklinesof theleadingone-loop
electroweakdiagrams,enhancethe radiative b-decayrate in the SM by a factor2 to 5,
dependingon the top quarkmass.Furtherimportantcontributionsin the relateddomain
havebeenmadeby Deshpande,Trampetíc andothers[19–22],wherelong-distanceeffects
have beenduly considered.Other q � q’ 
 transitionsare very hard to measure.And
recently, theb � s
 decayandthetop-quarkmasshavebeenmeasured[23,24].

In view of thesedevelopments,it is the purposeof the presentpaperto analysethe
theoreticaluncertaintiesin the calculationof the decaywidth < � = �?> 
@ . Firstly, this
requiresthechoiceof thefourth generationquarkmasses,which arenot freeparameters,
ratherthey areconstrainedby the experimentalvalueof the parameterA . TheparameterA , in termsof the transversepartof theW- andZ-bosonself energiesat zeromomentum
transfer, is givenby [25]:

A �
����0B A�C

B A �ED%F@F
� G  HI,F
� DKJLJ � G  HI,J & � �  
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In theSM, thecontributionof a fermionisodoublet(u,d)to MON atone-looporderreads:

MON P QRTSVUXWKYZ [�\ ] ^`_ R a b \c�d b \e f d a g f
with thecolourfactor U , wherethefunction _ R is givenby:

_ R a h d i f S hLj iOk ^ h ih k0iml n h i%o a p f
In theSM, theonly relevantcontributionis from thetop/bottomweakisodoublet.BecausebrqXstbXu yields MON P QR S a g WKv b \q f w a Z [ \ ] ^ f , and sincethe massof the top quark
is now known to be very high, the fourth-generationquarkmassdoubletis left with the
constraintN a x y kXz y fr{}| o | | ^ [26] by the experimentaldata.Adopting bru S p o ~ GeV
and brq S�� ~ | GeV (i.e., b`q a ��� l � f S�� ~ � GeV) for x � n�� S�� o � the allowedregion is
extendedupto bXu � d b`q � { � ^ |�k � ^ � GeV, for x � n�� S ^ o ^ (andhigher),larger brq � values
but smalleror equalthan b`q arepossible,but only for bru ������� . Theconstrainton bXu �
dependsgreatlyuponthe mannerin which it decays.If bru � hassignificantmixing with
thesecondor first generation,thenb’ � (c, u)+W (whereW mayberealor virtual) decay
will be dominant.and bru �K� Z � GeV at the 98%C.L. However, if unmixedwith lower
generations,theb’ will decayvia FCNCchannels:b � s� , bgor bZ� for bru �2����� , and
with b’ � bZ becomingdominantfor bru �2�5��� .

Holdom[27] remarkedthat theCPviolation,originatingin theright-handedneutrino
sector, canfeedinto thequarksector, in anotherwiseCP-invarianttheory. Thedominant
effectsaresuperweak,andit builds on andextendsa previouslyproposedmodelof quark
massesbasedonanew strongflavour interactionabovetheweakscale,andthisyieldsthe
(t’, b’) massescloseto a TeV. Thequarkandthecharged-leptonmassesmaybedescribed
in termsof operatorsof theLRLR form, andthevalueof theup-typemassesas(0.002,74,
160,1000)GeV, andthedown-typemassesas(0.005,0.1,3, 1000)GeV areexpectedto
beapproximatefor themassesrenormalizedat a TeV, andthata fourth family with these
dynamicalmassescanstill beconsistentwith theprecisionelectroweakmeasurements.

However, Grounau and London [28] are of the opinion that there is a model-
independentlowerboundof 45GeVonthemassof t’ comingfromLEP. Therearestronger
constraintsonthe b`q � of O(100)GeV, comingfromhadroncolliders,but thiscanbeevaded
sincethey dependonhow stronglyt’ coupleswith b-quark.Thereis anupperboundof 550
GeVon brq � comingfrom partial-waveunitarity[29]. A heavier t’ will leadto abreakdown
of theperturbationtheory.

However, the model-independentlower boundof the b’-quark masshasbeensetas
45 GeV [30]. For the presentpaper, the valueof brq � hasbeenkept lessthan550 GeV,
andbXu hasbeenkept45GeVandabove,andthepairof valuesof (bXu � d b`q � ) werechosen
keepingduerespectto N a x y k0z y f�{5| o | | ^ , andonecantakethepairof massesas(45,110),
(45,115),(50,110),(50,115),(50,120),(60,110),(60,115),(60,120),(60,130),a setwithbXu � �5��� , andfor bru � ����� , (85,110),(85,115),(85,120),(85,130),(85,140),(85,150),
(90,110),(90,120),(90,130),(90,140),(90,150),for bXu �Ks��5� . Also, for brq �Ks�b`q
but lessthan550 GeV, the following setwasassumed:(440,500),(450,500),(460,500),
(470,500),(480,540),(490,540),(500,540).
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Secondly, thedominantuncertaintyin theexisting leadinglogarithmiccalculationsis
due to the choiceof the renormalizationscale � [31]. Suchan uncertainty, inherentin
any finite-orderperturbationtheory, hasrecentlybeenanalysedin severalpapers[32–34].
Also, it hasbeendemonstratedin several papersthat the inclusion of next-to-leading-
ordercorrectionsreducesconsiderablythe � dependenceof therelevantamplitudes.The
radiativedecayof theB-meson,whichis formedof b-quark,is dominatedby QCDeffects.
It is not unnaturalthat thescaleuncertaintyin the leading-ordercalculationof this decay
is particularlylarge,it amountsto around� 25%.Therefore,onefindsrestrictionson the
SM or its extensionswhichcanbeobtainedwith thehelpof experimentalfindingsandthe
leading-orderapproximation,which aresubstantiallyweaker than found without taking
thetheoreticaluncertaintiesinto account.

The � -dependencein thebranchingratioscanbereducedin thesamemanneraswas
donefor otherdecays[32–34]. The full next-to-leadinglog calculationof radiative de-
cayswouldrequireconsiderationof three-loopmixing betweencertaineffectiveoperators,
beforeoneundertakessuchaneffort. It is muchbetterto makeaformalanalysisof thecon-
sidereddecayat the next-to-leadinglevel andto checkto what extent the � -dependence
canbereducedonceall thenecessarycalculationshave beenperformed.A review paper
by Greubet al. hasappearedat a recentsymposium[35] on the next-to-leadingloga-
rithmic resultsfor FCNC of radiative b decays.Chetyrkinet al. [36] have obtainedthe
resultsfor three-loopanomalousdimensionswhile analysingB � X � � decay, andreport
thebranchingratio �-� � B � X � �@�¡ I� ¢ £ ¤ ¥%��¦ £ ¢ ¢ �2§ ¨ ¦ ©�ª . Thepredictionsof theSM are
in conformitywith theCLEOdataat the ¤ « level.

However, for the present,the analysisof b � s� decayis restrictedto leadingloga-
rithmic calculationstakinginto accountthetrilineargaugecouplingof photonto W ¬ W © ,
consideringthe possibilityof the fourth generationin thequarksector. We endeavour to
find theconstraintson theparameters,takingtheCLEOdata[23] onb � s� decayas¨ ¦ ©�ªK­ �-� � ®r�°¯ �@� ­�±L² ¨ ¦ ©�ª £

Thepaperis organizedasfollows: Section2 summarisesthe formulationof b � s�
decayupto theleadinglogarithmic(LL) calculations,adoptingoperatorproductexpansion
andincorporationof the trilinear gauge,andalsotheeffect of the fourth generationshas
beentakeninto account.In Section3, resultsarediscussed,andthemethodof calculation
of fourth-generationCKM mixing matricesfrom quarkmassesis givenin theAppendix.

2. Theory

This sectionbriefly summariseshow the leadinglogarithmiccalculationof b � s�
decaymaybeappliedto thetrilineargaugecouplingof photonto W ¬ W © .

Theprocessb � s� maybetakenvia W-bosonandu-, c-, t-quarkexchangein a one-
looppenguin-typediagramandfor this thefactorizationof theeffectiveHamiltonianmay
bewritten in theform ³`´ µ µ  I¶ ± ·K¸¹ ¤ ºL»¼ � º ¼ ½

¾¿ À Á�Â�Ã
À � ��� Ä À � ��� £ � Å �
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TheQCD correctionsto the b Æ sÇ decaycontainlarge logarithmsÈ É�Ê ËIÌÍrÎ Ï ÌÐ Ñ which
have to beresummedwith therenormalizationgroupequation(RGE).In orderto do this,
onehasto introduceaneffective Hamiltonian,built out of operatorsof dimensionhigher
thanfour. Here Ò�Ó Ô arethe CKM matrix elements,ÕKÓ Ê Ö�Ñ arethe relevantoperatorsand× Ó Ê Ö�Ñ arethecorrespondingWilson coefficientsin themassscaleÖ . Thecompletesetof
operatorsnecessaryin theb Æ sÇ , afterthet-quarkandW-bosonhavebeenintegratedout,
maybetakenfrom Ref.37.

With thisHamiltonian,oneobtainsthepartialdecaywidth for b Æ sÇ as

Ø Ê ÙrÆ°Ú Ç@Ñ�Û}Ü2Ý ÌÞ ÏXßÐà á â ã@äIå ÒOæç è Ò ç Ð å Ì å ×Ké ê êë Ê Ö�Ñ å Ì ì Ê í Ñ
in the massscale Ö of the decayingparticle, namely the b-quark. The calculationof× ë Ê Ö�Ñ has beendone by many authors[38], and we just quote the results. The cor-
rectionsof ÕLÊ Ü è Ñ , due to gluon bremsstrahlungfor Ï ç�î Ë Í have beentaken into
account. The running of the coupling constant,evaluatedat the Ï Ð scale, has been
matchedto the value at the W-massscale. Taking ïðÛ Ü è Ê Ë Í Ñ Î Ü è Ê Ö�Ñ , one has× ë Ê Ö�ÑVÛ à ñ ò ó × ë Ê Ï ç ì Ë Í Ñ ô õEö á ñ í í í í ÷ Ê øKù ó Ñ ×¡ú Ê Ï ç ì Ë Í Ñ ô õö-Ê ù ò ñ û á â í üKù ò ñ ò ÷ à û ý ù ò ñ í û þ û ÿ ù ò ñ ò � â � ù ò ñ ò à â í �ù ò ñ ò ò � ÷ �-ö á ñ á þ þ í ø-ù à ñ ò â ÷ þ ÷ ó Ñ × Ì Ê Ï ç ì Ë Í Ñ ô õ ì (7)

where one has the SM values of the Wilson coefficients collected from Ref. 39
at the Ë Í scale as a function of ��Û Ï Ìç Î ËIÌÍ , written as

× Ó Ê Ï ç ì Ë Í Ñ , which
are functions of mass of t-quark and the mass of W-boson, and are given by× Ì Ê Ï ç ì Ë Í Ñ ô õ Û ù à ì× ë Ê Ï ç ì Ë Í Ñ ô õ Û â ���¡ö � ��Ì�ù�÷ �á û Ê �`ù à Ñ � ù � ����ù á ��Ìû Ê �`ù à Ñ ä`È É�� ì× Ì Ê Ï ç ì Ë Í Ñ ô õ Û�ö ����ù � �@Ì�ù á �â Ê �Lù à Ñ � ö � �@Ìû Ê �`ù à Ñ ä�È É�� ì

(8)

and ü�Û}ï 	 
 Ì � 	 ú � ì ý Û}ï
��	 
 ß Ì � ë � � ì ÿ Û}ï 	 
 ä 	 ú � � ú � ì � Û}ï
��	 
 ä Ì Ì � ú ì �XÛ}ï
��	 
 ú � � � � � ì �5Ûï 	 
 � ä ß � ì øOÛ�ï 	 
 � 	 ú � � ß ì ó Û�ï 	 
 � � ß � ß ä .
2.1. Trilinear gauge coupling

The trilinear gaugecouplingof the photonto W � W � may be testedin the b Æ sÇ
decayin thefollowing way. AnomalousgWW verticescanbeinvestigatedby finding the
deviationsfrom theSM in tree-level processes,suchase� e�5Æ W � W � andp�`Æ WÇ ,
or by their influenceon loop-orderprocesses, e.g.,the ø`ù á of the muon. In the latter
case,cut-offs mustbe usedin orderto regulatethe the divergentloop integralsandcan
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introduceerrorsby attributing a physicalsignificanceto the cut-off [40]. However, the
loop processes,suchasb � s� decay, avoid this problemdueto the GIM cancellation
mechanism,andgivecut-off-independentboundsonanomalouscouplings.

ThegeneralCP-conservingLagrangianfor WWW interactioncanbewrittenas[41]�����������������! "
where �#���%$ & ������' ( )+*, - )+, ./-102)+*, . - )+, - 34��5
6�)+*, ) - .7, - 8�"
�! 9�%$ & �����;: �=< 6>  � ) *? , )+,- ./- ? 0@$ & 6A�B , - ? C ( )+*, D ? ) - 0E) - D ? )+*, 3 . C F "

wheresymbolically G , - � D , G - 0 D - G , "4& ��������& H I!( J 3 for
. , �+K , ( L , 3 , andthe

parameters( M 5
62N�5�0%O ) takeon thevaluesM 54" < 6 and
& 6A ��P in theSM.

Wecannow write theCP-conservingLagrangianfor WW� interactionas

��Q R S T#Q U S V W
X Y Z U Z R [ Q Y�\ Q V \ [�] S V ^ U Z R \ W��$
( ) *Q _ ) Q L _ 0E)+*Q L9_ ) Q _ 34�2$ ` a )
(9) wheresymbolically b , - � D , b - 0 D - b , , andthetwo parameters̀

a
and c a aresuch

that
`�a��dO

and c a��eP in the SM. To make the calculation,we adoptthe following
procedure.Thecouplingpresentedin Eq.(9) is put into thediagramin whichthephotonis
emittedfrom theinternaltop-quarkline andweextractthepuredipole-liketermsafterper-
formingtheloopintegrations.All otherpotentialLorentzstructuresvanishdueto theelec-
tromagneticgaugeinvariance,andbecausethephotonis on-shell.Now, theoperatorf1g of
theHamiltonian,thatis thecoefficientof thedipoleb � s transitionoperators,is modified
dueto thepresenceof theanomaloustrilinear gaugecouplings.At the

> �
scale,f9g is

theonly operatormediatingtheb � s� decay. But mixing occursbetweenvariousb � s
transitionoperatorsduringtheevolutionof thecoefficientof f9g to theb-quarkmassscale.
In the

> �
scale,only theWilson coefficient h�g ( i�X " > � ) is changed,andonehas[42]

h [ j jg ( i�X " > ��3#�h#g ( ikX " > �k3 l mn��( ` a70�O 3 o7� ( i�X " > ��3�� c a o1 ( i�X " > ��3#N�L9`���p c � h " (10)

wherè
k��`�a/0%O " c � c a , ando7� ( i�X " > ��3#�nq  ( q 02r 3s ( O�0 q 3 t1u v q 0wqx ( O#0 q 3  N�L/" ( O O 3

o1 ( i�X " > �k3!�+0yq  s ( O�0 q 3 t�u v q 0zq
 � qx ( O�0 q 3  N�p�" ( O x 3
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Usingthelifetime of theB-meson[13] andthe limits prescribedby theCLEO data[23],
theconstraintson { and | canbeestimated.

2.2. Fourth generation

At this stage,the effectsof the fourth generationof quarkareintroduced.The intro-
ductionof theeffect of thevirtual exchangeof thefourth generationup quarkt’ hasbeen
discussedin Ref.43.Here,weutilize thatapproach.TheWilson coefficientsof thedipole
operatorsat theW-bosonmassscale,in the limit of vanishingup andcharmmasses,can
bewrittensimplyby replacingtheterm }7~� � } � � ��� � ��� � ���k� by

} ~� � } � � ��� � ��� � �%����� } ~� � � } � � � �#� � �k� � � �%��� �
where} � � representsthe ����� CKM matrixelements,and �!��� � � .

So,thefourthgenerationWilsoncoefficientat theW-massscalecanbewrittenas��� � � � � � � �#� � � � � � � � � �
� ��� � ���k� ���� � ��� � �%����� }�~� � � } � � �} ~� � } � � �#� � �k� � � �%���#���#� � �k� � �%���4� } ��� � ��� � � �%��� �k�   ¡ ���¢� � �
Equation(6) now yields £ � ¤+¥§¦ ¨
� by replacing � � � �© � ª4� by � � � �© � � � � � � �#� � � � � � � � � � � ª4�
which is obtainedfrom Eq. (8) with � © � �k� � ���k� « ¬ and �#­ � ��� � ���k� « ¬ replacedby� © � � � � � � �#� � � � � � � � � �4� ��� � �%��� and��­ � � � � � � �#� � � � � � � � � �
� ��� � ���k� , respectively. Rewrit-
ing � � � �© � ª4� givenin (7) as� � � �© � ª4�#��®1¯ � © � ��� � �%��� « ¬°�2±/¯ ��­ � ��� � �%��� « ¬n����¯
where®1¯ ��±1¯ and �9¯ arefunctionsof ² , onehas� � � �© � � � � � � �#� � � � � � � � � � ��³ �2´ { ��µ | � � ¶ · �
where

³¸� ®1¯ ¹ � © � �k� � ���k� « ¬n� } � © � �k� � � �%��� « ¬�º � (14)±1¯ ¹ ��­ � ��� � �%��� « ¬n� } ��­ � ��� � � ���k� « ¬�º ����¯ �´ � ®1¯ ¹ »/¯ � �k� � ���k�4� } »7¯ � �k� � � �%��� º � (15)µ � ®1¯ ¹ »1¼ � �k� � ���k�4� } »/¼ � �k� � � �%��� º ½ (16)

Theconstraintson { and | cannow beestimatedusingresultsof Refs.13and15.
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3. Results and conclusion

Nowadays,it is customaryto calculatestrong-couplingconstantswith ¾�¿ À Á�Â�Ã asan
initial condition.A straightforwardcalculationgivesthesolution[39] of theform

¾�¿ À Ä4ÃÆÅ ¾�¿ À Á�Â�Ã¾!À Ä4ÃÈÇ
É�Ê¢Ë
ÌË Í
¾4¿ À Á�Â4ÃÎ ÏÑÐ Ò ¾!À Ä4Ã¾#À Ä4Ã�Ó (17)

Ô�Õ Ö × Ö ¾!À Ä4ÃØÅ É�Ê Ë Í ¾4¿ À Á�Â4ÃÙ Ï Ð Ò Ç Á�ÂÄeÓ�Ú (18)

Thus, ÛkÅ�¾4¿ À Á�ÜkÃ Ý ¾�¿ À Ä4Ã cannow becalculated.

For thecalculation,in thepresentcase,Ë Í Å+À É É Þ=Ê Ù ß4à Ã Ý á , andË4Ì Å+À á Î Ý á Ã Þ@â#ÊÀ É ã Ý á Ã Þ ß4à Ê Ù ä à ß4à , with Þ thenumberof colours,
ß4à

thenumberof activeflavoursandä à ÅnÀ Þ@â9Ê%É Ã Ý À Ù Þ Ã . Here, Þ Å+á and
ß4à Å+å . Thefollowing valuesweretaken[44]:¾!æ Ì Å É á ç Ú ã á è é ê1ëEÅ É Ú É è è á ç Ù�ì É ã æ
í GeVâ andÁ�ÂEÅ�î É Ú É ï ç GeV, andÁ�Ü=Å ï ã Ú á áGeVhasbeenused.

Thevaluesof ¾�¿ À Á âÂ Ã sofar availableare: (i) ã Ú É É ï9ð�ã Ú ã ã ç [44], (ii) ã Ú É É ï9ð�ã Ú ã ã è[45], (iii) ã Ú É Ù É Ù ð+ã Ú ã ã Î Î from the ñ7À ¾ â¿ Ã analysisã Ú É É á É1ð¢ã Ú ã ã Ù ï from the ñ�À ¾4ò¿ Ã
analysis[46], andrecentlytheGiele-determinedvalue[47] by the“evolution rate” of the
parton-densityfunctionsratherthanby the“eventrate”as

¾4ó ô¿ À Á2Â�ÃÆÅ ã Ú É É ã�ð2ã Ú ã ã É À õ ö ÷ ö Ã ð2ã Ú ã ã Î À ö Õ Ö ø × ù Ã (19)¾�ú#ó ô¿ À Á2Â�ÃÆÅ ã Ú É É Î ð2ã Ú ã ã É À õ ö ÷ ö Ã ð2ã Ú ã ã Î À ö Õ Ö ø × ù Ã
Theaverageof all theseprescriptions,vis. 0.1157,hasbeentakenin ourcalculation.

Thevaluesof ¾�¿ À Ä4Ã at the Á2Â scalefor differentvaluesof û@ü arecalculatedwith the
helpof Eqs.(17)and(18).Thecalculationof Û is trivial.

We useEq. (6) to calculateý!À þ�ÿÆõ �
Ã , andusingthe meanlife of B [13], onehas
thetotal decaywidth ý4ü9Å Î Ú Ù ç Î É ã å ì É ã æ Ì ò GeV. Thebranchingratio is calculatedfor
differentvaluesof û�� and ûkü . Theresultsaregivenin Table1.
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TABLE 1. Branchingratio ��� � �	��
 ��
 , andupperandlower limits of � and � for a set
of assumedvaluesof ��� and ��� .

��� ��� ��� (b � s� ) � �
(GeV) (GeV) In units Lower Upper Lower Upper

of � � ��� limit limit limit limit
180 5.0 1.814 0.6779 0.6934 1.0275 1.0511

4.6 1.229 0.6907 0.7099 1.0470 1.0760
175 5.0 1.787 0.6891 0.7051 0.9945 1.0175

4.6 1.211 0.7024 0.7220 1.0136 1.0419
170 5.0 1.760 0.7011 0.7174 0.9592 0.9815

4.6 1.194 0.7147 0.7349 0.9778 1.0053
160 5.0 1.703 0.7273 0.7445 0.8803 0.9011

4.6 1.156 0.7419 0.7631 0.8979 0.9235

But this doesnot includetheSM values,andsowe alsocalculatetheupperandlower
limits of � for the nonvanishingvalueof � , the SM value,and the samefor � for the
vanishingvalueof � . This is givenin Table2.

TABLE 2. TheSM valuesof ��� ����� 
 and ��� ����� 
 for a setof assumedvaluesof ���
and ��� .

��� ��� ��� � �!� 
 �"� ���!� )
(GeV) (GeV) Lower Upper Lower Upper

limit limit limit limit
180 5.0 -0.32 1.64 -0.48 0.25

4.6 -0.539 1.88 -0.81 0.09
175 5.0 -0.33 1.68 -0.48 0.24

4.6 -0.55 1.92 -0.804 0.09
170 5.0 -0.34 1.71 -0.47 0.23

4.6 -0.57 1.96 -0.78 0.08
160 5.0 -0.37 1.75 -0.45 0.20

4.6 -0.61 2.06 -0.75 0.07

With ������� # � GeV and ���	�%$�& ' GeV, keepingthe lower limit of � fixed, the
allowableregionfor � is foundto bebetween0.0002and0.91.

To observetheeffectsof thefourthgeneration,wecalculatethebranchingratio for the�����(� # � GeV and �����)$�& ' GeV with differentvaluesof the fourth-generationquark
masses,andalsothe limits of � and � asconstrainedby theCLEO data.Theresultsare
givenin Table3.
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TABLE 3. Branchingratio *�+ , -	.�/ 0�1 for 2�3"465 7 8 GeV and 2�9"4�:�; < GeV, for dif-
ferentvaluesof thefourth-generationquarkmasses,andthelimits on = and> , constrained
by theCLEOdata.

2�3 2�3 ? *�+ (b . s0 ) = >
(GeV) (GeV) In units Lower Upper Lower Upper

of 5 8 @�A limit limit limit limit
45 110 1.78 0.884 0.905 0.643 0.657
50 110 1.82 0.879 0.899 0.626 0.641

120 1.81 0.875 0.895 0.821 0.839
60 110 1.88 0.869 0.889 0.599 0.612

120 1.87 0.866 0.885 0.792 0.809
130 1.86 0.862 0.881 0.939 0.960

85 110 2.00 0.849 0.868 0.551 0.564
120 2.05 0.838 0.856 0.722 0.738
130 1.97 0.845 0.864 0.895 0.915
140 2.11 0.820 0.838 0.957 0.978

90 110 2.01 0.850 0.869 0.551 0.563
120 1.99 0.844 0.863 0.740 0.756
130 1.98 0.841 0.859 0.888 0.907
140 1.97 0.837 0.855 1.002 1.024
150 1.96 0.835 0.853 1.085 1.108

For themassesof 2�3 ? and 2�9 ? abovethetop-quarkmass,noappreciablevariationhas
beenobserved. The valuesobtainedfor the branchingratio with the effect of the fourth
generationB C D 2�3 ?E4 F 8 8"G�H IKJE2�9 ?�4 : 8 8"G"H IKJL*�+ , -�.M/ 0�1N4�5 ; O O P 8 O Q�R	5 8 @�A J
andB C D 2�3 ?E4 F : 8"G�H IKJE2�9 ?�4!F 8 8"G"H IKJL*�+ , -�.M/ 0�1N4�5 ; O O P 8 O 8�R	5 8 @�A J
andthecorrespondingof SNJ T and U donotundergosufficientchange.Thelimits of = are
1.037to 1.066,andof > 1.572to 1.616.

Fromtheaboveresults,wecansafelyconcludethattheallowableregion for = is from
-0.61to 2.06,andthatfor > from -0.81to 0.25.

Whatis interestingin thisformulationis thatwegetadifferentregionfor theallowable
rangethanpredictedin Ref.43,but at thesametime it conformsto theCLEOdata.

This formulationis donekeepingin mind that a fourth generationis consistentwith
theLEP/SLCdataaslong asthefourth neutrinois heavy, i.e., 2�V WKX�Y�Z\[ O , andsucha
heavy fourth neutrinocould mediatea see-saw-typemechanism,thusgeneratinga small
massfor ] ^ J ] _ and ] ` . Thepossibilityof a fourth family of fermionsmaybe takenasa
popularextension.

Appendix

The following method has been used for the calculation of the fourth gener-
ation CKM-mixing matrices from quark masses. It contains six angles a b J cL4
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d e f f f e!g eLhjilk mLiln�o p
, and four CP-nonconservingphases q m e rLsd e p e t eunvi q m\iMn , suchthatthefourth-generationmatrix reducesto three-generation

CKM matrix [1] when
k w�svk x"s k y�s h

and q z s q { s!h . This is givenbelow [48]:

| s }~�
d�h�h�hhjd�h�hh�h�� w��"� wh�h�� w�� w

� �
�
}~
�
d�h�h�hh�� z �"� z hh�� z � z hh�h�h�� � � �

� �
�
}~
�
� ��� ��h�h��� ��� ��h�hh�h�� � � ��hh�h�h�d

� �
�

� }~�
d h¡h�hh¢d�h�hh�h�� y£� yh�h¢�"� y�� y

� �
�
}~
�
d�h¤h¥hh�� { � { hh¢��� { � { hh¡h¤h�� � � ¦

� �
�
}~
�
d h¡h�hh¢d�h�hh�h�� x£� xh�h¢�"� x�� x

� �
�

where
� ��s § ¨ ©�k m

and
� ��s!ª « § k m

. Sowehave:|�¬ ­ s!� � e |�¬ ® s!� � � { e |�¬ ¯ s!� � � { � x e |�¬ ¯ ° s!� � � { � x e |�± ­ s!� � � z e|�± ® s � � � z � {\² � z � { � y � � � � e |�± ¯ s!� � � z � { � x��	� z � { � x � y � � � � ² � z � x � y � � ³ � � ´�� ¦ µ e|�± ¯ ° s!� � � z � { � x���� z � { � x � y � � � �N�	� z � x � y � � ³ � � ´E� ¦ µ e| ¶ ­ s���� � � z � w e | ¶ ® s!� � � z � { � w"�	� z � { � w � y � � � �\��� { � w � y � � � � e| ¶ ¯ s!� � � z � { � w � x ² � z � { � w � x � y � � � � ² � z � w � x � y � � ³ � � ´E� ¦ µ ² � { � w � x � y � � � � ² � w � x � y � � ³ � � ´E� ¦ µ e| ¶ ¯ ° s!� � � z � { � w � � x ² � z � { � w � x � y � � � � ² � z � w � x � y � � ³ � � ´�� ¦ µ ² � { � w � x � y � � � � ² � w � x � y � � ³ � � ´E� ¦ µ e| ¶ ° ­ s���� � � z � w e | ¶ ° ® s!� � � z � { � w"��� z � { � w � y � � � �N�	� { � w � y � � � � e| ¶ ° ¯ s!� � � z � { � w � x ² � z � { � w � x � y � � � ����� z � w � x � y � � ³ � � ´E� ¦ µ ² � { � w � x � y � � � � ² � w � x � y � � ³ � � ´E� ¦ µ e| ¶ ° ¯ ° s!� � � z � { � w � x ² � z � { � w � x � y � � � � �·� z � w � x � y � � ³ � � ´�� ¦ µ ��� { � w � x � y � � � � ² � w � x � y � � ³ � � ´E� ¦ µ f
Now, to have an estimateof the CKM matrix elements,the following matricesare

taken: ¸º¹ »
s }~�

h½¼��¾h¡h¼\��h¿¼��¾hh½¼ z h½¼ {h½¼ { ¼�w½h
� �
�

and ¸ºÀ Á Â�Ã
s }~�

h¾Ä���h�hÄ���h¾Ä z hh¾Ä z h¾Ä {h�h¾Ä { Ä w
� �
� f

Also, Å ¬ Æ� sº��Ç ¬ e Å ¬ Æz s Ç ± e Å ¬ Æ{ s���Ç ¶ and Å ¬ Æw s Ç ¶ ° . Then,onegets:

¼Ew�s wÈ m É�� Å m eÊ ¼ z � ² ¼ zz Ë ¼Ew�s¿� Èm Ì�Í Ì�Î Å m Å Í Å Î e
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Ï�ÐÑ\Ò�Ï�ÐÐ Ò�Ï�ÐÓ�Ô¿Õ�Ö× Ø�ÙEÚ × Ú Ù Û
ÏEÐ ÑNÜ Ï�ÐÐ Ô¾Ú Ñ Ú Ð Ú Ó Ú Ý ÛÞ�ß à á â"ãNä�åçæKè à é ê ë ì Ôºí�î í�ï ð .

Theunnormalizedñ ò ó row of í�î , correspondingto up-typequarks,is givenbyô Û Ú × õ Ï Ñ Û ß Ú Ð× Õ	Ï Ð Ñ ì õ ß Ï Ñ Ï Ð ì Û Ú × ß Ú Ð× Õ�Ï Ð ÑNÕ�Ï ÐÐ ì õ ß Ï Ñ Ï Ð Ï Ó ì ö
Thecalculationof í�ï for the down-typequarksis similar. Thus,for a setof masses

in respectof u, c, t, t’ andd, s, b, b’, onecancalculateall the sixteenmatrix elementsÞ × Ù Û ñ Ô u, c, t, t’ and÷ Ô d, s,b, b’.
Thesetof masses(currentquarkmass)takenfor thecomputationsare:ø ù�úüû î Ô!ý ö ý ý þ"ÿ â � Û û��NÔ ô ö � ÿ â � Û û ò Ô ô � ý�ÿ â �

Û
andthevaluesof û ò � weretakenasstatedearlier,

� � �
	 úüû ï Ô!ý ö ý ô ÿ â � Û û���Ô!ý ö 
 ÿ â � Û û��NÔ�� ö � ÿ â � Û
andthevaluesof û�� � weretakenasstatedearlier.

It maybenotedthattheCPviolationphases�
×
havebeenassumedto beapproximately

equal0, or negligibly small,andtheelementsof í�î � ï � arefunctionsof masses.However,
verysmallmassratiosareneglectedsothatthemassdependenceof mixinganglesbecomes
simpler, andthematrixelementsarecalculatedupto theninedecimalplaces,otherwisethe
mixing anglescannot beestimatedreliably. This is alsodoneto avoid theabsurdresults
like � � � ��� ô .
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OGRANIČENJETRILINEARNOGA BAŽDARNOGVEZANJA RASPADOM
b � s� UZEVŠI U OBZIR MOGUĆNOSTČETVRTE GENERACIJEKVARKOVA

Virtualni učinci trilinearnogabǎzdarnogvezanjafotona na W � W  na raspadb � s�
se provjeravaju uz pretpostavku mogúce četvrtegeneracijekvarkova, s popravkamado
vodécih QCD logaritama,primjenomrazvoja CKM matricečetvrtegeneracijei fazom
kršenjaCP-invarijantnostijednakom nula. Uzetasu u obzir ogranǐcenjaizmjerenomvri-
jednǒsćuparametra! .
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