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Hadronic B decays: Supersymmetric enhancement and a simple spectator model
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Two aspects of hadroniB decays are investigated. First, the supersymmetric enhancement of haaronic
decaysb—qg—qq’'q’, qe{d,s}, by gluino penguin processes is studied through their effect on the Wilson
coefficients of the effective Hamiltonian. The gluino penguin process is dominated by the magnetic dipole
transition which is strongly magnified relative to the electric monopole driven standard model gluon penguin
process by the renormalization-induced QCD corrections, resulting in quark decay rates for pure penguin
processes which, at scale{m,), can exceed the standard model rates. Tieasymmetries are, however,
relatively unaffected. Second, hadronization of the final state quarks is studied through a simple phase space
spectator model. We consider two extreme models for color flow during meson formation: one in which color
flow is ignored and one of color suppression in which low mass meson formation occurs only for color singlet
quark-antiquark pairs. We find that processes in which the spectator antiquar@mbines withq' are
relatively insensitive to the color flow model whereas processes in velicbombines withg are very sensitive
to color suppressiof S0556-282(99)04423-9

PACS numbses): 13.25.Hw, 12.15.Ji, 12.60.Jv

. INTRODUCTION soft-SUSY breaking terms at the scaléyssy~My and
spontaneous breaking of tisJ(2)® U (1) symmetry driven
These are exciting times foB physics. Recently the by radiative corrections. The unification scafr, boundary
CLEO Collaboratiorf1] reported the first measurements of a conditions are a universal scalar mass universal gaugino
number of exclusive charmless hadroicdecays which  massm;;, and a universal soft SUSY-breaking trilinear sca-
provide conclusive evidence for hadronic penguin processegar couplingA. After minimization of the full one-loop Higgs
and the next decade will s¢2] intensive investigation of the effective potential the MSSM is represented by a four-
B-meson SyStem at the Cornell Electron Storage Ringjimensionaj parameter Spacb‘noymllz,A’tanﬂ}, where
(CESR, the Fermilab Tevatron, DES¥p Collider HERA,  tang=v, /v, is the ratio of the vacuum expectation values of
the SLAC and KEKB factories, and at the CERN Large the two Higgs fields, together with the sign of the coupling
Hadron Collider(LHC). In particular, measurements of rare petween the two Higgs fields.
flavor-changingB decays[3] will provide windows for the In an earlier papef21] we examined the SM and MSSM
discovery of indirect effects of new physics beyond the stanpredictions at the weak scale quark level for the penguin
dard model(SM). For example, data o€P asymmetries ediated decayb—qq'q’, ge{d,s}. For the SM we pre-
should indicate whether the Cabibbo-Kobayashi-Maskaw&ented the relative contributions of the intermalc and t
(CKM) CP violation mechanism of the SM is correct or quarks to the gluon penguin processes and stressed the inval-
whether new sources @ P violation are needed. The most idity of the widespread assumption that the process is domi-
favored candidate theory for this new physics is supersymnated by thet quark[22]. We also considered the relative
metry (SUSY) for which rareB decays offer possible insight magnitudes of the various form factors and the role of the
because[4,5] the measured observables involve SM andstrong and weak phasg23,24 and found, for example, that
SUSY processes occurring at the same order of perturbatiothe CP violating phases for the—dg andb—sg electric
theory. In particular, thé— s transition provides an oppor- form factors, which dominate the decay amplitude, have no
tunity to studyCP violation from non-standard phasg8].  simple relationship with any angle of the unitarity triangle.
Probing for SUSY inb—svy decays has been examined by For the MSSM we explored the allowed regions of the pa-
many authorg5,7—13 and there is also significant current rameter space to locate those regions which gave the largest
interest in theo— sg penguin decay13-16 for which it has  modifications to the SM results and found, in contrast to the
been argued17] that enhancement for on-shell gluons is SM, that the magnetic amplitude dominates the electric am-
needed from non-SM physics to explain the CLEO measureplitude and that there are large regions of the MSSM param-
ment[1] of a large branching ratio for the inclusive processeter space for which the magnetic amplitude is greater than
B— 7' X, and then’-g-g gluon anomaly. that of the SM. For regions of high tgh (=48) and low
The most predictive of the SUSY models is tfeon-  (mg,my) ranging from(225,150 to (275,225 the SUSY
strained minimally supersymmetric standard model enhancement of the gluon-mediated exclusive hadhodie-
(MSSM) [18,19 based on spontaneously brokBir=1 su- cays can be at the several percent level and the SUSY pen-
pergravity with flat Kéler metrics[20], universal explicit guin processes dominate the SUSY box processes. Similar
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effects of the large taf enhancement occur for the photon Il. GLUINO PENGUIN PROCESSES

magnetic dipole operator ih—sy and there is significant AND THE EFFECTIVE HAMILTONIAN

current interest in its implications foB—Xsy and B ) . ) ) . .

=X 1717 (I=e,u,7) [5,11,13. With the inclusion of gluino-mediated penguin processes

Calculations of weak decays of hadrons within the frameTomM SUSY, the total QCD penguin amplitude to lowest or-
work of the effective Hamiltonian involvgt,25) (i) the com-  der in ag for the decay proceds—q g—q q'q’ is

putation of the quark level decays—qqg’q’ at the elec- ig?
trowgak scale My, (i) determlngtlon of.the Wilson Mpeng:__Sz[uq(pq)Taa’,u,ub(pb)]
coefficientsC, (M) through matching of this full theory A

onto the five-quark low energy effective theory in which the —
W=, tand all SUSY particles heavier thah,, are integrated X[ugr(pg) YTV (pg)] 1)
out, (iii ) evolution of the Wilson coefficients down to the low h
energy scaleu~O(m,) using renormalization group im- where
proved perturbation theor}26], thereby incorporating the
important short distance QCD corrections, dnd the cal-
culation of hadronic matrix elements for the hadronization of io,.q"
the final-state quarks into particular final states, typically +“—Z[F§(qZ)PL+ FR(g?)Pg]. 2)
evaluated using the factorization assumpfia]. q

In this earlier papef21], the QCD corrections arising , i
from renormalization of the short distance results down fromf1€r€ F1 and F, are the electrigmonopolg and magnetic
the electroweak scale to the scaig were not included. It  (diPole) form factors,q=py,—pq is the gluon momentum,
was argued that these effects were not likely to alter théag(R)E(1+ vs)/2 are the chirality projection operators and
finding that the magnetic amplitude is dominant in the (%:bl’ h ’%) are theSU(3). generators normalized to
MSSM as the QCD induced mixing effed@6] produce an 1 1(T°T")=346%". In writing Eq. (1) we have neglected the
enhancement of the magnetic dipole operators in Atge ~ Smaller MSSMb—qg penguin processes mediatgd| by
—1 effective Hamiltonian relative to the current-current pen-Sharged Higgs boson, chargino and neutralino exchanges.
guin operators associated with the electric monopole amplil "€ gluino penguin amplitude is enhanced relative to that for
tude. Furthermore, as noted by iGed and HoJ24], use of Ehgse processes by both the factQr ay and the additional

the g-dependent SM form factoF}(q?) already incorpo- 9-g-g coupling with its large color factor.

rates the dominant part of the QCD corrections for the For the SM,g? is not small compared tm; andm? and
current-current penguin operators and, therefore, that thee must retain thej> dependence of the andc contribu-
main effects of QCD corrections will be the renormalizationtions to F'i(qz). In the limit my=0 we then have¢21]

of the strong coupling constant fromg(My,) to ag(mp).

This would have the effect of increasing the penguin decay L, o GF . 5 .

rates of the SM by the factors? where 7 Fi(a%)= 2 i;u:C VigVinf1(Xi, %) + VigVipfa(X0) |,
=ay(m,)/ as(My)~1.82, and also increasing the MSSM ’
penguin amplitudes relative to those of the SM.

In the present paper we address each of the stages of the
calculation ofB decay rates. In Sec. Il we incorporate the
MSSM penguin processes into the effective Hamiltonian and
fully implement the renormalization-induced QCD correc-
tions. We confirm that the MSSM processes are enhanced
relative to those of the SM by these QCD corrections and
that the dominant MSSM processes are indeed the magnetic
dipole interactions. In Sec. Ill we compare the quark-levelwhereV is the CKM matrix andx;=m?Z/M2,. Explicit ex-

decay rates calculated from the QCD corrected effectivgyressions forf,(x;,q?) are given in[21] but are not needed
Hamiltonian with 7?T"(®), wherel'(®) are our weak scale de- jn the present studysee later The g=0 functions are

cay rates[21] calculated usingy?>-dependent form factors, [28,29
and find that the Gard-Hou conjecture is generally valid to

¥,=7,[F1(0®)P_+F(9?) Pg]

FR0)=0, 3)

F5(0)=0,

G
FR0)=5ms 3 Viavisfa(x) @)

within 10% for the SM but greatly underestimates the decay 1

rates for the SM-MSSM. The hadronization of the quark fi(x)= —4[18x—29x2+ 10x3+ x4

level processes is studied in Sec. IV where, as an alternative 12(1-x)

to the widely used factorization models, we adopt a simple —(8—32x+18)Inx], (5)

spectator model. The results obtained from this spectator

model are given in Sec. V. Section VI presents our discus-

sions and conclusions. The input numerical values used in fo(x)=

our calculations for the CKM parameters and quark masses 4(1—x)*
are given in an appendix. (6)

[243x—6x>+x3+6xInx].
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For smallx;, fo(x;)=~—3x; whereasf,(x;)~— —Inx|
For the MSSM form factors we hawg< ma_, wheremaj
]

is the mass of the Iooﬁj squark, and we can use thg
=0 form factors[21,30,3]

Fi(0)= E APLICH(G)A(X) +Co(RB(X)],  (7)
FR0)= E AR Co(G)A(X))+Co(RIB(X))],
8
F5<0>=; {[mgALf, +myARE J[Co(G)C(X))
—Co(RID(X)) ]+ Mg A R [ Co(G)E(X))
—4C,(R)IC(X))1}, 9)
FR0)= 2 {Imp AP+ mgARE J[Co(G)C(X))
—C,(R)D(X)) ]+ MzAR] [Co(G)E(X))
—4C,(R)C(X))]} (10
wheremy is the gluino mass and the coefficient
2
A,ﬂqBjE— v’q* dA (12)

g
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E(x)= [1—x+xInX]. (16)

(1-x)?

The SUSY masses and diagonalizing matrices needed to
evaluate the MSSM form factors 8, were obtainedfor
details see[19]) using two-loop MSSM renormalization
group equationdRGES9 for the gauge and Yukawa cou-
plings and one-loop MSSM RGEs for the other SUSY pa-
rameters. The magnitudes of the MSSM form factors satisfy
|F&>|F5|=|F5|>|Ff| for all regions of the allowed pa-
rameter space apart from the narrow regiongtar2, my,
=150 andmy=1000 where|F}| is sllghtly smaller than
|F5|. Outside this region the ratifF5|/|F5| exceeds unity
and increases strongly with t@h The result thaF2 is the
largest MSSM form factor indicates that, in contrast to the
SM, the magnetic dipole transition dominates thelecay
process in the MSSM. To compare with the SM, we note that
the ratio of the largest MSSM and SM form factors is
|[FR(MSSM)|/|F5(SM)(g?=0)|<0.4 GeV.

The amplitude(1) can be written

MPen% MSM+MMSSM (17)
where
. ag(My) 1
MSM= _j \/5[ Sﬂ 8[ E VigVinf1 (Xi,9%)

+ ththf (Xt)

op+— 2 Vi Vipfa(xi)Og

describes the rotation from the down-diagonal interactiorand

states to thel mass eigenstates at te-d— g vertices. Here
(A,B) are chirality indices, C,(G)=3 and C,(R)
=X,T?T3=4/3 are SU(3) Casimir invariants andj
=1,. 6 labels thed squark mass eigenstates aug
—m~ /m- The matriced/z andVyg are obtained from the

(6% 6) matrix Vg= (V3. ,V4r) T Which diagonalizes thel
mas$ matrix. The MSSM functions are

A(x)=;[3—9x+9x2—3x3+(1—3x2+2x3)lnx]
6(1—x)* ’
(12)

R o T P 2_5y3
B(x) 18(1—x)4[11 18x+9x“—2x°+6Inx], (13

T [1_x2

C(x) 4(1_)()3[1 x“+2xIn x], (14
D(x)=6(1__ )4[2+3x—6x2+x3+6xlnx], (15)

(18)
MMSSM_ _j [aS(Tr W)—[Fl(O)Oer Fl(O)OP]
n L[FL(O)O +FR(0)0g] (19
Zmb 2 8 2 &)
Here
1
Op=04+0g~ 5(03+05) (20

is a combination of the standard QCD penguin four-fermion
operatorg 26|

03,5=(Aa¥"D)v-n> (ApY,05)v+A (21)
q!

O46= (0a ‘}’“bﬁ)vaE, (a[’-}’Y/Lq;)ViA )
! (22)

whereq' €{u,d,s,c,b}, and Og is the chromomagnetic di-
pole operator:
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2
Os
OSE;mb[qaaﬂv(l_l_ vs)To ﬁbﬁ] [q Y.7°9']

(23

a and g are color indices, the subscriptshA represent the

chiral projections I vys.

In addition to the SM operators, the MSSM gluino pen-
guin processes introduce operators of opposite chirality to

theOk:
1. =
Op=0,+06— 3(O3+05), (24
where
O35=(0a7"bo)vin (EIBqu,ﬁ)ViA (25)
q/
64,6E(aa3’#b5)v+AE (H;;’YMQQ)VtA, (26)
q/
and
92
~ s —
Osfmmb[qatf’”(l—?’s)T b,e] [q v, T%9'].
(27)

The effective Hamiltonian foAB=1 decays at scalg
=0(m,) has the structure

quVub[Cl(ﬂ) 2—’_ CZ(M)Og]

Gr
Her(p) = E

+VeqVenl C1(1)O7+Ca() O3]

— V¢, th 32 65 [Ci(1) O+ Ci( ) Oy ]
(28)
where
0§ =(0.9.)v-a(apbplv-a. (29
0% =(0.9p)v-a(Apba)v-a (30

PHYSICAL REVIEW D 60 114029

11 ag(Myy)
CHMMw=1-5 —7 (3
11 ay(My)
CMMw) =5~ (32
as(Myy) 2
CM(Mw) =~ A T1(x) - 5}, (33
1
C8"(Mw) = 5f2(x), (34
ay(My) | Ge -t
W
CSMMy) = — ﬁV* Vio|  AFL(0),
(35
G -1
CY M= 5| 5 ViaVams | F5(0) (36)
wherek=3,...,6 and
A=(-1,3-1,3. (37)

The coefficients {C}MSSM CMSSM. are  obtained from
{C¥SSM CY'SSM by the replacemerfE] 0)—F 40).
The Wilson coefficients

C(Mw)=(C1(My), . .. .Co(M)T (38
evolve under the RGEs to
C(u)=Us(u,My)C(Myy) (39

whereUs(u,Myy) is the five-flavor 6x6 evolution matrix.
In next-to-leading ordefNLO), Us(u,My,) is given by
[32,2¢

S S M
Us( .My =| 1+ %’;‘)a}ugw,w[l— - ZWW)J}

(40)

whereug(,u,MW) is the leading ordefLO) evolution matrix
andJ expresses the NLO corrections to the evolution. NLO
Wilson coefficients in the NDR renormalization scheme
were computed from Eq$39) and (40) using expressions
given in[32,26 for J and Ug and the two-loop expression

(9’ e{u,c}), are the tree current-current operators. We omiffor as(x) with five flavors andag"5(M;)=0.118 (Aqcp
the photon magnetic dipole operat@; and electroweak =0.225 GeV.

penguin operators. The Wilson coefficien‘.tg(ﬂ)ch"" for The renormalization group induced mixing betwe@gp
k=1,2 and Cy(u)=CM+CMSM ' &, (1) =CMSM for k and the se{Oy, ... ,Og} vanishes at 1-loop order and it is

—3,...,6,8 incorporate the physics contributions from Sufficient to use the LO evolution faBg(s):
scales higher tham and are determined perturbatively at
M, by matching to the full SM-MSSM theory. Noting that
the u andc contributions from the SM penguin processes to
the coefficient ofOp in Eq. (18) cancel in this matching
procesg25], we obtain[in the naive dimensional regulariza- where n=ay(u)/as(My,) and the constanth and a; are
tion (NDR) schemég tabulated in26].

Cal(p) =17 ¥2Cg(My) + 21 hiy @ (42)
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TABLE I. Wilson coefficientsC, () for the SM and the combined SMMSSM and Wilson coefficients
C, for the MSSM at the renormalization scalgs=m, and x=2.50 GeV. The MSSM results are for the

MSSM data set42).

SM SM+MSSM
) my 2.50 GeV my 2.50 GeV
C, 1.0767 1.1266 1.076f70.0000i 1.1266-0.0000i
C, —0.1811 —0.2751 —0.1811-0.0000i —0.27510.0000i
Cs 0.0119 0.0181 0.01190.0000i 0.0182-0.0000i
Cy —0.0331 —0.0461 —0.0332+0.0000i —0.0462+0.0000i
Cs 0.0094 0.0113 0.00940.0000i 0.0113-0.0000i
Cs —0.0398 —0.0598 —0.0399+0.0000i —0.0599+0.0000i
Cs —0.1449 —0.1585 —0.4768+0.0160i —0.4556+0.0144i
C,? —0.39(—=8)+0.19(—9)i —0.43(—8)+0.21(—9)i
c,? 0.71(—8)—0.34(—9)i 0.68(—8)—0.33(—9)i
Cs? —0.14(—8)+0.65(—10)i —0.79(=9)+0.39(—10)i
Ce? 0.11(-=7)—0.55(-9)i 0.13(—=7)—0.65(—9)i
Csq —0.0768+0.0000i —0.0976+0.0000i

umbers in parentheses denote powers of 10.

The MSSM generated QCD penguin
{O3(My), ..., 0s(My)} and Og(Myy) renormalize in the
same manner ag03(My), ...,05(My)} and Og(My)
[34].

The Wilson coefficientsC,(w), k=1, ...,6,8, for the
SM and the combined SMMSSM, together with the Wil-

son coefficientsCy(u), k=3, ...,6, for theMSSM are
listed in Table | for the scalegg=m, and u=2.5 GeV.

operatorsSUSY corrections to electroweak parameters but is on the

verge of being excluded by the latest measurements for
Br(B—Xsy).

As expected from the observations above on the relative
magnitudes of the SM and MSSM form factors at sddlg,
the only significant MSSM effects occur in the magnetic
dipole coefficients. For the data sef42) we find
C¥SSM(M,,)=—0.4631+0.0224 (b—d) and —0.4755

H SM —
Inclusion of the MSSM processes generates complex Wilsoi 0-0013 (b—s) which are much larger tha@g™(My,) =

coefficients due to the complex mixing coefficiemtﬁ%j in

—0.0953 and comparable to the largest SM coefficient

SM _ f
the MSSM form factors. These mixing coefficients ariseC1 (Mw)=0.9828. ThusCg() is gfefthL)éanhanced by the
from the mismatch between the interaction agdmass MSSM contribution atMy. Although Cg~>"(Myy) is only

eigenstates at thé-d-g vertices and contain non-removable Of comparable magnitude mgM e Itis also enhanced by
RGE-generated phases in the off-diagonal components of tHed: (41) and becomes significant. o

couplings triggered, in particular, by the complexity of the Th€ Wilson coefficients in NLO precision depend upon
large t-quark Yukawa coupling. The numerical values of (e renormalization scheni@2,36,33 and this unphysical
AR%; used in Egs.(35) and (36) for CQ"SSM(MW), K dependence is compensated by the perturbative one-loop

=3 6,8, are generated from EQ.1) for a given MSSM QCD corrections to the matrix elements of the four-quark

. - = . operatorQy, ...,0q (andQg, . .. ,Og) at the scalg.. This
g:;aaiet:]gyszg&encal diagonalization of 1dhjemas§ matri is equivalent to using the effective Hamiltonié28) with the
W.

Wilson coefficientsCy(w), k=1, ...,6,replaced by the ef-
The MSSM It for the data set i KA -
© results are for the data se fective g®-dependent Wilson coefﬁment@ﬁff(,u,qz) such

A=—300 GeV, >0, tanB=48, that

Mo=275 Gev, mp=150 GeV 42 C(w)(Ok(1)) =C§(,G*) (0" (43)

which maximizes the effects of SUS21] as measured by
the ratioI'P®"{MSSM)/T'P*"{SM) of integrated decay rates The two sets of Wilson coefficients are related Bg] (in the

at scaleMy, for b—qq’q’. This ratio is largest for high NPR schemg
tanB and low (mg,m;;;) and for the set42) is ~0.10 for

b—d and~0.085 forb—s. The data set42) satisfies the ot o as(pw) [+ 5 My
constraints imposef35] on the SUSY parameter space by Cic(m, @) =| 1+ ——{ ry+ 7v|097 Ci(w)
recent experimental bounds on the mass of the lightest kj
chargino =>91 Ge\) and lightert squark >80 a

gino. (y; . .V) 9 d o, . MA{<(ct+cp+cg) (44)
GeV) and by precision electroweak data constraints on 241
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TABLE II. Effective Wilson coefficientsCE™(«,q?) for the SM and the combined SMMSSM and
effective Wilson coefficient€¢" for the MSSM at the renormalization scale=2.50 GeV and momentum
q2=m§/2 for b—d andb—d transitions. Results are given for the MSSM data(4&}.

SM SM+MSSM
b—d b—d b—d b—d
Ciﬁ 1.1679+0.0000i 1.1679-0.0000i 1.1679-0.0000i 1.1679-0.0000i
Cgﬁ —0.3525+0.0000i —0.3525+0.0000i —0.3525+0.0000i —0.3525+0.0000i
Cgﬁ 0.0233+0.0018i 0.0256-0.0047i 0.0188-0.0019i 0.0204-0.0046i
szf —0.0540-0.0053i —0.0588-0.0142i —0.0403-0.0057i —0.0451-0.0137i
Cgﬁ 0.0172+0.0018i 0.0189-0.0047i 0.012%0.0019i 0.0143-0.0046i
Cgﬁ —0.0675-0.0053i —0.0723-0.0142i —0.0539-0.0057i —0.0587-0.0137i
63” —0.0010+0.0000i —0.0010+0.0000i
Eiﬁ 0.0029+0.0000i 0.0029-0.0000i
Egﬁ —0.0010+0.0000i —0.0010+0.0000i
E;gﬁ 0.0029+0.0000i 0.0029-0.0000i

whereA;=(0,0,-1,3,-1,3)", the 6x 6 constant matrices,  coefficientsCE", k=3, ... ,6, which differ in both magni-

and vy (given in [33]) represent the process-independenty,qe and phase fdrandb decays and hend@P violation is
parts of the vertex corrections amd, ¢, andcy are the  qnifest.

contributions arising from the penguin_—type correctiqns 0 Some comments are appropriate about whether or not to
the current-current operatog, ,, penguin-type COITections  jnciyde the terne, in Eq. (44). This term is absent in most

to O3, ... O, and the tree level diagram ®g respec-  gppjications of the effective Hamiltonian methfgr,15,39
tively. The quantities;, ¢, andcy are given by{33] and was first included by33]. The Og contribution to
c 5 (q9'q’|Heg|b) can be written
1
c=- *—[V:qvub §+f1<mu,q2>)
VigVio Gpas _p My — , a
) Mg=i Eze(O)g[qu%q (14 ys5) TUp]
+ vgqvcb( 3+ Fa(me ,qz)) } , (45) B
X[ug Y*Tovg ]. (50
c,=Cs g+fl(mq .02+ Fi(my ,q2)} In the factorizati_on model used B3] color considerations
precludeq’ andq’ combining into the same meson and it is
5 reasonable to assume thpgt= —py: in theb rest frame. The
+(Cyt C6)jzu§sc X Fi(m;,q9), (46)  gluon momentum is then
a*=a?pf/my. (51)
2y 47
Cy=— —
SN A This allows Mg to be expressed in terms of the penguin
operator combinatioi®p given in Eq.(20), and yields the
where contribution cg to cef k=3,...,6.9% is conventionally

replaced by an averaged val(g?) taken to lie in the range
(49) mg/4=(g?)<mg/2. If the assumptiorf51) is not valid, then
Cy should be omitted and a proper treatment of the magnetic
dipole contribution to decay rates must be based upon Eq.
and (50). This then involves an integration over a rangeqdf
L determined by kinematical consideratiofisee later and
AFl(z):—4f dxx(1—x)log[1—zx(1—x)—ie]. Refs.[40,21,19). . - .
0 We have computed effective Wilson coefficients with and
(490 without the termcy. Although the assumptiop,, = —py is
o ) ) ) valid for many of the processéso-calledA procességscon-
Note thatF,(m,q°) is just —f;(x,q%) of [21] with Myy re-  sjdered in our spectator modéee latex, we choose not to
placed byu? and is complex forg®>4m?. These strong make this assumption in our effective Wilson coefficients
phases inf;, generated at thau and cc thresholds, com- and hence do not include ttog term in our calculations.
bine with the weak CKM phases to produce effective Wilson We list in Table Il the effective Wilson coefficients
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TABLE llI. Effective Wilson coefficientsCﬁ“(M,qz) for the SM and the combined SMMSSM and
effective Wilson coefficient€¢" for the MSSM at the renormalization scale=2.50 GeV and momentum
q2=m§/2 for b—s andb—s transitions. Results are given for the MSSM data(48j.

SM SM+ MSSM
b—s bos b—s b—s
Ciﬁ 1.1679+0.0000i 1.1679-0.0000i 1.1679-0.0000i 1.1679-0.0000i
CS” —0.3525+0.0000i —0.3525+0.0000i —0.3525+0.0000i —0.3525+0.0000i
Cgﬁ 0.0249+0.0032i 0.0248-0.0030i 0.0202-0.0032i 0.020%0.0030i
Cﬁ” —0.0585-0.0095i —0.0583-0.0090i —0.0445-0.0095i —0.0442-0.0090i
Cgﬁ 0.0188+0.0032i 0.018#0.0030i 0.014%0.0032i 0.0146-0.0030i
Cgﬁ —0.0721-0.0095i —0.0718-0.0090i —0.0581-0.0095i —0.0578-0.0090i
E;gff —0.0010+0.0000i —0.0010+0.0000i
E:gff 0.0031-0.0000i 0.00310.0000i
E:gff —0.0010+0.0000i —0.0010+0.0000i
E;gff 0.0031-0.0000i 0.00310.0000i
CM(n,09?), k=1,...,6 andCE(u,q?), k=3, ... ,6evalu- ay=|dy+dy+dg+dy|?+2|dy+dy|?+ 2| dy+ dg)?,

ated from Eq.(44) at q2=m§/2 and u=2.50 GeV for the et 2+ 22 212
processed—dqq andb—dqq’. Table Il lists the same a7 =[ds+do|"+ 2|ds[*+2|de[,
guantities for the processbs-sqq andb—sqq’. The val- as=9R[(3d,+d,+d3+3d,)dE

ues of theC:" coefficients are due nearly entirely to tA¢

*

term in Eq.(44). If the input CKM matrix is changed from (dy+3d,+3d3+dy)ds5 | (53
the Particle Data Group parametrization to the Wolfenstein, g
form with the parameter valueA=0.81, p=0.05 and»
=0.36 usef(fj by33], and we include, we obtain values for dl‘z(/.l,,qz)EV;,,qVqrbCffz(,u,,qz),
the SM C{" which agree very closely with those given in
[33]. ds, . dw.09)=—ViViCS .0

(54)

2 2 _ _
Here pq- g =[mM+mg,—mi—mg, —2mEq]/2, pg- Py

a g
. =[m+ mz, —mg— m%,— 2myE/]/2 and the angles between
In calculating theb quark decay rates we allow_for the the particle velocities must be physical, for example
more general case where the antiquark produced is not Neftos(@yy)|<1. Note that, fore {d,s}, only the tree current-
essarilyq’. We firstly consider the SM only and, in accor- current termdd, , contribute wherg’#q" e {u,c} whereas,
dance with most studies of the SM, omit the small magnetidor AC=AU=0 transitions, only the penguin terrdg
dipole termC3" from the effective Hamiltoniari28) in the  contribute forq’=q"{d,s} and both tree and penguin
calculation of decay rates. terms contribute fog’=q" € {u,c}.

The partial decay ratdy spin averaged and summed over For massless final state quarks, the decay raftg7k
final spin states, has overall spherical symmetry. Apart from by .3
its overall orientation, a final state is specified by only two =100 fldg[a (O)+a (5)][}_ £, ¢ (55
parameters, sap,=|p,| and py =|py|. The partial decay °Jo ! 2 6 2 3
rate in theb rest frame is

Ill. DECAY RATES FOR b—qq'q"

whereT o=G2m;/1927° and é=qg?/mg. For SM pure pen-
guin decays, the QCD corrected decay rates at scatal-
Pq Pqr Py Py culated from Eq(55) generally agree to better than 3(%ee
ay +ay Table IV) with 7°T'(® whereI'® are the weak scale decay
a=q rates calculated using?-dependent form factof@1] and the
factor 2 accounts for the running af from My, to . To
(52)  this extent the results support the conjecture ofa@k and
Hou [24] mentioned in the Introduction.
To study the effects of the MSSM on the quark decay
rates, we note that the only significant effects of the MSSM
where are confined to the magnetic dipole coefficie@®g ) and

d’r  Gf
dpgdpy
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TABLE IV. Comparison of QCD corrected integrated decay rdtéa) at scaleu calculated from Eqs55) and (56) for pure penguin
b—q andb—q, qe{d,s}, transitions with the scaled decay ral&d)(u) = °T' (®(M,) whereT'®©(M,,) are the weak scale decay rates
calculated usingj?>-dependent form factors anglP=[ as(u)/ as(My)]? accounts for the renormalizeds. Results are calculated for the
cutoff g2,,=1.0 GeV and for the MSSM data sé42). The numbers in parentheses denote powers of 10.

SM SM+MSSM
I' (Gev) b—d b—d b—s b—s b—d b—d b—s b—s

rOmy) 1.480(-17) 2.21017) 2.991¢16) 2.921¢16) 2.062(17) 2.926(17) 4.080-16) 3.997(-16)

rO(my) 4.898(-17) 7.311¢17) 9.897(-16) 9.667(16) 6.823(17) 9.681(17) 1.350(15) 1.323( 15)
r'(my) 6.304(-17) 9.076(-17) 1.30315) 1.276(15) 1.192¢16) 1.560(16) 2.353(15) 2.317( 15)

r©250) 7.594¢17) 1.134(-16) 1.534(15) 1.499(-15) 1.058(16) 1.501(-16) 2.093(15) 2.051( 15)
I'(2.50) 8.103¢17) 1.222(-16) 1.714¢-15) 1.674(-15) 1578(-16) 2.130(16) 3.157(-15) 3.103( 15)

Cg(w) (see Table)l and the term<C,, k=3, ...,6 of the In all cases Hou finds large rate asymmetries abovecthe
effective Hamiltonian(28) can be neglected in any calcula- threshold, a feature not present in our present calculations or

tion of decay rates. Sind€g(u)|/|Cg(1)|=<0.2 for bothb  In our earlier weak scale calculations incorporating a
—d and b—s transitions, it would be reasonable to also d>-dependent SMFi(q?) form factor[21], because of the

neglect theCg term so that, if the assumptidb1) about the much smaller MSSM phase$or b—s the phases of the
— dominant MSSM form factorg} andF' are nearly constant

momenta ofg’ andq” is applicable, the major effects of the 2 1 y

MSSM could be incorporated in a modified value @f. [21] at ~—0.016 over the allowed MSSM parameter space

However, for the general case, thgterm should be omitted qu?eltzgﬁgirtli\t/zetc? tig gﬁ;ﬁgtsf Is\?fel\:liitﬂffdfigai){ s tflifrre
eff |, o . )
from G, k=3, ...,6, and themagnetic dipole terms di that the values obtained for the MSSM data &%) are

rectly included. For massless final state quarks the dipo'ﬁnaoce tablv large. For example. assuming a maximum
contributions add the ternj@1] ptably large. p'e, 9

branching ratio of 1% fobh—sdd gives an experimental
upper bound on thé—s decay rate of<3x 10 1° GeV,
comparable to our calculated rate. Even though the MSSM
data set used in the present calculations is not typical of the
MSSM parameter space, having been chosen to maximize

1/ a6\ ~ 1 1 &
g(%) (|da|2+|ds|2)<3—§—§+§

2% R[(dy+ds+dg)di1(1—-¢)?  (56)  the hadronid decay rate aM,y, our findings here suggest
3w that experimental data on hadroricdecays will exclude a
similar low (my,m;,) region of the MSSM parameter space
to the integrand of Eq(55), where to that excluded by the— sy constraintg35].
From here on we focus on decay rates in the SMtfor
dB(M)E_VTqVIbcg(M), as(M)E—quthEs(M), decays which are not pure penguin processes. We therefore

(57)  neglect the magnetic dipole interaction and retain final state
quark masses. If we make the common assumption that the

thus requiring the imposition of a lower cutoff @f (taken coefzﬂments @, 1=1,2,3, are constant, evaluated gt

to be 1.0 Ge¥). The MSSM gluino penguin processes so — My/2 for example, then the decay rate is

included are greatly enhanced relative to the SM penguin

amplitudes by the renormalization-induced QCD corrections F=Tolai(é=3)1+ax(£=3)l+as(é=3)l5] (58)

(see Table IY and the resulting decay ratés for the SM

+MSSM exceed thej?-scaled weak scale decay raéd. ~ Where the phase space integriglsi=1,2,3 have to be com-

We also note from Table IV that, whereas the QCD correcputed numerically. Decay rates computed from ) are

tions only mildly affects the magnitudes of tle asymme-  shown in Table V, together with branching ratios for various

tries aCPE(F—F)/(F+F) for the SM, they decrease the b decays. Branching ratios are I_ess sens_iti_vg to the value

magnitude ofacp for the SN+ MSSM. chosen fom,, and have been obtained by d|v_|d|ng the decay
The impact onb—sg of new physics exhibited by an rates by the total dec_:ay rar,émal computed using th®(as)

enhanced chromomagnetic coupliGg involving an uncon- QCD-corrected semileptonic decay rate

strained newCP phase has recently been studied by Hou

[14] within an effective Hamiltonian framework. -\ 2

q?-dependent decay rates a@d® asymmetries are given for ['(b—cl™w)=To[Ver|1

phase differences ofr/4, w/2 and 3r/4 between theCg

amplitude and the complex SKI;  ¢penguin amplitudes. wherep,=(m./m,)?, with f(p.)=2.51[38].

2aq
1- 3200, (69)
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TABLE V. SM phase space integrdls, i=1,2,3, decay rates and branching raio®r variousb decays
calculated using effective Wilson coefficierﬁsﬁﬁ(p,qz) evaluated at the renormalization scale=2.50
GeV. The hadronic decay ratds are calculated from Eq(58) using g® fixed at mf,/z. The numbers in
parentheses denote powers of 10.

Decay process Iq I, I3 I' (GeV) B

b—cdu 0.5011 1.846¢ 13) 5.007¢1)
b—csu 0.4911 9.280¢ 15) 2.517¢2)
b—cdc 0.1765 0.1766 8.69¢(2) 2.921(- 15) 7.706¢ 3)
b—csc 0.1702 0.1706 8.49(2) 5.507( 14) 1.494¢-1)
b—udu 1.0000 0.9952 8.38(6) 2.354(-15) 6.386( 3)
b—udu 2.586(—15) 7.014( 3)
b—usu 0.9884 0.9823 8.34(6) 2.462(- 15) 6.677¢ 3)
b—usu 2.228(- 15) 6.043( 3)
b—udc 0.4982 6.362¢ 17) 1.726¢ 4)
b—udc 6.362(— 17) 1.726(- 4)
b—usc 0.4882 1.235¢ 15) 3.351(-3)
b—ce v, 0.5012 4.991¢ 14) 1.354¢1)
b—cu v, 0.4982 4.961¢ 14) 1.346(-1)
b—c 7 v, 0.1121 1.117¢ 14) 3.030¢2)

IV. SPECTATOR QUARK MODEL FOR B—h;h, meaning' These author§43] present an alternative model

ased upon Wick contractions in the matrix elements of the
LO effective Hamiltonian. Furthermore, the applicability
of factorization to the hadronization of outgoing light quark

We now wish to make the transition from decay rates a
the quark level to decay rates for two body hadronic decay

B—h,h,. Calculation of the required hadronic matrix ele- =" . N Lo :
ments(hyh,|O|B) from first principles is currently not pos- P&rs moving in opposite directions has been questi¢asH

sible and several approximate schemes are available in (tfd it has been emphasized there that hadréniecays,
literature. Much work has been done on the factorizatiorESPecially as they are originated by three partons, are phase
model [27] and the more recent generalized factorizationSPace driven. _ o
model[33,39,41 of this process in which final state interac-  In the spectator modg#6] alternative to factorization, the
tions are neglected and the hadronic matrix elements arequark and spectator quark are treated as quasifree particles
factorized into a product of two hadronic currents: with a distribution of momenta due to their Fermi motion
<h1|31#|5><h2|35|0>- The operator©DJ and O, are Fierz relative to the_B meson. In these m_odel_s tHe quark is
transformed into a combination of color singlet-singlet andtreated as a virtual particle with an invariant masg(ps)
octet-octet terms and the octet-octet terms then discardedatisfying m3(ps) = ma-+ mg—ZmB\/p§+ msz. We, however,
The singlet-singlet current matrix elements are then exconsider here a tentative spectator model based upon the idea
pressed in terms of known decay rates and form factorsef duality between quark and hadron physics at the high
Consequently, the hadronic matrix elements are expressed #hergies ob quark andB meson decays. The decays at the
terms of the combinations quark level, even including the penguin processes, are basi-
cally short distance processes. In our proposed spectator
eff L e et © et uark model the long distance hadronization is largely a mat-
k-1~ Ca1t " Cakr 3= Cat " Ca1 (60  quark g diste ; : gely
c ter of incoherently assigning regions of the final quark phase

. he different mesoni ms.
where k=1,2,3 and the number of colofd. is usually space to the different e§° ¢ systems. _ —
treated as a free phenomenological parameter in order to FOF €xample, we consider B mesonbu or bd to be a
compensate for the discarded octet-octet terms. FactorizatigtfaVy Stationanb quark accompanied by a light spectator
works reasonably well foB decays to heavy hadrof2], in constituent antiquark which has a spherically symmetric nor-

that a, and a, seem to assume universal values, and it igh@lized momentum distributioR(| py?)d°ps. The total me-
argued[33] to also account foB decays to light hadrons SON decay rate through a particular mode is then assumed to

such asB— K= andB— 7. The generalized factorization

approach has been criticiz¢d3,25 because the effective

Wilson coefficientg44) are gauge dependent, implying that

the value ofN. extracted from comparisons of factorization Gauge invariant and infrared finite effective Wilson coefficients
model predictions with data cannot have any physicahave recently become availadié4].
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(61)

dr -
| ==—rdndp.dppy
dpydpy

equal to the initiating decay rate. Neglecting, for the mo-
ment, any constraints due to quark color, we suppose th%

spectator antiquark to combine with the quarfd{=q’ or q)
to form the meson system. For example,#fq’, we assign
a massM s to the system such that

Mérsz(pq"’_ ps)'(pq’+ Ps)

= mé, +mZ+2(Eq Es—PgrPsCOSOyrs).  (62)

Constrainingp,: and ps to have massvl,/s, we can infer

from Eq. (61) that

dar d’r
=2M, J—P 2) 5(M2, . —mZ, —m?
dMgs ) dpgdpy: (1P 2oy =me
—2(Eq/Es— PqPsCOSHy1))d3pd padpy: -
(63
Hence
dr pdps d?T
~2mM g, [ P2 E ()2 dpany
dMyrs Pq dpgdpy
(64)

PHYSICAL REVIEW D 60 114029

tempt to take large enough mass bins to enclose all the spin
combinations. When searching fa&€P asymmetries we
would advocate looking at more inclusive decay rates which
will be larger and hence more readily measurable. Of par-
ticular interest are the quark antiquark systems forming the
west mass 0 and 1" meson states as data exist for
charmed quark systems which can be used to test the spec-
tator model. Also, data which should exhibit matter-
antimatter asymmetry are eagerly awaited for the rare decays
into light quark systems.

It is also possible that the spectator antiquark combines
with the quarkq, for which we get

dzf _ ZWquMq’a’
dMqu Mq’&’ my
Eqps dT

|

We call thisprocess B
In some meson decays, for examme — (ud) + (uu)
ﬂhich is initiated by the quark decdy—udu, the spectator

u could have combined with the or the d. However, for
light meson systems such as p°, we find that the different
combinations come from very different regions of phase
space of the initiatindp decay and we conclude that we are

P(|ps|®)dpsdpq: -
p2 dpydpy ° s

(67)

where the integration region is restricted by the conditionnot double counting.

|cosfyd=<1.
We also assign a masd ,;» to the second quark anti-
quark system such that

M= (Pgt Pgr) - (Pg+ Pgr)
=(Pp— pq’) : (pb_ pq’)
=m2+ mi, —2myEq - (65)

The variableE, , and hencep, , determines the mass

Mgq - Taking this mass to be the independent variable, w

have
d’T 2aMg Mgy
dMg/sdMgqr M,
Eqyps d2T
qu—zs—P(|ps|2)dpsdpq-
Py dpqdpgr

(66)

We call this mode of quark and antiquark combinatpn-

Turning now to the flow of color, we examine what may
be regarded as two extreme possibilities. In the first, called
heremodel | we take the formula&?2), (66) and(67) at face
value; that is, we make no attempt to follow the flow of color
and assume that all color flow is taken care of by the gluon
fields in the meson system. In the second, called heodel
I, we consider the possibility that the lowest mass meson
states are only formed if the quark-antiquark pair are in a
color singlet state. That is, we assume that the color disrup-
tion caused by a quark-antiquark pair in a color octet state
é(vill result in more complex meson systems than the lowest
mass 0 or 1 states.

Projecting out the color singlet states results only in a
modification of the coefficients; , of Eq. (52). For process
A represented by Eq66) they become

2

1 1
a1=3 d1+ §d2+ §d3+ d4
1 2
=3 §d5+d6 ; (68)

cess AFinally, by integration, we compute the partial decaywhereas foprocess Brepresented by Eq67) they are

ratesI'(My/s,Mqq) into quark systems with masses less

2

thanM,s andM 4. With suitable binning we equate these
partial decay rates with corresponding rates into mesons. To
calculate an exclusive decay into a particular two meson sys-
tem would require one to follow the flow of quark spins.
Although the model could be generalized to do so, we at-

1 1
0[1:3 §dl+ d2+ d3+ §d4

2

(12:3 (69)

1
d5+ §d5
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V. SPECTATOR MODEL RESULTS

PHYSICAL REVIEW B0 114029

decays of 23% fob—usu and 28% forb—usu. The b

Calculations have been performed for two spectator quarledsﬁ andb—dsd branching ratios are also decreased by
momentum distributions. One is a fixed spherical bag mode&bout 30%. Inclusion into our spectator model of the MSSM-
[47] in which the spectator is confined in a spherical cavityenhanced magnetic dipole term is a matter for future inves-

of radiusR and has a wave function of the form
1 \F sin(Ar)
d=—\N7— (70
This implies a momentum distribution
A\ sir(mps/A)
P(IDIZ)Z(—) TN (71
S U [pd2(A2- |pd?)?

and a mean square moment(pg|°>= A2. The parameteA
is determined from the mean squaeaneson radius

et 72

a2 1}

Taking \/ﬁzo.55 fm yields the value\ =0.6 GeV which

tigation.

VI. DISCUSSION AND CONCLUSIONS

We have investigated two aspects of hadrdBidecays.
The first is the effects of renormalization-induced QCD cor-
rections on the inclusion of SUSY gluino penguin contribu-
tions to the hadronib decaysb—qg—qq’'q’, q’ {d,s},
which have been studied by calculating the Wilson coeffi-
cients of the effective SMMSSM Hamiltonian. The SUSY
enhancement of these gluon mediated processés,aby
the MSSM magnetic dipole transition, which is especially
significant for[21] large tarB and low (my,my,), is further
amplified by the QCD corrections, resulting in quark decay
rates at scaleg ~O(my,) for pure SM+ MSSM penguin pro-
cesses which exceed those obtained by simply scaling the
rates atM, by the factors? to allow for the renormalization

we have used in our calculations. As a check on the senspf the strong coupling constant fromyy to w. The rates are
tivity of our results to the model, we have also used a Gausglso significantly larger than estimated experimental bounds,

ian spectator quark distribution witlpg|2=A2:

3/2

3
P(lps?) = (m) e 3R 207 (73

suggesting that experimental data on hadrdniecays will
exclude a similar lowifny,my) region of the MSSM param-
eter space to that excluded by the-sy constraints[35].
We find that the QCD corrections only mildly affect the
magnitudes of th&€P asymmetriecp.

For the maximum mass of the quark-antiquark systems The second aspect of hadrorizdecays studied is the

we take a value midway between the lowest masssfiate
and the next most massive meson. Thus we take,dg)r or
(cd), M;=2.214 GeV between th®*(2.007) and the
D*(2.420); for €s), Mg=2.323 GeV betweed* (2.112)
andD* (2.533); for su) or (sd), Ms;=1.081 GeV between
K*(0.892) andK*(1.270); for (ud), M,g=0.877 GeV be-

tween p(0.770) andag(0.984); and for (u) and (dd),
My u=Myg=0.870 GeV betweem(0.782) andz’'(0.958).

For the €c) system we make an exception and take

the maximum M ;=3.552 GeV betweeny(3.417) and
#(2s)(3.686).

hadronization of the final state quarks. We have adopted a
spectator model as an alternative to the widely used factor-
ization models. The semileptonic decay rates given in Table
VI indicate semi-quantitative agreement between our model
and data. Where there are data, the same is true for the had-
ronic decays that proceed pyocess Asuggesting that color
suppression does not have a large influence on these pro-
cesses. This is not so f@rocess Bhadronic decays which

we find to be very sensitive to color suppression and there is
clear evidence for color suppression in the data. In fact, for
decay modes which can proceed only thropgbcess Bthe

data are for the most part upper bounds. The de@&f/s

— (1) +(K°,K*%) and B*—y(1s)+ (K" ,K**), for

The results are presented in Table VI and comparedyhich the experimental branching ratios are (2.24
where data are available, with the sum of the branching ras- 0.3)x 1073 and (2.46-0.37)x 102 respectively, ar@ro-
tios into mesons with masses less than the above cutoffless Bdecays in the context of our model. Taking a cutoff
masses. All calculations are based upon partial decay ratgSass M o=3.257 GeV to includey(1s) but exclude the
(52) with the a; coefficients evaluated aj’= mi/2. The  (1P) we find, with no color suppression, a branching ratio
semileptonic decay rates are also shown in Table VI. Fopf 9.22<1073. This suggests a color suppression factor of
these decays the lepton momenta cover all the allowed phaggout 4, not the orders of magnitude obtained from insisting

space. . . hat thec?pair are produced as a color singlatodel I)).
We have repeated the calculations using the SM The decays into light quark systems exhibit matter-

+MSSM effective Wilson coefficients of Tables Il and lll 5 imatter asymmetry. The present calculations indicate that,
but neglecting the very smal®" coefficients. The MSSM  averaged over a few low massmesonic states, tHg* and
effects are insignificant for the— udu transitions. For type B pranching ratios are larger than those Bt andB?; the

A processes all branching ratios are slightly increasegpposite is true if & meson is involved. The calculations
(~1%). Forb—usutransitions the MSSM effects are more suggest the asymmetry is not large. In the effective Hamil-
significant and result in branching ratio decreases for #pe tonian used here, this asymmetry comes only from the
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TABLE VI. Experimental and spectator model branching ratios Bomeson decays. The notation, for exam@@— (D~ ,D* ")
+(7*,p") indicates the branching ratiB®—[D~(1.869) orD* ~(2.010)]+(w" or p*). The process classificatioA or B refers to
whether the spectator antiquark combines with the qugrkEq. (66) or g, Eq. (67). The model classification | or Il refers to no color
suppression and total color suppression respectively in the formation of the decay re=soiise tejt For the decays into light quark
systems, the data are for the most part upper bounds which are not shown. The model predictions are in accordance with these bounds. Only

Equark decays are shown, as in the PDG tables.

Decay Experiment Process Model | Model II

b—cl Y

B*—(D°D*0)+1*y (7.16+1.3)x10°? 8.6x 102

B°—(D~,D* ) +Ity (6.6+0.5)x 10 2 8.6x1072

b—ul*y,

BO— (7 ,p ) +1Ty (4.3:1.6)x10°*4 5.2x10°*

b—cud

B°—(D~,D* ) +(wt,p") (2.04+0.53)x 102 A 3.00x 10 2 2.73x10°?

B*—(D°D*9)+(7",p") (3.88+0.58)x 102 A 3.00x10°2 2.78x10°?
B 1.39x10°2 1.55x10°°

B%— (D°,D* %)+ (7°, 7,p°,w) <3.2x10°3 B 1.39x10°2 1.55x10°°

b—csc

B*—(D%D*%+ (DS ,Df ) (6.1+2.3)x10°? A 3.2x10°? 2.9x10°2

B°—(D~,D*")+(DJ,DE ") (4.8+1.8)x10 2 A 3.2x10 2 2.9x10 2

B— (¢(1s),x(1P))+ (K% K*?) <6x10°° B 3.7x10 2 4.1x10°°

B — (y(1s),x(1P))+(K* K* ) B 3.7x1072 4.1x10°°

b—udu

BO—(m ,p" )+ (7 ,p) A 1.07x10°*4 0.95x10™ 4

BY— (7" ,p")+ (7% 7,0° o) A 1.07x10°4 0.95x 1074
B 1.09x10 4 1.9x1077

BO— (7, %,p% w)+ (7, 7,p°, ») B 1.09x10 4 1.9x1077

b—udu

B (7wt p ")+ (7 .p") A 0.95x 10 * 0.87x10™*

B —(m ,p )+ (7% 7n,p° w) A 0.95< 104 0.87x10 4
B 0.97x10° 4 1.9x10°7

BO— (7%, 5,p° w) + (72, 7,p°, o) B 0.97x10°* 1.9x10°7

b—usu

BO— (K", K* ")+ (7 ,p") A 0.503x 104 0.422<10°*4

BY— (K, K* ")+ (72 7,0° o) A 0.503<10 4 0.422<10 4
B 1.09x10 4 0.93x10°°

B%— (KO K*%) + (70, %,p°% w) B 1.09x10°* 0.93x10°¢

b—usu

B (K, K* )+ (7*,p") A 0.624x10* 0.531x10™*

B™— (K ,K* )+ (7% 75,p° 0) A 0.624x10°4 0.531x 10 *
B 1.21x10°*4 0.93x10°¢

B (K%,K* )+ (2, 7,p°, ) B 1.21x 104 0.93x10°°©

b—dsd

Bt —(K°K*O) + (7 ,p™) A 0.491x 104 0.410x10*

BO— (K% K*%) + (70, %,p°% w) A 0.491x 104 0.410x 104
B 1.082x 10 * 0.920<10°©

b—dsd

B™—(KO,K*O)+ (7 ,p) A 0.499<10™* 0.417x10°*

BO— (K%, K*9) + (72, 7,p°, w) A 0.499<10™* 0.41710*
B 1.096x10 4 0.914x10°©
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“strong” phases of the penguin diagrams. The renormaliza-Subatomic Structure of Matter, University of Adelaide,
tion group construction of the effective Hamiltonian, al- where part of this research was undertaken.
though incorporating important QCD improvements, does
not include the “strong” phases which must be present even APPENDIX: INPUT PARAMETERS
at the first order ofag corrections. The penguin diagram FOR NUMERICAL CALCULATIONS
includes just on®(ag) correction to the “strong” phase; it
would be of interest to include aD(« ) corrections to the
“strong” phase.

We have compared our results for the light quark systems _ _ _
with the factorization model calculations [86] which pre- 012=0.221, 615=0.0035, 623=0.041 (A1)
sents results for pseudoscalar and vector meson final statefad choose the CKM phasg; to be /2.
Because of the constraints of spin and isospin, which are Following Ali and Greub[33], we treat internal quark
averaged over in our model, we are reluctant to use Cutfasses in penguin loops as constituent masses with the val-
which bracket individual particles. However, the results ofyes
[36] when summed over the pseudoscalar and vector final

We use the standard Particle Data Gr¢dp] parametri-
zation of the CKM matrix with the central values

particles are generally smaller than our calculations, but by my=m,=0.2 GeV, mg=0.5 GeV,
less than factors of 2. Such factors can easily be accommo-
dated within the uncertainties of just the CKM parameters m.=1.5 GeV, m,=4.88 GeV. (A2)
for the light quark couplings. For the light quarks in the spectator model we take
ACKNOWLEDGMENTS m,=0.005 GeV, my=0.01 GeV, m=0.2 GeV
(A3)

[.B.W. would like to thank Xin-Heng Guo for helpful
discussions and to acknowledge support from the Center faind a spectator quark mass of 0.01 GeV.
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