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PACS12.60.-i

Theeffective bsZvertex maybe influencedby treeuu
�
Z vertex formedby a mixing with

heavy exotic isosingletup-typequarks.Theelectroweakpenguindiagramsinvolving one
insertionof theuu

�
Z vertex havebeenconsideredandwe havecalculatedthecontribution

arisingfromthosediagramsusingthefourthgenerationCabbibo-Kobayashi-Maskawama-
trix elements;alsotheapplicabilityof thegeneralizedGlashow-Iliopoulos-Maianimecha-
nismis considered.Theadditionaleffectsof theheavy isosingletsarecomparedwith the
effectsof exotic heavy isodoubletsappearingin multi-generationalmodels.We seethat
in theeffectivevertex amplitude,theup-flavour-changingcontributioninterferesconstruc-
tivelyanddestructivelywith theoneloop-penguindiagramswith andwithoutany insertion
of flavourchangingcoupling,respectively.

1. Introduction

It is an admittedfact that due to the unitarity of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix [1], in theflavour-changingneutralcurrent(FCNC)processesin theStan-
dardModel (SM) [2], the leading-ordermass-independenttermis stronglysuppressedby
the Glashow-Iliopoulos-Maiani(GIM) [3] cancellationmechanism.This is experimen-
tally confirmedandit pavestheway for investigatingthenew sourcesof FCNC.So, the
studyof virtual effectsopenedhydraheadedwindows on electroweaksymmetrybreaking
andphysicsbeyondtheSM. Theexaminationof theseindirecteffectson new physicsin
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higherorderprocessesyieldsacomplementaryapproachto thesearchfor directproduction
of new particlesathighenergy colliders.

To probeFCNCof radiativeb decays,weseethatapartfrom uncertainties,theCLEO
data[4] arein goodagreeementwith the leading-logarithmicQCD corrections,andpar-
tial calculationsof next-to-leadinglogarithmicorderis underway [5]. Thesenew results
openedthescopefor investigationsin variousclassesof models,namely:anomaloustop-
quarkcouplings[6], anomaloustrilinear gaugecouplings[7], fourth generation[8], two-
Higgs-doubletmodel[9], three-Higgs-doubletmodel[10], supersymmetry[11], extended
technicolour[12], leptoquarks[13] andleft-right symmetricmodels[14].

Apart from thesemodels,in the line of investigationconductedrecentlyin LEP, we
arecontemplatingthe existenceof a new U(1) gauge-bosoncoupling,predominantlyto
thethird family, andit mayhave theconsequenceof enhancingtheb-quarkdecaymodes
[15]. Thesourcesof FCNCmayalsobecomingfrom (i) theratiosbetweenthemassesof
fermionsinvolvedin theflavour-changing(FC) transitions,or (ii) somenew massscaleof
theorderof electroweakbreakingscale,or it maybelargerwhereit mayarisefrom mixing
betweenthe light fermionsandnew heavy stateswith non-standardSU(2)L assignments
[16-19], or from multi-Higgs doubletsmodel without naturalflavour conservation [20-
21], or by horizontalsymmetries[22] in fermionmasshierarchy. Dueto the fact that the
fermionmassesaresmall,theeffectsarenaturallysuppressed.But now, theappearenceof
thetopquark,with a heavy massof 180GeV, haschangedthescenarioabruptlywhenthe
FCtransitioninvolvesthet quark.Oflateinvestigationis goingonatthephenomenological
level [23-25]andalsofor modelbuilding [20-21].

Herewetry to find outto whatextenttheeffectivebsZvertex is modifiedby insertinga
treelevel uu

�
Z FCNCvertex, assuminga mixing betweenu � c � t quarksandnew isosinglet

heavy statesof charge2/3.

2. General formulation

We assumetheexistenceof n new Q � 2
�
3 isosingletL-handedquarksU0

L . They can
appearin vectorlike multipletsU0

L � U0
R andthey aremixedwith unknown up-typequarks

u0
L � u0

R. The numbern of U0
L � U0

R pairsis not that relevant for our formulationin general,
andwe keepit unspecifiedfor thepresent.U0

R andu0
R, beingbothcolour triplet Q � 2

�
3

isosingletstates,have the samegaugequantumnumbers,and,therefore,their couplings
to thegaugebosonsareunaffectedby themixing. This is not thecasefor theL-chirality
states.Thevector �

0
uL � � u0

U0 �
L

of thedoublet(u0) andthesinglet(U0) gaugeeigenstatesis relatedto thecorresponding
vectorof the“light” (u) and“heavy” (U) masseigenstates�

uL � � u
U �

L
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througha unitarymatrixΠ suchthat�
u0

U0 	
L 
 Π

�
u
U 	 (1)

Π 
�� P Q
R S 
 (2)

HereU 
�� t1 � t2 � � � � � tn � T andu 
�� u � c � t � T . Yet, Π is unitary P andR arenot themselves
unitary. In theweakbasis,thechargedfermionneutralcurrentshallcontainP†P andR†R
whicharenotnecessarilydiagonal,andthusthemixing in generalinducesFCNC’samong
thelight particles.In orderto avoid thisproblems,theassumptions[18] aremadethateach
ordinaryleft- andright-handedfermionmixeswith its own exotic partner. In thiscaseP†P
andR†R arediagonal,andthuseliminateFCNC’s. With this assumption,we canwrite�
P†

aPa � i j 
 � ci
a � 2 δi j and

�
R†

aRa � i j 
 � si
a � 2 δi j , wherea 
 Left, Right. Here

�
si
a � 2 � 1 ��

ci
a � 2 � sin2 θi

a, whereθi
Left � � Right� is mixing anglein the ith Left-handed(Right-handed)

ordinaryfermion and its exotic partner. The unitarity of Π implies Π†Π 
 ΠΠ† 
 unit
matrix,andso

P†P � R†R 
 PP† � QQ† � I3 � 3 ���� 1 0 0
0 1 0
0 0 1

�� � (3)

We now introducea unitarymatrix ∆ for theL-handeddown typequarks,sothat

d0
L 
 ∆dL

∆∆† 
 ∆†∆ 
 I3 � 3 (4)

We alsointroducea  3 � n!#" 3 matrixX, givenby

X 
 �$$$$$$�
1 0 0
0 1 0
0 0 1
0 0 0

...
0 0 0

� %%%%%%� (5)

andwith thehelpof (1) wewrite thechargedcurrent(CC)coupledto theW & bosonsas

1
2

JW
µ 
 ' 0

uLγµXd0
L
 ' uLγµΠ†XdL (6)

FIZIKA B 6 (1997)2, 99–110 101



BISWAS AND GAUTAM : STUDY OF LEPTONIC AND RADIATIVE . . .

Fromtheabove,weseethatwecandefinea ( 3 ) n*#+ 3 mixing matrixV givenby

V , Π†X∆ -/. P† ∆
Q† ∆ 0 (7)

WeidentifyP†∆ asthe3 + 3 Cabbibo–Kobayashi–Maskawa(CKM) matrix[1] for thelight
statesu andweseethatit is notunitary. We seefrom (3) and(4)

V†V , ∆† 1 PP† ) QQ† 2 ∆, I3 3 3 (8)

ThusV is analogousto theunitaryCKM matrix.
Now for θW, the“Weinberg weakmixing angle”,s , sinθW 4 c , cosθW, andwedefine

a ( 3 ) n*#+5( 3 ) n* matrix

I3 , X + X† - . I3 3 3 0
0 0 0 4 (9)

theprojectoroperatoractingon theL-handed1/2 isospindoubletstates.And wecanwrite
theneutralcurrent(NC) coupledto theZ bosonin termsof themasseigenstates,as

1
2

JW
µ , 1

2 6 uL γµ∆†I3∆ 6 uL 7 s2 6 u γµE 6 u (10)

In (10), the secondterm remainsflavour diagonalsincethe matrix of electriccharge E
is proportionalto the “Identity”, i.e., E ,�( 28 3* + Identity. But when we considerthe
currentmatrix, the isospinpart 1

2I3 is not proportionalto the Identity, and,therefore,the
correspondingisospincouplingsareflavourchanging.

Let usnow definetheNC-mixingmatrix9 , Π†I3Π ,/. P†P P†Q
Q†P Q†Q 0;: (11)

We seethat
9

is notunitary.
But from (4), (7) and(11),weget9 , VV† 49<9 † , 9 2 , 9 4 and (12)9

V , V :
Weseethat

9
is idempotent,sincefrom(11)wecaninterpret

9
astheprojectionoperator

ontheL-doubletswrittenonthebasisof masseigenstates.Onactualcalculation,weobtain
that
9

uu , 0 : 9999,and
9

cc , 0 : 9974,i.e., all areapproximatelyequal1. Now, we may
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notefurtherthat = uu > = cc > 1 becauseof theexperimentalboundson theleft handedup
andcharmquarkswhichareflavourdiagonal.We noteagainthat,as

n

∑
a? 1
= aa @ Tr A V†V B @ 3 C (13)

weget∑n
a? 3 = aa > 1. Further, wemaynotethat = is notsymmetric,i.e., = uuD E@ = uD u.

Now, V†V @ I3 F 3 and = V @ V imply V† = V @ V†V @ I3 F 3, and so all the mass
independenttermsin thenew penguindiagramswhichcarrystructureV† = V arecancelled
off in spiteof thepresenceof theFCcouplings.Actually, from (8) and(12),wecanwrite

∑
jk

V Gjs A = jk H δ jk B Vkb @ 0 (14)

Following [26], we get theusualSM L-handedandR-handedchiral couplingsof up
typequarksas

gu
L @ 1

2 H 2
3

s2 C and

gu
R @IH 2

3
s2 (15)

From (9), it is evident that L-handedup quark couplingschangedfor mixing with the
new isosinglets,andintroduceanFC term.For thesake of generality, we write J ui J u j Z
couplingas

gi j
L @ 1

2
= i j H 2

3
s2@ gu

Lδi j K 1
2
A = i j H δi j B C where (16)

i C j @ u C c C t C t1 C t2 C L L L C tn
Thetermgu

L representstheextensionof SM to 3 K n L-handeddoubletswith no treelevel
FCNC,andtheterm 1

2 A = i j H δi j B showsthatthenew n statesareisosinglets.

Thefirst termgivesusthescopeto compareresultsfor theisosingletscasewith those
of a multigenerationalmodel.Further, from (16), we seethat thecalculationof effective
bsZvertex in thepresenceof the treelevel FC couplingscanbedoneby calculatingSM
contribution[27] extendedto 3 K ngenerations,andby computingtwo additionaldiagrams
givenin Fig. 1 whicharisefrom thesecondtermin (16).
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M NO O O O
PQPRPQPQPRPQPQPRPPP PP

s b

W SUT φ S
V Vks W u j PL W uk VjbX

kj Y δkj

Zµ

Fig. 1. Electroweakpenguindiagramswith W bosonandscalarφ which includeflavour
changingvertex

X
kj Z j [\ k. Therelevantmixing matricesappearingat theverticesareshown

explicitly, andPL ] 1
2 ^ 1 Y γ5_ is theL-handedchiralprojector.

3. Calculationof amplitudewith andwithoutFC

Theamplitudefor thesumof theonelooppenguindiagramswhichdonotcontainany
insertionof theFC couplingsin the’ t Hooft–Feynmangaugecanbewrittenwith thehelp
of [27] with xu ] m2

u ` m2
W andξi ] V VisVib asa withoutFC

ef f ] g3^ 4π _ 2c b ∑
u\ u Z c Z t ξuF1 ^ xu _ c ^ sL γµbL _ T (17)

whereF1 ^ x_ anInamiandLim functiongivenby

F1 ^ x_ ] x2 Y x Y 5
4 ^ x Y 1_ed 3x2 d 2x

4 ^ x Y 1_ 2 lnx (18)

Dueto the relation(8), we have ∑i ξi ] 0, andthusthemassindependenttermsarecan-
celledoutanddivergencesareeliminatedlike in theGIM mechanism.

Weseethat(17) is notgaugeinvariantby itself. To makeit gaugeinvariant,wehaveto
addboxdiagramsfor theprocessesb f sll , with l ] ν T l g .

IntroducingtheInamiandLim function

F2 ^ x_ ] 2
5 h 1

x Y 1 Y xlnx^ x Y 1_ 2 i (19)
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wehavethephysicalgaugeinvariantquantityfor therdecayamplitudej withoutFC
ef f k g3l

4π m 2c n ∑
uo up cp t ξu

l
F1
l
xu m q F2

l
xu m m rts l sL γµbL m (20)

Now we turn our attentionto thesecondtermin (16), namely, 1
2

l u
i j v δi j m . We have

considerednew statesto beisosinglet,sothereshallbenoextracontributionsfrom theFC
couplings.Thediagramcorrespondingto this term,asstatedearlier, is givenin Fig. 1. The
loopsat W bosonor the scalarφ arelogarithmicallydivergent.But the chiral projection
operatorPL k 1

2

l
1 v γ5 m reducesthe degreeof divergenceby a factorof 2, andthusthe

divergenceis eliminated.
From(14), we seethatwhenwe sumover all theu andU , all termsindependentof u

andU masses,andin particularthepolesatD k 4,arewipedout liketheGIM cancellation
law andthusleadto afinite contributionfrom thediagraminvolvingW bosonloop.

Now wewrite theamplitudeobtainedfrom thesecondtermin (16)asj withFC
ef f k j W q j φ k g3l

4π m 2c n ∑kj

V wks

l u
kj v δkj m VjbF1

l
xk x x j m r l sL γµbL m x (21)

where

F
l
x x ym k 1

4
l
x v ymzy y v 1

x v 1
x2 lnx v x v 1

y v 1
y2 lny{;| (22)

Herek x j runoveru x c x t x t1 x t2 x | | | x tn. We maynotethat(21) is alsogaugeinvariant.
Amplitudefor theeffectivebsZvertex now canbewrittenasj bsZ k j withoutFC

ef f q j withFC
ef fk g3l

4π m 2c y ∑u ξu
l
F1
l
xu m q F2

l
xu m m { l sL γµbL mq g3l

4π m 2c n ∑uu} V wus
l u

uu} v δuu} m Vu} bF
l
xu x xu} m r l sL γµbL m (23)

We seethatasx ~ y,

F
l
x x ym#~ x

4 v xlnx
2
l
x v 1m�� F3

l
xm (24)

which is includedin F1.
Thenwecanwrite theamplitudeasj bsZ k g3l

4π m 2c y ∑u ξu
l
F1
l
xu m q F2

l
xu m m { l sL γµbL m
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4π � 2c � Un

∑
u

V �us
� �

uu � 1� VubF3
�
xu � � � sL γµbL �� g3�

4π � 2c � u �� u�
∑
u � u� V �us

� �
uu� Vu� b � F1

�
xu � xu� � �t� � sL γµbL � (25)

Thusfrom the notebelow Eq. (12), we seethat for thesecondsumin the above ex-
pressionthe first two termsarenot contributting, andcontributionsarecomingfrom the
topquarkandt1 � t2 � � � � .

4. Resultsanddiscusion

We take mu � 0 � 007GeV, mc � 1 � 5 GeV, mt � 180GeV, andmW � 88� 22 GeV. The
first termof (25) is withoutFC.

TABLE 1. FunctionsF1
�
x� � F2

�
x� andtheir sumfor differentvaluesof theparameterx �

m2
U � m2

W.

mU 0.007 1.50 180 200 250
F1
�
x� 1.2499 1.2491 3.0864 3.4691 4.1066

F2
�
x� -2.4999 -2.4939 -0.6301 -0.5643 -0.4403

Total -1.2501 -1.2448 2.4563 2.9048 3.6663

We seethatthedominantcontribution is comingfrom thetopquark.
Next, we look at thesecondterm.ThefunctionF3

�
x� is calculatedfor differentvalues

of massof theup typequark,for mt � 180Gev andabove, viz.; 200,250,300,400and
500GeV, andis givenin theTable2.

TABLE 2. FunctionF3
�
x� for differentvaluesof theparameterx � m2

U � m2
W.

mU 180 200 250 300 400 500
F3
�
x� 0.250 0.465 1.160 2.076 4.524 7.834

We seethatthesecondterm,which is alsoflavour diagonal,givesdominantcontribu-
tion for largemassesof U . Of course,mixing with theisosingletsreducesthiscontribution
to someextentbecauseof whatwehavenotedbelow Eq.(25).

For thethird term,whichis theadditionaleffectof theFCvertices,wenotethefollow-
ing:

(i) F
�
x � y� is a symmetricfunctiononexchangeof x andy.

(ii) For small valuesof quark masses,its value is negligibly small: F
�
xu � xc � �� 0 � 0006959.Evenfor intergenerationalmixing like

�
xt � xu � or

�
xt � xc � , thevalueis nega-

tivebut small,F
�
xt � xu � �<� 0 � 0504244andF

�
xt � xc � �<� 0 � 504103,resultingin reduction
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of thecontribution ascomparedto valuesin Table1. TheFC generationalmixing of top
quark interferesdestructively upon the contributionswithout FC and,consequently, the
strengthof theeffectivebsZvertex is weakenedwith respectto thedoubletcase.Thus,we
mayexpectreductionin b � sl� l � decayrates.

(iii) As F � x � y��� F � y� x� , keepingmt � 180GeV fixed,we vary themassesof exotic
U ’s, takingthevalues200,250,300,400,500and600GeV; theresultsaregivenin Table
3. We seethatF � x � y� is amonotonicfunctionof exotic quarkmassesUi .

TABLE 3. FunctionF � xt � xU � with mt � 180 GeV for differentvaluesof the parameter
x � m2

U � m2
W.

mU 180 200 250 300 400 500 600
F � xt � xU � 0.2502 0.3472 0.0591 0.7946 1.1580 1.5110 1.8020

For heavy masses,thevaluesof F � x � y� arepositiveandincreasewith themass:

F � U300� U400�#� 3 � 0508, F � U400 � U500�#� 5 � 9296,
F � U300� U500�#� 3 � 9335, F � U400 � U600�#� 7 � 2116
F � U300� U600�#� 4 � 7279.

Themixing of thetopquarkwith theheavy massesappreciatestherates,andthesame
is truefor thecaseof mixing of any pairof theexotic massivestates� Ui � U j � .

(iv) Themixing of highergenerationalmassesof 500Gev and600GeV with u quark
andc quarksyield virtually thesameresults:

F � xU � 500� xu �#��� 0 � 9390 , F � xU � 600 � xu �#�<� 1 � 02439
F � xU � 500� xc �U�<� 0 � 93877, F � xU � 600 � xc �#��� 1 � 02439

Thus,theeffectsof massivesinglets’FCmixing with upandcharmquarkaresameas
thosenotedin (ii), andsotheeffectivebsZvertex is furtherweakened.

Now weturnto thematricesV and � . As statedearlier,VL is notunitary, andfollowing
[18], theelementscanbewrittenas

VL i j � cui
L c

d j
L V̂L i j (26)

whereV̂L is theusualunitaryCKM matrix.Thevaluesof cui
L andc

d j
L werecalculatedfrom

thevaluesof s’s collectedfrom [28] andaregivenbelow:� sd
L � 2 � 0 � 0023 � sd

R� 2 � 0 � 019� ss
L � 2 � 0 � 0036 � ss

R� 2 � 0 � 021� sc
L � 2 � 0 � 0042 � sc

R� 2 � 0 � 010� sb
L � 2 � 0 � 0020 � sb

R� 2 � 0 � 010
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Now we calculatethe amplitude   bsZ given in Eq. (24), term by term, in units of
g3¡

4π ¢ 2c £ sL γµbL ¤ . We alsotake theCKM matrix elementsfrom thefourth generationcalcu-
latedin Ref.29.

The first term, consideringthe sum up to the t quark, has the contributions: +
0.00021533,– 0.019014597and+ 0.160212211,from theu ¥ c andt quarks,respectively,
yielding thetotal valueof 0.141412944.

For thesecondterm,thecontributionfrom u is only positiveandall othercontributions
arenegative.To haveanestimate,wecalculatedthetermsup to t2, andassumingt1 ¦ 400
GeV andt2 ¦ 500 GeV. Thecontributionscomingfrom u ¥ c ¥ t ¥ t1 ¥ andt2 areof the order
10§ 7 ¥ 10§ 4 ¥ 10§ 3 and8 ¨ 10§ 2, respectively. Thetotal contributionof thesecondtermup
to t2 is - 0.163019137.We seethat thesecondtermactsdestructively uponthefirst term.
Thus,thepenguindiagramfor theeffectivebsZvertex is reducedto - 0.021,which is less
then+ 0.14in absolutevalue,i.e.,©

Sumof thefirst andsecondterm
© ª<©

First term
©

Hence,theexperimentalupperlimit of b « sll £ l ¦ ν ¥ l ¬ ¤ doesnot put any restriction
for mixing producedby theuu­ Z vertex.

Thethird termhasachequeredcharacter. Theu-blockwith a totalof four cross-values
of F(x,y) gives the value+ 0.000104866,the c-block with a total of threecross-values
gives– 0.009075973,the t-block with two cross-valuegives+ 0.044967028andthe t1-
block hasonly onetermandthat is + 0.010810562.As thesumof thefirst two termsis –
0.021606193,theadditionof theu-block doesnot mattermuch,while theadditionof the
c-block reducesthe valueto – 0.0305773.But the additionof the t-block is substantial,
asit ratherrestoresthevalueof   to its positive value,i.e., to + 0.0143andthent1-block
addsandfinally taking all termsupto t2, we get the valueof   bsZ of + 0.02520029.We
expectprogressively increasingvaluesfrom further terms.So, the introductionof exotic
up typeheavy singletsslowly augmentsthedecayrateandwegetacleartestinggroundto
investigatethepresenceof thefourthgeneration.

5. Conclusion

Thecontribution to theeffective bsZvertex of thenew penguindiagramsinducedby
a uu­ Z vertex is boundto besmallerthantheSM result,andinterferesdestructively with
it. Hence,theratefor theFC decayis loweredby this effect, andtheexperimentalupper
limits onb « sl ® l § andonb « sνν donot imply any constraintonamixing induceduu­ Z
vertex, but it mayhelptheinvestigationof theexistanceof thefourthgeneration.
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MULTIDUBLETNI MODEL ZA LEPTONSKEI RADIJATIVNE RASPADE b
KVARKA U SVJETLUDOPRINOSAOD PROMJENEOKUSA u-KVARKA

Na efektivan vrh bsZ može utjecati vrh uu± Z krošnje koji je nastaomiješanjemtěskih
egzotǐcnih kvarkova tipa u. Razmatrajuse elektroslabipingvinski dijagrami s jednim
ubacivanjem vrha uu± Z i izračunavaju doprinosi koji nastajuzbog tih dijagramauz
primjenu Cabbibo-Kobayashi-Maskawinih matrǐcnih elemenata.Razmatrase takod–er
primjenjivost pooṕcenog Glashow-Iliopoulos-Maiani mehanizma. Dodatni se učinci
těskih izosingletauspored–uju s učincimaegzotǐcnih těskih izodubletakoji se javljaju u
višegeneracijskimmodelima.Nalazisedau efektivnoj vršnojamplitudidoprinosodprom-
jeneu-okusainterferirakonstruktivnoi destruktivnospingvinskimdijagramimas jednom
petljomsaodnosnobezumetanjavezanjakojemijenjaokus.
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