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Gluon and gluino penguin diagrams and the charmless decays of the quark
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Gluon mediated exclusive hadronic decaydafuarks are studied within the standard mo@\) and the
constrained minimally supersymmetric standard m@tSSM). For all allowed regions of the MSSM param-
eter space A,tan 8,my,my5) the penguin magnetic dipole form factGr? is dominant over the electric
monopole and can be larger than the magnetic dipole form factor of the SM. However, overall the SM electric
monopole decay amplitudéi dominates the decay rate. The MSSM penguin contributions to the free quark
decay rate approach the 10% level for those regions of parameter space close to the highest allowed values of
tan 8 (~55) for which the gluino is light ifi;~360 GeV) and lies within the range of the gixsquark
masses. In these regions the supersymmetric box amplitudes are negligible. The MSSM phases change very
little over the allowed parameter space and can lead to significant interference with the SM amplitudes.
[S0556-282198)00919-9

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

[. INTRODUCTION cult to disentangle from the SM effects because of the large
uncertainties associated with the SM predictions. The SM
Supersymmetry(SUSY) is a highly favored candidate calculations involvg 6] the computation of the quark level

theory for new physics beyond the standard ma8#f). Of  decaysb—qq’'q’, the calculation of the Wilson coefficients
particular interest are the flavor changing neutral currenf12] to incorporate QCD corrections as the physics is renor-
transitions involving the quark-squark-gluino vertex and themalized down from the electroweak scale to the scaje
non-removableCP-violating phases which arise as the ang, finally, the calculation of hadronic matrix elements for
renormalization group equation®RGE) scale the physics the hadronization of the final-state quarks into particular final
down from the unification scalbl,~10'® GeV to the elec-  states, typically evaluated using the factorization assumption.
troweak scale. These effects of SUSY have implications fols this last stage can introduce such large uncertainties that
rare B decays and mixingkl—3] and for other observables predicted SM rates for exclusive hadronic penguin decays
such as quark electric dipole momepds5. can be in error by a factor of 2 to 3, we will restrict the
Measurements of rare flavor-changiBgdecays provide present study to the weak scale quark level processes where
opportunities for the discovery of indirect effects of SUSY any differences between SM and SUSY physics are more
[6,7] as the measured observables involve SM and SUSWpparent.
processes occurring at the same order of perturbation theory. The most predictive of the SUSY models is theon-
In contrast with the situation foB°-B° mixing where new strained minimally supersymmetric standard model
physics is expected to change the magnitude of @ (MS.SM) [.13'5] ba_ged on sp_ontaneous_ly broan:l_ super-
asymmetries but not the patterns of asymmetries predicte ravity with flat Kehler metrics[14], universal explicit soft-

by the SM[8], the effects of new physics in decay ampli- USY breaking terms at the scaltyssy—My and sponta-

tudes depends on the specific processes and decay chanfjeb s breaking of th&U(2)@U(1) symmetry driven by

under consideration and, although small, may be detectabfe?]d'at've corrections. Such models contain @8-violating

MSSM ; ; e
by comparing measurements that within the SM should yieIcP asesl g from the soft-SUSY_breakmg terms_ln addition
the same quantity. to the usual phasé.y of the Cabibbo-Kobayashi-Maskawa

" ; ; CKM) mixing matrix. With the usual assumption that these
The b— s transition provides an opportunity to stu@P ( v . o
violation from non-standard phasgg] and there is signifi- >YSY Phases vanish identically at the unification scale be-
cant current interest in tHe— sg penguin decay for which it Cause ofCP conservation in the SUSY breaking sector, it is

has been argudd0] that enhancement for on-shell gluons is claimed [15,6,2,3 that the MSSM predictions foB°-B°
needed from non-SM physics to explain the CLEO measuremixing and penguin decays suchlas:qq’q’ are very simi-
ment[11] of a large branching ratio fdB— »' + X, and the lar to those of the SM and that non-minimal SUSY models
7'-g-g gluon anomaly. are needed to obtain any significant non-SM effects. An
For the gluon-mediated exclusive hadronic decays studiedarly study[16] concluded that superpenguin diagrams are
here the effects of SUSY are expected to be small and diffismall compared to ordinary penguin diagrams unless the
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gluino is very light =1 GeV) and satisfiesmg<mg. Re-  where
cently Grossman and WordB] have found that the gluonic
penguin amplitudes fdo—sqgandb—dqqin the effective &ME yﬂ[Fi(qz) P+ F?(qZ)PR]
SUSY model of Coheet al.[17] can be up to twice as large
as the SM gluonic penguin diagrams and with an unknown
phase.

In this paper we revisit the question of MSSM predictions

for the penguin mediated decays-qq'q’. In doing so we  This gives the free quark decay rate
review in some detail the SM predictions with particular ref-

erence to the relative contributions of the internak andt drPens 1 2 1 2m2

guarks to the gluon penguin diagrdd8], the relative mag- = (&) I(q )( 1+ )N(q ) (6)
nitudes of the various form factors and the role of the strong  dg®  2887°\ 472 q?

and weak phasd49,20. We find, for example, that thé P

violating phases for thb—dg andb—sg electric form fac- where

tors, which dominate the decay amplitude, have no simple

;qu

+ [F5(q?)PL+F5(a%) PRl (5)

relationship with any angle of the unitarity triangle. For the —q?)2  mi+q? 172 am2, 12
MSSM we explore the allowed regions of the parameter |(g?)=|1+ 2 d 5 1— 2“‘
space to locate those regions which give the largest modifi- b m, q

cations to the SM results. In contrast to the SM, we always (7)
find the magnetic amplitude to dominate the electric ampli-
tude. Also, there are large regions of the MSSM parameteis the phase space factor and
space for which the magnetic amplitude is greater than that
of the SM. The search for SUSY would be greatly aided ifN(q?) = (0?py- Pq+ 2Py qPq- 4)(|Fi%+|F5|?)
the magnetic amplitudes could be experimentally isolated. ) Ra
Conservation of the gluonic current requires the qg —3mymqq*(FIFT* +c.c.)
vertex to have the structure —3mbpq'q(F'iF§* +FRFS* +c.c.)

+3mgpy- q(FIF5* +FTF5* +c.c.)

ra (q2>— S Ua(Pg) TV,,(0%) Uy(Py) (1)
1
+— (4py-APq-4—0°Py- Po) ([F3/°+|F31%)
where q
_ L=R*
V(09 =(0%0,,~ 0,0,) Y [F5(q?) P+ FR(0?) Pg] 3mymg(F3F2" +c.c) ®
+i0,0"TF5(q?) PL+FE(0?) Pl @ with 4m?, =g?=(m,—mg)2.

Similarly, for b 'q’, the amplitude is
Here F; and F, are the electridmonopol¢ and magnetic y a4 P

(dipole) form factors,q=p,—pq is the gluon momentum,
P (ry=(17 v5)/2 are the chirality projection operators and Mpeng: T2 u ET3= (0=
T3a=1,...,8) are theSU(3). generators normalized to [vq(pq) y“vb(pb)] @'l (Pa) Y T vq (Pg)]
Tr(TaTb_) _5ab. 9)
The b—qg vertex is o
WhereAy# is obtained from Eq(5) by the replacement of all

T 19s— F(g? form factors byF(q?) form factors. The decay rate
T2(9%) =~ ——vp(Pp) TAV,.(6%)vg(Pg) @ 4 yria y
. 472 0P e dI'’®"9dg? is given by Eqs(6)—(8) with the same replace-
_ ments.
whereV, has the form(2) with the form factorsF&;zR(qZ) One CP violation observable of particular interest is the

replaced byF;'R(q?) where the relationship between tRe partial rate asymmetry

andF form factors will be discussed later.

2
To lowest order irvzs the penguin amplitude for the decay Acp(g?)= dl'a/dg (10)
processh—qg—aqq’q’ is dl's/dg?
ig? _ R where
M Pena— _ p[uq(pq)TamUb( Pp)] o
7 dlgs_1fdr _ dT an
X[Ug(Pg) YT (Pgr)] 4 d  2\dg? dq?
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S together with

1 1-X
Fé(qZ>=qui AP‘*JdefO dy[2x(1—y)

+Xi(1=x=xy)J/Yi(X,y) (20
and
FIG. 1. SM gluon penguins witklV and scalar exchange. Fg(QZ):mbE Aquldxflixdy[Zx(any)
i 0 0
Il. THE GLUON PENGUIN DIAGRAM IN THE STANDARD 2
MODEL +Xi(2x°=3x+3xy+ D) ]/Yi(x,y). (21

Although the expressions for the SM form factors areln the above
known, we believe it is useful to present a brief outline of
their derivation, both in order to clarify their regimes of va-
lidity and to aid our later generalization to include the effects

Yi(x,y) =x+x(1—x)+ g2 [xy+y(y—1)/M3, (22

of SUSY.
For the SM the contributions to the—qg vertex Fi
from W and scalar exchang€ig. 1) give [21,22

Vilah= 2 NLAYHADPLHBRPR] (12

where)\bq (g§/8M W)K ib andK is the CKM matrix. For

the b—>qg vertexV,,, the CKM matrix elements are re-

placed by their complex conjugates.
After putting the externab andq(=d,s) quarks on mass
shell, V3" has the form

ViM(g?) = (apy,+ba,+cy,) P +(dpy, +eq, +fy,) Pg

(13
and the form factors for arbitrary® are given by
2(mi—mp)F1(q%) = (a+2b)mg+(d+2e)m, (14)
2(m;—mp)FR(g?) =(a+2b)my+(d+2e)m, (15)
and
F5(g®)=al2, F5(g?=d/2. (16)

Neglecting terms of ordem;/Mg, andmg/Mg, then

a+2b=-mye™, d+2e=m,g

17
where
aM(q2) =) AP f “dx J " dyiax+ 2y)(y- 1)
I 0 0

—2x(1—x—xy—2y)1/Yi(x,y) (18)

1 1-x
BM@d) =, )\qu de dy[ 4x?—8x+8y?—8y
i o Jo
+ 12Xy + X (4x>— 6x + 4y?

—8y+10xy+2)]/Y;(x,y) (19

wherex;=m?/M3, .
If these expressions are evaluatedjat0 we havegSM

M and
95
Fi(0)= =52 KigKipfs(x), Fi(0)=0 (23
w
1 1 92
mF2(0)=( F3(0)= E KigKibfa(xi)
q
(24)
where[23,24]
fi(x)=————[18x— 29x*+ 103+ x*
1(X) 12(1_)()4[
—(8—32+18x?)In x], (25)
fz(x):4 _ 7[2+3x=6x2+x>+6x In x].
(26)
For smallx; , 2(x)~—2x whereasf;(x;)~—3 Inx.

For b—qd, (4% mac= (My—Mg)?~20 Ge\? and the as-
sumptiong?<m? which would jUStIfy the replacement of the
form factors with their values at>=0 is invalid for F;(g?)
for theu andc quarks. This observation has also been made
in [9,18]. For these light quarks we can evaluEl‘p(qz) by
neglectingm;; compared tomj in Eq. (14) and x; in the
numerator of Eq(19) so that

1-x
f1(xi,0%) f dxf dy[2x?—4x+ 6xy

+a4y(y—D1Yi(xy). (27)
This integral is dominated by the logarithmic singularity near
x=0 so we can sex=0 everywhere except in the leading
term of the denominator to give
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FIG. 2. Contributions to SNF&(qZ) for b—d+g fromu (solid
line), ¢ (dashed lingandt (dotted ling quarks.

y(1-y)

1 1
fx-,2w4fdxfd' 28
10,9 =4 dx ] yx+xi—q2y(1—y)/M3\, 8
_10 2| N 2 22z+1
=9 "3 NX 3—Zi—§z—ig(2i)
(29)
wherez,=qg?%/4m? and
[1-z ’6 [z )
——arcta —, z<1,
z 1-z
92)=1 4 z—1'I Jz+\z—1| )
= n —iw|, z>1.
2V z |\ z—yz-1
(30

For q2>4mi2, g(z) becomes imaginary due to the genera-

tion of a strong phase at theu and cc thresholdg19,20.
Our result forf,(x;,g%) is equivalent to that obtained by
Gerard and Hoy20]. For theu quark,z is large and we use
the asymptotic form of E¢(29):

In(

We will be concerned with theb—dg'q’ and b

—sq'q’ transitions. Although the form factor§,; and
(1/my)F, contribute to the decay amplitudéd and(9) with
different kinematic factors, we find that globally over all
phase spacethut with g?>=1 Ge\?) the kinematic factors

10 2

9 3

2
f1(xy,0%) = '\(j )—iﬂ- . (32)
w

2
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FIG. 3. Phase of SM}(g?) for b—d+g (solid line) andb

—d+g (dashed ling for a CKM phase ofr/2. The dotted line
shows theC P-violating phase difference.

the same for theb—d+g transition. Thec quark is the
largest contributor. The weak phase from the CKM matrix is
very small but this contribution carries a strong phase for
g®>>4m?. This strong phase is the same for the-d+g
transition. Theu quark contribution has a wedkP-violating
phasee™ %13~ e~ 17 (Particle Data Group notatipmnd also a
strong phase that is common to the»d+ g transition. The
t quark contribution is negligible.

These individual amplitudes add to makk and, because
u andc make significant contributions, the phaserdf dif-

fers for theb—d+g and b—d+g transitions. The phase
difference, which can be called the @P-violating phase,
is not negligible but has no simple relationship with any
particular angle of the unitary triangle. Wity ;= 7/2 and
$13=0.0035, we show this phase in Fig. 3.

Because of the presence of both strong and weak phases

the magnitudes oF | are also different for thé andb de-

cays. Processes like—dssandb—dss are expected to be
penguin dominated ariél& dominates all the other form fac-
tors. The decay ratedI'/dg? calculated from Eq(6) are

shown in Fig. 4. Thecc threshold cusp is clearly exhibited
and CP violation is manifest. The difference of the decay
rates can easily be shown to be proportional to the Jarlskog
factor [25] J[K KK cdK bl = C12C5:C2351751552351N b3

Since this factor basically controls the magnitude of the
asymmetry, the modification with different choices ©f

and 8,5 (the least known elements of the CKM majrican

be assessed. The asymmetry is large because the sum of the
decay rates is also small.

are approximately of equal weight which makes it useful to Turning to theb—>sq’a’ transition, we again find that

compare the overall magnitudes of the form factors. We finq:|i>|:§<

Ft>FR andFR>F5. For theb—dq'q’ amplitude we find
thatF} is dominant (Ih,|F5|=<|F}]).
The individual contributions |KjyKipf1(X; 99|,

F5>F} and theF} amplitude to be dominant. The
individual contributions fromu, ¢ andt are shown in Fig. 5.
The ¢ quark contribution in this case greatly outweighs that
of theu andt quarks and since its contribution is so large

(i=u,c,t), to F'i are shown in Fig. 2. These magnitudes areand has almost zero weak phase, the weak phas!é&da
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FIG. 4. Differential SM decay rates f(brﬂds_s(solid line) and

b—dss (dashed ling The corresponding results for the combined
effects of the SM and MSSM are given by the dotted and dot

dashed lines respectively.

very small. Processes like—sddandb— sdd are expected

to be penguin dominated and these lowest order calculations

give the decay rates shown in Fig. 6.

Ill. THE GLUINO PENGUIN DIAGRAM IN THE MSSM

In the MSSM there are contributions fb; from the two
gluino exchange diagrams | and(Fig. 7) corresponding to

the gluon line attached respectively to the gluino ahd

PHYSICAL REVIEW D 58 073006

Differential decay rate (10" GeV!)

q* (GeV)

FIG. 6. Differential SM decay rates fd:r—>sd€(so|id line) and
b—sdd (dashed ling The corresponding results for the combined

effects of the SM and MSSM are given by the dotted and dot-
dashed lines respectively.

VXSSM<q2>=2 AL {Co(G)Ajg,+[—CaG)
+2C5(R)1AXg,}Pa (32

where @A,B) are chirality indices,C,(G)=3 and C,(R)
=>,T3T?=4/3 are SU(3) Casimir invariants andj

squark lines. The MSSM penguin amplitudes have the form

0.030
[ ~
: I \\
o 7/ ~

0.025 | - T~

[ ’// = -
.

5 000 F

2 F
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g [

= C
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o .
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FIG. 5. Contributions to SI\/H(qZ) for b—s+g from u (solid
line), ¢ (dashed lingandt (dotted ling quarks. The contribution
from thec quark has been scaled down by a factor of 10.

=1,...,6labels thed squark mass eigenstates. The coeffi-
cient
95 gy
ARG =— v ylP (33
ABj 4mg dB  “dA

9

describes the rotation from the down-diagonal interaction

states to thal mass eigenstates at tied-g vertices. The
matricesVg,_ and Vg are obtained from the (66) matrix

V4= (V4. ,Var) T which diagonalizes thé mas$ matrix

FIG. 7. MSSM gluino penguin diagrams.
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(M'g)LL
M= .
d 2 2
(MPrL  (MJrr

(M'E)LR

(39

PHYSICAL REVIEW D 58 073006

ViEM(g?) into the same general fori13) as for VSM(g?)

so that the MSSM form factors can also be obtained from

Egs.(14)—(16).

For the LL MSSM penguin diagram we find, after ne-

. . 2 2
Placing the external quarks on mass shell convertglecting terms of ordemz/m andmg/m:,

2xy+4y(y—1)
MSSM 2 5 /L N
(q%)= E ALL]f dxf ‘CZ(G) Z,(x.y) Z{ (x,y)

BYSM(g?) = Z ALLJJ dxfl X

2x%—2x+6xy+4y(y—1)

X1 C2(G)

Z](X!y)

and

C2(G)

1 1-x
Z(qz)——qu ALLJ ole0 dy

Xy ]
Z;(X,y) ,
x2+x(y— 1)

1 1-X
R gq2) = b Xaxy=3
F2(9%) mb; ALLJJO dxjo dY[Cz(G) Z,(xy)

Zi(x,y)

+[—Ca(G)+2C(R)]

(37

x2+x(y—1)

[~ Ca(G)+2C,(R)] 27 xy)
j ’

(39)

where

Zj(x,y)=1=x+X+ P [xy+y(y-DIms, (39

Z{ (%) =X+%(1=X)+ [ xy+y(y—1)]/m
(40)

with ijzrn? .

As q2<m~ we can set)?=0 in Eq.(39) and Eq.(40) to
get the LL pengum contributions
F5(0)= E APHICA(G)A)) +Co(RIB(X)],  (41)

FR0)=0, (42)

T[—Ca(G)+2C,(R)]

2xy—2y(1-2y)

+[—Ca(G) +2C,(R)] ] (39

2x2—4x+6xy+2(y— 1)(2y—1)]

Zj,(xiy)
(36)
|
1 L _ R
e F50)= o F
—2 APIC2(G)C(%)) ~ Co(RID(X))]
(43
where
= _ 2_ 3 _ 2 3
A(X) 6(1—x)4[3 OX+9x“—3x°+ (1—3x°+2x°)In x],
(44)
B(x)zm[ll—lsx+9x2—2x3+6|n x], (45)
T [1—%2
C(x) 4(1_)()3[1 x“+2x In x], (46)
D= —— = [243x— 63+ x*+ 6% In X] 47)
6(1—x)* '
For the LR MSSM penguin diagram
1 1-x
a"SMg?) = — 92 ALRJJ dxjo
G ﬂ-i— —C,(G
Co(8) Z gy L Cal®)
+2C (R)]—sz_l] (49)
S Zixy)
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BMSSM(QZ) =0 (49)
and
] ~ b 1 1-x Xx—1
F(@%) =ms > AL%jfodeo | €A 75y
X

—C,(G)+2C4(R : 50
+[—Cy(G)+2Cy( )]zj’(x,y) (50)
F5(g?)=0. D

Again we can sefj>=0 to obtain for the LR penguin con-
tributions

F1(0)=Ff(0)=F%0)=0 (52)
and

F5(0>=n5$ APA[CH(G)E(X)—4C,(RIC(X))] (53

with

E(x)=

1 )2[1—x+xln x]. (549
—X

The RR and RL penguin diagrams are obtained from th
above by the replacements, | ;— Agg; and A\ gj— Agyj
respectively together with-{ mya™SS¥)— (m, "M and
FI(_l,Z)‘_) F(Rlyz).

The totalg?=0 MSSM form factors are therefore

F&<0>=§ APIICH(G)A(X)) +Co(R)B(X))], (55

F?<0>=$ ARRICAG)A(X)+Ca(RIB(X)], (56)

F5(0>=2 {[mgARE, + myARE J[C2(G)C(X))

—C,(R)D(X)) ]+ MzA PR [Co(G)E(X))

—4C,(R)C(X)]1}, (57)
F§<0)=§ {[mpADE; +mgAR% J[CH(G)C(X)

—Co(RID (X)) ]+ mgA ] [Co(G)E(X;)

—4C,(R)IC(X)1}- (58)
The results for thé&$-F(0) MSSM form factors agree with
those of [26]. However for theF{~®(0) form factors,

whereas ouC,(R) term is the same as that [#6] and[1],
the A(x) function occurring in theC,(G) term differs from

PHYSICAL REVIEW D 58 073006

that of [26] by —(1—x) ~?In x and bears little resemblance
to the F(x) function of [1]. Note though that our result for
Cy(G)A(X)+Cy(R)B(x) is the same as the functioRg

— $Pg given in[27].

The MSSM calculations are described [#]. Two-loop
MSSM RGEs were used for the gauge and Yukawa cou-
plings and one-loop MSSM RGEs for the other SUSY pa-
rameters. Full flavor dependence was included in the run-
ning, with one-loop QCD and stop and gluino corrections to
the physical top mass fronji28]. The unification scale
boundary conditions were a universal scalar mags uni-
versal gaugino massn;, and a universal soft SUSY-
breaking trilinear scalar coupling. After minimization at
the scalem; of the full one-loop Higgs effective potential,
which included all contributions from the matter and gauge
sectors, we are left with a four-dimensional parameter space
{mgy,my;,,A,tan B}, where tanB=v, /v, is the ratio of the
vacuum expectation values of the two Higgs fields, together
with the sign of the coupling. between the two Higgs fields.
The physical Higgs masses were determined using the ap-
proximation to the RG-improved Higgs masses described in
[29]. Mass eigenvalues and diagonalization matrices for the
d squarks were generated for a selection of data sets in the
parameter space 150my<1150; 156<m,;»<1150; 150
<|A|=<1150 (units of GeV} and 2<tan S<48 which satis-
fied current experimental constrairigee] 30]), and yielded a
Qeutralino as the lightest supersymmetric particle. We also
imposed the condition that the standard model like minimum
be the global one as has become custorfiaty. However it
should be noted that, as pointed out{82], this traditional
condition is notsufficientto avoid cosmological problems.
For this one should employ the slightly more restrictive con-
dition in [32].

The allowed values oA become more restricted by un-
physical (charge and color breakipgninima as tang in-
creases from its fixed point value of t@#=1.5[32]. The
avoidance of unphysical minima gives a boundngf/m,,,
=1 at the low fixed point which drops away to about 0.4 at
intermediate values of tad. However the minimum bound
on mgy/my, is for A~mg and it increases quadratically A
away from this value[32], so that effectively 0.85A
<1.5my at intermediate tayB values. Data sets for negative
A were therefore more restricted in this region regardless of
the sign ofu, with all but those neam, producing color
breaking minima. Near the high tahfixed point, where the
bottom Yukawa coupling is large, the analysis[82] is no
longer valid and the parameter space becomes once again
less restricted here. Negative and quite large values afe
allowed(and even favoredover positive ones in this region.

Finally we should add that additional and probably very
restrictive constraints om, especially at low tar8 come
from the need to avoid neutralino dark matter overclosing the
universe. This was examined recently[B8,34]. However,
in order to avoid excluding large regions of parameter space
prematurely, this has not been included in the present analy-
sis. Further constraints come frdor-sy (see Ref[34] and
references therejin These processes depend predominantly
on the charged Higgs bosons and chargihesen the soft
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terms are degenerate at the grand unified thd@yT) b P d Pe g p P d Pg ¢
scalg and hence on the value pf. The resulting constraints —— - —— —— - ——
can be quite restrictive when tahis large, withu <0 being
virtually excluded[34,35.

The magnitudes of the MSSM form factors sati$hj| gy A gx
>|F}|=|F5|>|F¥| for all regions of the allowed parameter
space apart from the narrow region tas 2, my,,= 150 and

me=1000 whergF}| is slightly smaller thaF%|. Outside - - e el IR
this region the ratidF5|/|F}| exceeds unity and increases ¢' Py q g @ @ q q
strongly with tang. For tang=2, the ratio ranges frons- 2 .

for m;,=250 and my=1000 to ~9 for low (my,m;y.) FIG. 8. MSSM box contributions tb—qq’q’.

=(150,250). For higher tag, |F5| becomes more domi-
nant, the ratio increasing to 24—28 for t8s10 and 200— high tang and low (mg,my;). For tang=48 and A
225 for tanB=48. The relative sizes of the form factors are = —300 the ratiol **"{MSSM)/T""*"{SM) has a maximum
due to both the mixing coefficients}%; (33) and the func- value at (no,my;)=(275,150) of ~0.100—d) and
tionsA, B, C, D andE of the variabl&jzmg_/mg. lfthej ~0.0850—s) for u>0 and~0.09(b—d) and jO'OS(b

_ i —s) for u<0. The ratio exceeds 16 at tang=48 for
dependence ofx; is neglected, the quantities\R%  (my,m,,) ranging from (225,150) to (275,225). However,
=|3;AR%,| satisfyAp?>AR%>ARI>APR and this accounts  for lower tang this ratio has a much smaller maximum
in the main for the relative sizes of the form factors. Thevalue; for tanB=10 it is 1x10 % at (mg,myy)
large values of the form factors at high t@nare due to an =(275,225) and %10 * at (550,150) for tanB=2. The
interplay of two factors:(i) the light gluino mass rg  ratio decreases rapidly for large valuesnof;, due mainly to
~360 GeV) associated witlm,,=150 and(ii) a gluino the increase of the gluino mass in E§3) from ~360 at

mass lying within the range af masses such that the vari- My,=150 to ~1875 atm,,,=850. These findings for low

ableij is close to unity for several values pf and medium tarB differ from the earlier estimate[ﬂ] that

The result thaf R is the largest MSSM form factor indi- the SUSY and SM contributions tb(b—sq'q’) were of
cates that, in contrast to the SM, the magnetic dipole transicomparable size. However, these early estimates were based
tion dominates thé decay process in the MSSM. To com- on the assumption thdt—sq'q’ could be described solely
pare with the SM, we note that the ratio of the largest MSSMby the LL penguin form factors{~®(0) and our study
and SM form factors is|F5(MSSM)|/|F1(SM)(g?=0)|  showsF& to be the dominant form factor.

<04 GeV. In SUSY there is also a contribution tb—qq’'q’ from

The phases of the MSSM form factors change very littleghe hox diagrams of Fig. 8 for which the amplitudd 1523]
over the allowed parameter space. The phaseE&ofand

F-R are independent of the sign &f and, for <0, are boy 102 — .

approximately equal at —2.8 forb—d and~—0.016 for M :m[“q(pq)T 7uPLUb(Pb)]
b—s. For u>0 the phases of{-® are shifted byr. The

phasg ofF] varies a little w!thmo andmy, fimd depends on X{J&L[uq,(pq,)yuTavaa,(pE,)]
the sign ofA, being approximately that df; for A>0 and _

shifted by from that of F} for A<0. These MSSM phases +JER[uq/(pq/)y“TaPRva(pE,)]}
for <0 are comparable to the corresponding SM phases so —

that the magnitude of the phase difference between the domi- +[Ug(Pg) ¥,.PLub(Py)]

nant MSSM form factoiF5 and that of the SM form factor 3 LD
FL(g?=0) is ~0.4 for b—d and ~0.01 for b—s for u X{JelUg (Pgr) ¥*P LU (Pgr)]
<0 and~2.7 and=~3.1 for u>0. Hence, after allowance + 33 Ug (Pg) ¥*Prog (Pg) 1} +(L—=R) (59

for the negative sign in Eq33), we conclude that the super-
penguin diagrams and ordinary penguin diagrams have thghere
same sign fo>0 and opposite sign for<O0.

_ Ie=2 2 JalX; 1§i)A2(,]Ajvlqu Vs (60
IV. SUSY EFFECTS IN b—qq'q’ dj o

One albeit crude measure of the effects of SUSY in thewith
decaysh—qq’'q’ is the relative size of the integrated decay g o~~~ o~
rates for the MSSM, taken in isolation, and for the SM. In J1=59(X;,yi) = 5F(X;.Yi), (61)
computing these decay rates from Eg). we impose the low Lo e~
q? cutoff g?=1 GeV to avoid non-perturbative long dis- J2=—39(%;,Y) +3f(X;,yi), (62
tance effects. o o

The largest effects of SUSY on the decay rates occur for Ji= ég(xj Vi) + ;—,‘f(xj i) (63
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Here}izn}ilmg, the squarkq is U for g’=u andd for  find that the decay rates ftr—dq’q’ are significantly dif-

q’' =d and the box functions af@3] ferent to the ratd—dq’q’ even for quarks in isolatiofsee
Fig. 4).
1 1 X 2| The SUSY enhancement of the gluon-mediated exclusive
g(x,y)—X_y>y_ 1 %=1/ " x=(x=y)| (64 hadronich decays within the constrained MSSM model can

be at the several percent level in certain regions of the
(A,tan B,my,m,,) parameter space. In these regions the
. (65) SUSY penguin processes dominate the SUSY box processes
with the consequence that thedecays in the MSSM are
driven by the magnetic dipole transition rather than the elec-
dric monopole transition of the SM.

SUSY also introduces penguin processestferqg me-
diated by charged Higgs bosons, chargino and neutralino ex-
changeq2]. However, the gluino penguin amplitude is en-
hanced relative to that for these processes by both the factor

</ ayy and the additionad-g-g coupling with its large color
actor C,(G)=3 and has been founf?] to be dominant
even for much of the low tap parameter space. Hence the
contribution of the charged Higgs boson, chargino and neu-

L,
Xy—1 (x-1)2

1
f(x,y)zy_ In Xx—(x—vy)

For the allowed regions of parameter space th
box amplitudes  satisfy |37g/>3(Ji.[.|33 1,192
> (|192.],19%A,192.1,|1924) apart from in the region taB
=2, my,=150 andmy>650 where|J, | becomes slightly
larger than|J?Z5|. The four largest box amplitudes are gen-
erally of the same order as the MSSM penguin amplitude
(F: F$-R): the remaining four are negligible, being smaller
by a factor of at least P0and comparable to the MSSM

. . R .
penguin diagramFy’. For the regions wherdMSSyrst oo penguin processes to the decay rate @Rdasymme-
=107, the ratio gf the largest MSSM box and PENGUIN try should not modify significantly the present results.
amplitudes|J{g|/[F3] is small, varying from only &10° QCD corrections arising from renormalization of the
for the parameters tai=48, (mo,my;)=(275,150) which  present short distance results down from the electroweak
produce the maximum SUSY effects to a maximum of 0.015caje to the scalimy, are not likely to alter the finding that the
The ratio does increase t50.4 for low tanB(=2), low  magnetic amplitude is dominant in the MSSM as the QCD
my(=150) and highmy>1000 but in these regions the jnduced mixing effect§12,36 produce an enhancement of
SUSY_effects are negligible_. Hence, for the MSSM data setghe magnetic dipole operators in tA8=1 effective Hamil-
for which the SUSY penguin effects are largest, the SUSYignjan relative to the current-current penguin operators asso-
box amplitudes can be neglected in calculating the decayjated with the electric monopole amplitude. Furthermore,
rates. _ o X Gerard and Hoy 20] have noted that the resu29) for the
The differential decay ratedl™*"7dq” (6) for the SM g form factorF:(q?) already contains the dominant part of
and for the combined effects of the SM and the MSSM forihe ocD corrections for the current-current penguin opera-
the ~ MSSM  data  set A=-300, >0, tan (o and, therefore, that the main effects of QCD corrections
=48, (mg,my)=(275,150) which maximizes the SUSY i pe the renormalization of the strong coupling constant
effects show(see Figs. 4 a_n_d)ethe SUSY enhancement of om ay(My) 10 ag(my). This would have the effect of in-
the decay rates to be significant for most of the ranggof creasing the penguin decay rates of the SM by the fagtor
values. The partial rat€ P asymmetriesdcp(q?), defined =ay(my,)/as(My)~1.84 and also increasing the MSSM
in Eq. (10), reveal the presence of SUSY faf<4m:. For  penguin amplitudes relative to those of the SM.
these values of” the SM CP asymmetries of~25% for Detection of new physics in the hadronic decay ampli-
b—d and ~1.5% for b—s are reduced to~20% and tydes of theb quark through a study of deviations from the
~1.2% respectively when the MSSM contributions are in-predictions of the SM in the patterns 6fP violation in By
cluded. decays is complicated, on the one hand by the interplay be-
tween the cumulative effects in the SM of thé&-dependent
V. DISCUSSION AND CONCLUSIONS strong phases iff; and the weak CKM phases from the
Mcontributing u, ¢ andt quarks and, on the other hand, by
dYISSM phases comparable in magnitude to the SM weak
phases and which can give constructive or destructive inter-
ference depending upon the details of the soft SUSY-
breaking mechanism.

We have calculated, from first principles, both the S
and MSSM penguin diagrams that contribute to the decays
the b and b quarks. For the MSSM in particular there are
discrepancies to be found in the literaty®6,1] as to the
correct formulas for the{~"® form factors. Our results for
these form factors differ slightly from those (6] but our
other results agree witf26].

Because of the presence of strong phases in the contribu- W. N. Cottingham wishes to thank the PPARC theory
tions to the SM penguin amplitudes framandc quarks we travel fund for support for travel to James Cook University.
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