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Thedecayof thefourth-generationdown-typequarkb
� �

bγ andb
� �

bghasbeenstudied
asanextensionof thestandardmodelusingevolutionof themass-basedfourthgeneration
CKM matrix with CPviolationphaseequalto zero.Rangeof themassesof fourth gener-
ationdown-typequarkb

�
andup-typequarkt

�
havebeentakenwith dueobservanceof the

constraintimposedby thepresentexperimentalvalueof theρ parameter, keepingin view
the massdifferenceof the fourth generationquarkdoublet.The decaywidth of b

� �
bγ

alsohasbeenstudied,however, with correctionup to theleadingQCD logarithmsfor six
active flavoursafter theW boson,t andt

�
quarkshave beenintegratedout usingoperator

productexpansion.Stronginteractioncouplingconstantis takenon matchingscaleof Z
bosonmass.
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1. Introduction

Recentexperimentalandtheoreticalstudieshavestimulatedtheattempstodemonstrate
theexistenceof thefourth generationin thequarksector. With theassumedb

�
down-type

andt
�
up-typefourth-generationquarks,thedown-typequarkswould bed � s� b andb

�
and

the up-type quarks u � c � t and t
�
. At the large colliders,

attemptsaremadeto find signaturefor thedecaymodeslike b
� �

bγ andb
� �

bg [2,3].
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Onemaystudytheb
�
quarkdecayseparatelyor asanextensionof theformulationfor the

threegenerationsto thefour generations.

For the third generation,it is well known that theradiative b decayis extremelysen-
sitive to the structureof fundamentalinteractionsat the electroweakscale. This hasa
chequeredcareer;this processhasdeparturefrom otherflavour changingneutralcurrent
(FCNC)processeswhich normallyariseat thetreelevel in thestandardmodel(SM). Ac-
tually, one-loopW-exchangediagramsgeneratethis decayat the lowestorderin theSM.
Themodelis basedonthegaugegroupSU(3)C � SU(2)L � U(1), wherethequarkcouples
to theW bosonyielding theweakcurrent[4].

Theradiativeb
�
quarkdecaymaybetreatedin thesameway asthatof b quarkdecay.

The latter hasa rateof the orderof G2
FαQED, and all otherFCNC processesinvolving

leptonsandphotonsareof the orderG2
Fα2

QED. At the sametime, the long-rangestrong
interactionsareexpectedto play a minor role in theexclusive processof theradiative B-
mesondecay(by requiringEγ

�	�
m2

B 
 m2
D � � 2mB), so its effect cannotbe ignoredwhile

consideringtheinclusiveprocessof radiativeb quarkdecay. However, it is known thatthe
short-distanceeffect of QCD [5–7] dueto gluonexchangebetweenthequarklinesof the
leadingone-loopelectroweakdiagramsenhancetheradiativeb decayratein theSM by 2
to 5 times,dependingonthetopquarkmass.Furtherimportantcontributionsin therelated
domainhavebeenmadeby Deshpande,Trampetíc andothers[8–11],wherelong-distance
effects have beenduly considered.Other q  q

�
γ transitionsare very hard to observe.

Recently, theΓ � b  sγ � andthetopquarkmasshasbeenmeasured[1,12].

In view of thesenew developments,it is the purposeof the presentpaperto analyse
thetheoreticaluncertaintiesin thecalculationof thedecaywidth Γ � b�  bγ � . Firstly, this
requiresthechoiceof the fourth generationquarkmasseswhich arenot freeparameters,
ratherthey areconstrainedby theexperimentalvalueof theρ parameter. Theρ parameter,
in termsof the transversepart of the W- and Z-bosonself energiesat zero momentum
transfer, is givenin Ref.13,

ρ � 1
1 
 ∆ρ

; ∆ρ � ΠZZ
�
0�

M2
Z

 ΠWW

�
0�

M2
W � (1)

Thechoiceof thepair of masses� mb� � mt � � , keepingin view theupperboundof 550GeV
for themassof thet

�
quarkcomingfrompartial-waveunitarity[14], themodel-independent

lowerboundof theb
�
quarkmasswhichhasbeenset[15] as45GeV, andconstraintonthe

massdifferenceof thefourthgenerationquarkdoubletenforcedby theexperimentalvalue
of theρ parameter, hasbeenrecentlydonein Ref.16,andwearefreeto utilize it.

Secondly, thedominantuncertaintyin theexisting leadinglogarithmicQCD calcula-
tions is dueto the choiceof the renormalizationscaleµ [17]. In any finite-orderof per-
turbationtheory, suchan uncertaintyis inherent.Several papers[18–20] have recently
analysedthis problem.However, theµ-dependenceof the relevantamplitudesis reduced
considerablyby theinclusionof next-to-leading-ordercorrection.It maybenotedthatthe
scaleuncertaintyin theleading-ordercalculationof this decayrateis particularlylarge,it
amountsto around� 25%.Thereforewehave therestrictionson theSM or its extensions,
which canbe obtainedwith the help of the experimentalfindingsandthe leadingorder
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approximations,which aresubstantiallyweaker thanfoundwithout takingthetheoretical
uncertaintiesinto account.

Theµ� dependence,presentin thebranchingratios,canbereducedin thesamemanner
asit wasdonefor otherdecays[18–20].Thefull next-to-leadinglog calculationof radia-
tive decayswould requireconsiderationof three-loopmixing betweencertaineffective
operators.Beforeoneundertakessuchaneffort, it is muchbetterto make a formalanaly-
sisof theconsidereddecayat theleadinglogarithmiclevel,andto checkto whatextentthe
µ� dependencecanbereducedonceall thenecessarycalculationshavebeenperformed.A
review by Greubet al. onFCNCprocessof radiativeb decaysandon thenext-to-leading
logarithmicresultshasappearedin theproceedingsof arecentSymposium[21]. Chetyrkin
et al. [22] haveobtainedtheresultsfor three-loopanomalousdimensionswhile analyzing
B � Xsγ decayandreport the branchingratio ��� B � Xsγ � to be � 3 � 28 � 0 � 33��� 10� 4.
Thepredictionsof theSM arein conformitywith theCLEO dataat 2σ level. So,we may
proceedfollowing thesameway. However, for thepresent,theanalysisof b� � bγ decay
is restrictedto theleadinglogarithmiccalculations,to begivenin thenext section.

Thepaperis organizedasfollows: Section2 summarisestheresultsof theformulation
of b� � bγ in four generationsfor any mb� , i.e., mb�! MW andevenbeyondtheW boson
mass.In Sect.3 calculationsof thedecaywidth for b� � bg for four generationshasbeen
consideredalongwith the ratio of Γ � b� � bγ � to Γ � b�!� bg� ; Section4 summarisesthe
resultsof the leadinglogarithmic(LL) calculations,adoptingoperatorproductexpansion
which is usedto evolve anomalousdimensionmatrix for four generationsandto perform
leadinglogarithmiccalculationfor thedecaywidth takingthevalueof mb�  MW. In Sect.
5 theresultsarediscussed.

2. Calculationof Γ " b#�$ bγ % for mb& belowandaboveMW

Thetransitionb� � bγ occursthroughtheprocessof one-looppenguin-typediagram
whichadmitsW bosonandu ' c ' t ' t � quarkexchange.It maybetreatedasadirectextension
of theSM. Thematrixelementfor thisprocessis givenby [23]( � b� � bγ �*) eGF

4+ 2π2 , iεµ b̄σµν qν � b�Rmb� - b�L mb � .� ∑
i / u 0 c 0 t 0 t � V 1ibVib � � I � xi �2� I � xu � � � (2)

Vpq’s areelementsof the four generationsCKM matrix, calculatedasprescribedin Ref.
16, xi=m2

i 3 M2
W, thefunction I � x� is the Inami andLim function[24], εµ is photonpolar-

ization vector, qµ is photonmomentum,andσµν = � i 3 2� 4 γµ ' γν 5 , b�R = � 13 2� � 1 - γ5 � b� ,
b�L = � 13 2� � 1 � γ5� b� .

In thisweakprocessof loop-inducedcoupling,theGlashow-Iliopoulos-Maiani(GIM)
[25] cancellationis important.Takingthis into account,andwith theLL approximationto
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thefirst orderin αs [26], theQCDcorrectionsread:

Corrections 6 ∑
i 7 u8 c8 t 8 t 9 V :ibVib 9 eαsGF ; 2

6π3 ln < m2
i = M2

W >@? for mi A MW6 0 ? for mi B MW C (3)

CombiningEqs.(2) and(3), andneglectingthetermsof theorderm2
b = m2

b9 , onehas

Γ D bE F bγ GH6 αG2
F m5

b9
128π4 I D 4GJJJJV :ubVub9 I D xu G�K V :cbVcb9!L I D xc G K 4αs D mb9 G

3π M ln m2
c

M2
W N ln

m2
u

M2
W O P K

V :tbVtb9 L I D xt G N 4αs D mb9 G
3π

ln
m2

u

M2
W P K V :t 9 bVt 9 b9 L I D xt 9 G N 4αs D mb9 G

3π
ln

m2
u

M2
W P JJJJ 2

where

I D xG*6 2x
3 D x N 1G K 7x

4 D x N 1G 2 K x
2 D x N 1G 3 N D 3x3 N 2x2 G

2 D x N 1G 4 lnx C (5)

Theaboveexpressionis valid for mb9 A MW aswell asfor mb9 B MW.

3. Decaywidth Γ Q bR�S bgT andtheratio to Γ Q bR�S bγ T
For thedecaychannelbE F bg theone-loopcalculationis straightforwardfrom Ref.

23,asanextensionof SM. It hasbeenascertainedin Ref.26thatfor thisdecaymode,even
largeQCDcorrectionscannotallow thisprocessto reachthefew percentlevel. Thus,even
for theextensionto fourthgeneration,weneglecttheQCDcorrectionsandfollowing Refs.
23and27, thedecaywidth maybewrittenas

Γ D bE F bgGU6 G2
F αs D mb9 G m5

b9
128π4 C2 D F G JJJJJ ∑

i 7 u 8 c 8 t 8 t 9 V :ibVib9 F D xi G JJJJJ 2 ? (6)

whereC2 D F G�6 4= 3, xi = m2
i = M2

W andF D xG is theInami andLim functionfor this decay.
Herethetermsof theorderm2

b = m2
b9 havebeenneglected.Theratio is givenby

R 6 Γ D bE F bγ G
Γ D bE F bgG 6 3α

4αs D mb9 G JJJJ N1

N2

JJJJ 2 (7)
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where,

N1 V V WubVubX I Y xu Z [ Y 8Z
V WcbVcbX \ I Y xc Z [ 4αs Y mbX Z

3π ] ln m2
c

M2
W ^ ln

m2
u

M2
W _ ` [

V WtbVtbX \ I Y xt Z ^ 4αs Y mbX Z
3π

ln
m2

u

M2
W ` [ V Wt X bVt X bX \ I Y xt X Z ^ 4αs Y mbX Z

3π
ln

m2
u

M2
W `

andN2 = ∑i a u b c b t b t X V WibVibX F Y xi Z . HereR is a functionof mt X for a givenmbX .
4. Theleadinglogarithmiccalculationsof bc�d bγ decay

This sectionbriefly summarisesthe leadinglogarithmiccalculationof be f bγ decay
in generalterms.Thetheoreticaluncertaintiesdueto thedependenceon themassscaleµ
canbereducedafterperformingsuchcalculations.

TheQCDcorrectionsto thebe f bγ decaycontainlargelogarithmsln Y M2
W g m2

bX Z which
have to beresummedwith therenormalizationgroupequation(RGE).In orderto do this,
onehasto introduceaneffective Hamiltonianbuilt of operatorsof dimensionhigherthan
four,

Hef f V ^ VtbX V Wtb GFh
2

8

∑
i a 1

Qi Y µZ Ci Y µZ�i ^ VtbX V Wtb GFh
2

QT Y µZ C Y µZ (9)

whereVi j arethe CKM matrix elements,Qi Y µZ arethe relevant operatorsandCi Y µZ are
thecorrespondingWilson coefficientsin themassscaleµ. Thecompletesetof operators
necessaryin thebe f bγ after t quark,t e quarkandW bosonhave beenintegratedout is
thefollowing [28] :

Q1 Vkj b̄α cβ l
V m A n c̄β be α o V m A p

Q2 V n b̄α cα o
V m A j c̄β be β l

V m A p
Q3 V n b̄α be α o V m A ∑

qa ub d b sb cb bb bX j q̄β qβ l
V m A p

Q4 Vkj b̄α be β l
V m A

∑
qa ub d b sb cb bb bX n q̄β qα o

V m A p
Q5 V n b̄α be α o V m A ∑

qa ub d b sb cb bb bX j q̄β qβ l
V q A p
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Q6 rks b̄α bt β u
V v A

∑
qw ux d x sx cx bx by!z q̄β qα {

V | A }
Q7 r�~ e� 8π2 � mby b̄α σµν ~ 1 � γ5

� bt α Fµν

Q8 r�~ g� 8π2� mby b̄α σµν ~ 1 � γ5
� ~ Ta � α

βbt β Ga
µν (10)

whereTa aretheSU(3)c Gell-Manncolourmatricesnormalizedby Tr ~ TaTb � r 1� 2δab,~ q̄qt � V � A = q̄γµ ~ 1 � γ5
� qt , Q1 � Q2 arethecurrent-currentoperators,Q3 � Q4 � Q5 � Q6 arethe

QCDpenguinoperatorsandQ7 � Q8 arethe“magneticpenguin”operators.
In the latteroperators,thetermsproportionalto b-quarkmasshave beenneglectedin

comparisonto bt quarkmass,sincethey give only a correctionof the orderm2
b � m2

by to
thedecayrate(mby!� 45 GeV andmb r 4 } 6 GeV). In thepresentcaseN r 3, numberof
up-typequarksis u r 2, of down-typequarksd r 4 and the numberof active flavours
f r u � d r 6.

Theinclusionof thecouplingsin thedefinitionof Q7 andQ8 allows usto discussthe
evolutionof therenormalizationgroupin full analogywith thecaseof theusual∆S r 1 or
∆B r 1 Hamiltoniansfor the nonleptonicdecaysof theb quark.Following Ref. 29, one
maywrite

C ~ µ� r Ū ~ µ � MW
� C ~ MW

� } (11)

Heretherenormalizationgroupevolutionmatrixmaybewrittenas

Ū ~ m1 � m2
� r Tg exp ��� g � m1 ��

g � m2 � dgt γ̄T ~ gt � � β ~ gt � � �� (12)

with m1 � m2. HereTg denotessuchorderingin thecouplingconstantsthat they increase
from right to left.

Next, γ̄ ~ g� is the8 � 8 anomalousdimensionmatrix of theoperatorQi andβ ~ g� is the
usualrenormalizationgroupfunctionwhichgovernsevolutionof αs.

Keepingthefirst two termsin theexpansionfor γ̄ ~ g� andβ ~ g� , onehas

γ̄ ~ g� r γ � 0� g2

16π2 � γ̄ � 1� g4~ 16π2 � 2 � } } } (13)

β ~ g� r�� β0
g3

16π2 � β1
g5~ 16π2 � 2 � } } } (14)

whereβ0 r	~ 11 N � 2nf
� � 3 andβ1 r�~ 34� 3� N2 ��~ 10� 3� Nnf � 2cf nf , N is thenumber

of colours,nf thenumberof activeflavoursandcf r	~ N2 � 1� � ~ 2N � . With this,onefinds

Ū ~ m1 � m2
� rk� 1̄ � αs ~ m1

�
4π

J̄� Ū � 0� ~ m1 � m2
� � 1̄ � αs ~ m2

�
4π

J̄� (15)
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whereŪ � 0� � m1 � m2 � denotesevolution matrix in the leadinglogarithmic approximation
(LL), 1̄ is unit matrix andJ̄ summarizesthenext-to-leadingcorrectionsto this evolution.
If

γ̄ � 0�D � V̄ � 1 γ̄ � 0� TV̄ � and Ḡ � V̄ � 1 γ̄ � 1� TV̄ � (16)

whereγ̄ � 0�D denotesa diagonalmatrix whosediagonalelementsarethecomponentsof the
vectorγ � 0� , then

Ū � 0� � m1 � m2 ��� V̄   ¡ αs
� m2 �

αs
� m1 ¢ P£

D

V̄ � 1 with P � γ � 0�
2β0 ¤ (17)

For thematrix J̄ onehas

J̄ � V̄ S̄V̄ � 1 (18)

wheretheelementsof S̄aregivenby

Si j � δi j γ � 0�i
β1

2β2
0 ¥ Gi j

2β0 ¦ γ � 0�i ¥ γ � 0�j

� (19)

with γ � 0�i denotingtheelementof γ � 0� , and Gi j theelementof G.
Thefunctionβ � g� governstheevolutionof theeffectivecouplingconstant̄g,

dḡ2

dt � ḡβ � ḡ� � t � ln
Q2

µ2 � ḡ � 0��� g� (20)

Q beingsomescalewith thesolution

αs
� Q2 �
4π � ḡ2 � Q2 �

16π2 (21)� 1

β0 ln � Q2 § Λ2
MS� ¥ β1

β3
0

ln ln � Q2 § Λ2
MS�

ln2 � Q2 § Λ2
MS� ¦ O ¨ 1

ln3 � Q2 § Λ2
MS� ©

whereΛ is theQCD scaleparameterwhichhasbeentakento bein theMS scheme.Trun-
catingat thesecondterm,onehasfor theflavour f , thefollowing expressionfor α f

� Q�
α f
� Q�*� 4π

β0 ln � Q2 § Λ2
f �   1 ¥ β1

β2
0

ln ln � Q2 § Λ2
f �

ln � Q2 § Λ2
f � £ (22)

with Λ f in theMS scheme.Thecontinuityof α f
� Q� hasbeenunderstood.
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Theratioαs ª m2 « ¬ αs ª m1 « in Eq.(17)abovehasnow to becalculatedwith thehelpof
the two-looprenormalizationgroupequationfor αs ª µ« . Nowadaysit is customaryto cal-
culatewith αs ª MZ « asaninitial conditionfor this equation.A straightforwardcalculation
givesthesolutionof theform

αs ª µ«U αs ª MZ «
α ª µ«¯® 1 ° β1

β0

αs ª MZ «
4π

ln α ª µ«
α ª µ«²±´³ (23)

where

α ª µ«U 1 ° β0
αs ª MZ «

2π
ln ª MZ

µ « µ (24)

Thusη = αs ª MW « ¬ αs ª µ« cannow becalculated.
To find the anomalousdimensionmatrix, the calculationof the one-loopmatrix ele-

mentsof theoperatorsQ1 ³ Q2 ³ Q3 ³ Q4 ³ Q5 andQ6 is encounteredwith logarithmicdiver-
gencesin theeffectivetheory, whichcorrespondto thelogarithmof MW in thefull theory.
To calculatetheanomalousdimensionmatrixfrom this,wejustpick upatermof theorder
α0

s. Sincetheselogarithmsarenot inducedby QCD effects,they arepresentevenwithout
any QCD.

Calculationsto leadinglogarithmic (LL) level weredonefollowing Ref. 30, which
givesthe scheme-independentmatrix γ̄ ¶ 0· ef f definedin (13) that governsthe LL QCD
correctionsto b̧ ¹ bγ.

TakingJ̄=0, Eq.(11) reads

C ª µ«* Ū ª µ ³ MW « C ª MW «º Ū ¶ 0· ª µ ³ MW « C ª MW « V̄ » ηγ ¼ 0½ ¬ 2β0¾
D

V̄ ¿ 1C ª MW « (25)

whereV̄ diagonalizes̄γ ¶ 0· , i.e.,

γ̄ ¶ 0·D À V̄ ¿ 1 γ̄ ¶ 0· TV̄ (26)

whereγ ¶ 0· arethediagonalelementsof γ̄ ¶ 0·D . C ª MW « mayalsobeexpandedas

C ª MW «U C¶ 0· ª MW «2Á αs ª MW «
4π

C¶ 1· ª MW « (27)

andto getonly LL approximation,onemaytakeC¶ 1· ª MW « =0andthiswill giveC¶ 0· ef f ª µ« .
In the ’ t Hooft andVeltman(HV) scheme,this matrix is equalto γ̄ ¶ 0· of theEq. (13).

For thesakeof simplicity, in thispaperwedonottakeinto accountthevirtual effectsof the
fourth generationup-typequarkt ¸ . Thefiguresaretakenfrom Ref. 31 for ª i « theleading-
ordermatchingconditionsat thetop-quarkscalefor the1PIGreenfunctionsin thefull SM
andin the intermediateeffective field theory, and ª ii « for the matchingconditionsat µ=
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MW for four quarksandtwo quarks1PIGreenfunctionsin theintermediateeffective-field
theoryandeffective-fieldtheorybelow W scale,however, with replacementof b by bÂ and
of sby b.

For the evolution from µ Ã MW to µ Ã mbÄ , with thenumberof active flavours f = 6,
Q1= Qu= 2/3,Q2= Qd= Å 1/3,Q̄= 2Qu Æ 4Qd= 0,onegetstheanomalousdimensionmatrix
[32] for theoperatorsgivenin (10)as:

γ̄ Ç 0È Ã
ÉÊÊÊÊÊÊÊÊÊË
Å 2 6 0 0 0 0 0 3
6 Å 2 Å 2Ì 9 2Ì 3 Å 2Ì 9 2Ì 3 416Ì 81 70Ì 27
0 0 Å 22Ì 9 22Ì 3 Å 4Ì 9 4Ì 3 Å 464Ì 81 626Ì 27
0 0 14Ì 3 2 Å 4Ì 3 4 Å 32Ì 27 194Ì 9
0 0 0 0 2 Å 6 32Ì 9 Å 68Ì 3
0 0 Å 4Ì 3 4 Å 4Ì 3 Å 12 Å 32Ì 27 Å 274Ì 9
0 0 0 0 0 0 32Ì 3 0
0 0 0 0 0 0 Å 32Ì 9 28Ì 3

Í ÎÎÎÎÎÎÎÎÎÏÑÐÓÒ 28Ô
TheeighteigenvaluesareÕ 4., Å 8., Å 13.5484,6.81377,Å 5.97777,2.26796,9.33333,10.6667Ö
andthecorrespondingeigenvectorsare:

1st 2nd 3rd 4th
0.707107 0.707107 –0.0228936 –0.069976
0.707107 –0.707107 0.044064 –0.102792
0.0 0.0 –0.0492333 –0.62544
0.0 0.0 0.218597 –0.756705
0.0 0.0 –0.350862 0.159358
0.0 0.0 –0.909224 –0.127852
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0

5th 6th 7th 8th
–0.19046 –0.0448565 0.802291 –1.2376
0.126268 –0.0319076 1.01544 –1.27937

–0.890227 –0.332954 6.84462 –13.1557
0.376687 –0.281159 7.69721 –14.18
0.288386 –0.977828 –2.90253 6.39838
0.383446 0.0436695 –0.230236 1.42456
0.0 0.0 0.0 1.0
0.0 0.0 1.0 –2.66667

Neglecting the effects of the fourth generationup quark t Â , one hasthe SM values
of the Wilson coefficientscollectedfrom Ref. 24 at the MW massscaleasa function of
x Ã m2

t Ì M2
W, writtenasCi ÒW Ô , whicharefunctionsof themassof t quarkandthemassof

W boson,andaregivenby:
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C2 ×W Ø*Ù�Ú 1

C7 ×W Ø*Ù 8x3 Û 5x2 Ú 7x
24× x Ú 1Ø 3 Ú 3x3 Ú 2x2

4 × x Ú 1Ø 4 lnx

C8 ×W Ø*Ù Û x3 Ú 5x2 Ú 2x
8 × x Ú 1Ø 3 Û 3x2

4 × x Ú 1Ø 4 lnx Ü (29)

Thuswehave from Eq.(17) thediagonalmatrix Ý × αs × MW Ø Þ αs × mbß Ø Ø P à D
DiagonalMatrix á η2â 7 ã η ä 4â 7 ã η ä 0 å 967742857ã η0å 486697857ã η ä 0å 426983571ã (30)

η0å 161997142ã η0å 666666428ã η0å 761907142æ ç DiagonalMatrix á è a ã b ã c ã d ã eã f ã g ã hé æ ã
whereη Ù αs × MW Ø Þ αs × mbß Ø , takenat µ=mbß massscale;ThecoefficientsC3

ã C4
ã C5
ã C6

arenow assumedto vanishat thematchingscaleµ=MW.

Now, settingJ̄ = 0 andCê 1ë =0, Eqs.(15) and(27) giveC ê 0ë ef f × µØ in theleadingloga-
rithmic approximationat theµ= mbß scale,justby straightforwardcalculations.

Theresultsaregivenbelow:-

C1 × µØ*Ù × 0 Ü 5a Ú 0 Ü 5bØ C2 ×W Ø ã (31)

C2 × µØ*Ù × 0 Ü 5a Û 0 Ü 5bØ C2 ×W Ø ã (32)

C3 × µØ*Ù × Ú 0 Ü 0625a Û 0 Ü 125b Ú 0 Ü 0121761c Û 0 Ü 0400364dÚ 0 Ü 0964069e Û 0 Ü 00604658f Ø C2 ×W Ø ã (33)

C4 × µØ*Ù × Ú 0 Ü 0625a Ú 0 Ü 125b Û 0 Ü 0167488c Û 0 Ü 0890896dÛ 0 Ü 0786656e Û 0 Ü 00299592f Ø C2 ×W Ø ã (34)

C5 × µØ*Ù × Ú 0 Ü 00258045c Ú 0 Ü 0377387dÛ 0 Ü 0110945e Û 0 Ü 0292247f Ø C2 ×W Ø ã (35)

C6 × µØ*Ù × Ú 0 Ü 0427815c Û 0 Ü 0338142dÛ 0 Ü 019852e Ú 0 Ü 0108847f Ø C2 ×W Ø ã (36)

C7 × µØ*Ù 1 Ü 0hC7 ×W Ø Û 2 Ü 66667× g Ú hØ C8 ×W Ø Û × Ú 0 Ü 45aÚ 0 Ü 107143b Ú 0 Ü 0130141c Ú 0 Ü 84745d Ú 0 Ü 00906636eÚ 0 Ü 00179489f Û 2 Ü 70784g Ú 1 Ü 27937hØ C2 ×W Ø ã (37)

C8 × µØ*Ù 1 Ü 0gC8 ×W Ø Û × Ú 0 Ü 062918c Ú 1 Ü 06153dÛ 0 Ü 0911357e Û 0 Ü 0178728f Û 1 Ü 01544gØ C2 ×W Ø Ü (38)
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Above formulaearethe valuesof effective Wilson coefficientsat the µ=mbì massscale.
Theresultingleadinglogarithmicexpressionfor Γ í bî ï bγ ð maybereadas

Γ í bî ï bγ ð*ñ αG2
F m5

bì
128π4 ò V ótbVtbì ò 2 òC ô 0õ ef f

7 í mbì ð ò 2 ö (39)

whereVpq is a4 ÷ 4 CKM matrixelementandC ô 0õ ef f
7 í mbì ð is givenby (37),(29)and(30).

5. Resultsandconclusion

For thecalculation,in thepresentcase,β0=1
3 í 11N ø 2 nf ð = 7, andβ1= 18.Thevalues

of theconstantsα ù 1=137.036,GF=1ú 166372÷ 10ù 5 GeV2, andMZ =91.187weretaken
from Ref. 33, andMW=80.33[34] hasbeenused.The valueof αs í M2

Z ð hasbeentaken
as0 ú 1157[16]. Thevaluesof αs í µð at theMZ massscalefor differentvaluesof mbì were
calculatedwith thehelpof Eqs.(23)and(24).

Γ í bî ï bγ ð , Γ í bî ï bgð , andRarecalculatedby Eqs(4), (6) and(7), respectively, and
aregivenin Table1.

TABLE 1. Calculatedwidths of bî!ï bγ andbî ï bg decaysandthe ratio R ñ Γ í bî!ï
bγ ð û Γ í bî ï bgð , for mt= 180GeV.

mbì mt ì Γ í bî ï bγ ð Γ í bî ï bgð R
(GeV) (GeV) (eV) (eV)

45 110 0.066 0.146 0.453
115 0.062 0.121 0.515

50 110 0.119 0.249 0.477
115 0.106 0.206 0.514
120 0.096 0.171 0.559

60 110 0.296 0.621 0.478
115 0.266 0.517 0.515
120 0.238 0.427 0.558
130 0.211 0.299 0.674

85 110 0.169 3.506 0.483
115 1.504 2.909 0.517
120 1.347 2.415 0.557
130 1.125 1.682 0.669
140 1.026 1.231 0.833
150 1.072 1.021 1.049

90 110 2.252 4.650 0.484
120 1.788 3.202 0.558
130 1.490 2.230 0.668
140 1.356 1.356 0.831
150 1.413 1.349 1.047
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Γ ü bý!þ bγ ÿ is monotonicallyincreasingfor increasingmb� andfixed mt � , but mono-
tonically decreasingfor the increasingmt � and mb� fixed. Γ ü bý@þ bgÿ is monotonically
increasingfor increasingmb� andfixed mt � , but monotonicallydecreasingfor increasing
mt � andfixedmb� mass.

Scenariofor thebý quarkmassbelow theW bosonmass: For the rangeof mass110
GeV

�
mt � � 120GeV, Γ ü bý þ bgÿ�� Γ ü bý þ bγ ÿ , however, Γ ü bý þ bγ ÿ increasessteadily.

Scenariofor thebý massabovetheW bosonmass: Calculationswere done only for
mb� � 85 GeV and90 GeV, andfor thevaluesof mt � rangingfrom 110GeV to 140GeV,
Γ ü bý!þ bgÿ�� Γ ü bý þ bγ ÿ . But at mt � =150GeV, the positionis reversed:Γ ü bý!þ bγ ÿ
becomesgreaterthanΓ ü bý þ bgÿ .

So, the formulation is very sensitive to the t ý quarkmassin the range130 GeV to
150GeV. Themassof the t ý quarkis constrainedby theexperimentalvalueof the ρ pa-
rameter. For mb��� 60 GeV, t ý massis not allowed above 130 GeV, alsofor the bý quark
massof 85GeVand90GeV, themassof thet ý quarkis notpermittedabove150GeV; the
calculationsweretruncatedat thisstage.

Fromthesharplyincreasingmonotonicityof Γ ü bý þ bγ ÿ , it is expectedthatmoreen-
hancementmaybeachievedif QCD correctionsup to theleadinglogarithmicor thenext-
to-leadingordercalculationscouldbedone.

The QCD correctedvaluesof bý!þ bγ werecalculatedusingEq. (39) for mt � 175
GeV and180GeV andmb� � 45, 50 and60 GeV. Themassof the fourth generationup-
typequarkhasbeentakenin thepermissiblerangeof 110–130GeVfor thecalculationof
theCKM matrix elements,but it hasbeenobservedthat thevaluesarenot that sensitive
to the t ý quarkmass,andthesecalculationsarereportedonly for mt � = 110GeV. They are
givenin Table2.

TABLE 2. LL QCDcorrectedbý þ bγ decay.

mb� mt Γ ü bý þ bγ ÿ
(GeV) (GeV) (eV)

45 175 0.1420
180 0.1461

50 175 0.2375
180 0.2446

60 175 0.5745
180 0.5923

Thedecaywidth is muchmoresensitive to themb� quarkmassthanto the top quark
mass.For anincreaseof massof mb� from 45 GeV to 50 GeV, theenhancementis by the
factorof 1.6, from 45 GeV to 60 GeV, theenhancementis by a factorof 4.05,andfrom
50 GeVto 60 GeV it is by a factorof 2.4; theeffectof mt mayaccountfor approximately
1%.Further, it is observedthatthereis anenhancementof thedecaywidth from thatgiven
in Table1 (without the QCD corrections),andthis rateis approximatelydoubledin the
presentcasewhentheQCDcorrectionsaretakeninto account.

Theintroductionof theeffectof thevirtual exchangeof thefourthgenerationupquark
t ý hasbeendiscussedin Refs.35 and36.Here,we utilize this approach.For this,onehas
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to rewrite C7 � W � asC7 � mt 	 MW � andC8 � W � asC8 � mt 	 MW � , andwith these,the Wilson
coefficientsof the dipole operatorsat theW massscalein the limit of vanishingup and
charmquarkmassescanbe written simply by replacingthe termV 
tb Vtb� Ci � mt 	 MW � by
V 
tb Vtb� Ci � mt 	 MW �� V 
t � b Vt � b� Ci � mt � 	 MW � whereVpq representthe 4 � 4 CKM matrix
elementsandi � 7 	 8.

So,thefourth-generationWilsoncoefficientat theW-massscalecanbewrittenas

Ci � 4th gener� � mt 	 MW ��� Ci � mt 	 MW � � V 
t � b Vt � b�
V 
tb Vtb� Ci � mt � 	 MW � 	 i � 7 	 8 �

Equation(39)yieldsΓ � b� � bγ � by replacingC� 0� ef f
7 � mb� � byC� 0� ef f

7 � 4th gener� � mb� � whichis ob-
tained from Eq. (37) with C7 � W � and C8 � W � replaced by
C7� 4th gener� � mt 	 MW � andC8 � 4th gener� � mt 	 MW � , respectively. The resultsareshown in Ta-
ble3.

TABLE 3. LL QCDcorrectedb� � bγ decayconsideringthefourthgeneration.

mb� mt mt � Γ � b� � bγ �
(GeV) (GeV) (GeV) (eV)

45 175 110 0.365988
180 110 0.372515

50 175 110 0.624785
120 0.639156

180 110 0.636124
120 0.650437

60 175 110 1.566482
120 1.611991
130 1.644182

180 110 1.595772
120 1.641211
130 1.673314

Theintroductionof thet � quarkin thearenashiftstheobservationsof thepreviouspara-
graphslightly. For anincreaseof massof mb� from 45GeVto 50GeV, theenhancementis
by thefactorof 1.7, from 45 GeV to 60 GeV, theenhancementis by a factorof 4.28,and
from 50GeVto 60GeVit is by afactorof 2.5.Theratioof theresultsfor Γ � b� � bγ � with
andwithouttheconsiderationof thet � quarkmassin theinternalloopliesin therange2.58
to 2.8.So,thefourth-generationup-quarkmasshasquite largeeffects.It is expectedthat
thenext-to-leadingordercalculationsmayenhancetheratefurther.

If we take the massof t � quarkasthe freeparameter, andtaking the valuesof mt � of
400,500,600,700,800,and900GeV, thecalculationof b� � bγ for mb� � 45GeVwithout
LL QCD correctionsyields the following results,namely;0.0901eV, 0.0699eV, 0.0531
eV, 0.0398eV, 0.0295eV and0.0216eV, respectively. Theresultsarecomparableto the
valuesarrivedat for mt � =110GeVand115GeV, i.e.,0.064eV (average).
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Testinggroundof this formulationare the future experimentalmeasurements,as at
presenttime thereis no evidencefor the b� quark,exceptfor someimplicit signatureas
reportedin Ref. 3. Thesearchfor new physicsis conductedthrougha three-prongattack:
(i) direct productionof new particlesat high energy colliders, (ii) deviations from SM
predictionsin precisionmeasurements,and(iii) indirectobservationof new physicsin rare
or forbiddenprocesses.Thepresentformulationwasdonekeepingin mind thata fourth
generationis consistentwith the LEP/SLCdataas long asthe fourth neutrinois heavy,
i.e., mν4 � MZ � 2, and that sucha heavy fourth neutrinocould mediatea see-saw type
mechanismthusgeneratinga smallmassfor νe� µ� τ. And thepossibilityof a fourth family
of fermionsmaybetakenasa popularpotentialextension.
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PROUČAVANJEČETVRTE GENERACIJEKVARKOVA I NEUTRALNIH STRUJA
KOJEMIJENJAJU OKUS

Razmatrajuse raspadičetvrtegeneracijekvarkova tipa ”dolje” b��� bγ i b��� bg kao
proširenjestandardnogmodela,primjenomevolucije CKM matricečetvrtegeneracijeza-
snovanena masi, s fazomkršenjaCP simetrije jednakom nula. Izabrali smo podrǔcje
masakvarkova četvrtegeneracijetipa ”dolje” b� i tipa ”gore” t � gledajúci ogranǐcenje
kojepostavlja sadǎsnjaeksperimentalnavrijednostparametraρ, držéci u vidu razlikumasa
kvarkovskogdubletačetvrtegeneracije.Takod–er seproǔcava širinaraspadab� � bγ, ali s
popravkom do vodécih QCD logaritamaza šestaktivnih okusa,nakon što su W bozon,
te t i t � kvarkovi izintegrirani primjenomrazvoja operatorskog umnǒska.Konstantajake
interakcijeuzelaseje u skladusmasomZ bozona.

æ
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