Charmless B — PP decays and new physics effects in the minimal supergravity model
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By employing the QCD factorization approach, we calculate the new physics contributions to the
branching radios of the two-body charmless B — PP decays in the framework of the minimal
supergravity (mSUGRA) model. Within the considered parameter space, we find that (a) the super-
symmetric (SUSY) corrections to the Wilson coefficients C; (k = 3 — 6) are very small and can be
neglected safely, but the leading order SUSY contributions to C7,(My) and Cg,(My) can be rather large
and even change the sign of the corresponding coefficients in the standard model; (b) the possible SUSY
contributions to those penguin-dominated decays in mSUGRA model can be as large as 30%-50%;
(c) for the well measured B — K7 decays, the significant SUSY contributions play an important role in
improving the consistency of the theoretical predictions with the data; (d) for B— K7’ decays, the
theoretical predictions of the corresponding branching ratios become consistent with the data within 1

standard deviation after the inclusion of the large SUSY contributions in the mSUGRA model.

DOI: 10.1103/PhysRevD.70.094008

L. INTRODUCTION

As is well known, the precision measurements of the B
meson system can provide an insight into very high
energy scales via the indirect loop effects of the new
physics beyond the standard model (SM) [1,2].
Although currently available data agree well with the SM
predictions, we generally believe that the B-factories can
at least detect the first signals of new physics if it is there.

Among the B— PP (P stands for the pseudoscalar
light mesons) decay channels considered in this paper,
twelve of them have been measured with good accuracy.
And the data indeed show some deviations from the SM
expectations:

(i) The K7’ puzzle, the observed B — K7’ branching
ratios [3—5] are much larger than the correspond-
ing SM predictions, appeared several years ago,
and there is still no convincing theoretical inter-
pretation for this puzzle after intensive studies in
the framework of SM [6] and the new physics
models [7].

(ii)) The K7 puzzle comes from the ratios R. and R,
for the four well measured B — K decay rates as
defined in Ref. [8]. The SM prediction is R, = R,
by neglecting the small exchange- and
annihilation-type amplitudes [8], while the
present data [9] yields

RSP _ 2I'(B* — K* %)
¢ I'(B* — K'7™)

=115%0.13, (1)
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A discrepancy of 2.80 exists here.

(iii) For B— 7°7° decay, the measured branching
ratio Br(B— 7°7°%) = (1.9+0.5) X 10°® [4,5,9]
is about 5 times larger than the SM prediction.

Although not convincing, these discrepancies together
with the so-called ¢ K, anomaly [10] may be the first
hints of new physics beyond the SM in B experiments
[11,12].

Up to now, the possible new physics contributions to
rare B meson decays have been studied extensively, for
example, in the Technicolor models [13], the two-Higgs-
doublet models [14,15] and the supersymmetric models
[16—19]. Among the various new physics models, the
supersymmetric models are indeed the most frequently
studied models in searching for new physics in B meson
system. The minimal supersymmetric standard model
(MSSM) [20] is the general and most economical low-
energy supersymmetric extension of the SM. But it is hard
to make definite predictions for the physical observables
in B meson decays since there are more than 100 free
parameters that appeared in the MSSM. In order to find
the possible signals or hints of new physics beyond the
SM from the data, various scenarios of the MSSM are
proposed by imposing different constraints on it [20]. The
minimal supergravity (mSUGRA) model [21] seems to be
a very simple constrained MSSM model, since it has only
five free parameters tanf3, my, my, Ag, and sgn(u) at the
high energy scale.

The previous works in the framework of the mSUGRA
model focused on the semileptonic, leptonic, and radia-
tive rare B decays. In Refs. [16—18,22], for example, the
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authors studied the rare decays B — X,y, B — X,II, B —
I"17, and the B — B® mixing in the mSUGRA model,
and found some constraints on the parameter space of this
model.

For B — PP decays, they have been studied in the SM
[23-29], the Technicolor models [13] and the two-Higgs-
doublet models [14]. In Ref. [30], Mishima and Sanda
calculated the supersymmetric effects on B — ¢k decays
in the PQCD approach [29] and predicted the values of
CP asymmetries with the inclusion of the supersymmet-
ric contribution. In this paper, we calculate the super-
symmetric contributions to the branching radios of the
21 B — PP decay modes in the mSUGRA model by
employing the QCD factorization approach (QCD FA)
[25-27]. The contributions from chirally enhanced power
corrections and weak annihilations are also taken into
account. We find that the branching ratios of some decay
modes can be enhanced significantly, and these new con-
tributions can help us to give a new physics interpretation
for the so-called “K 7' puzzle.

This paper is organized as follows. In Sec. II, we give a
brief review for the minimal supergravity model. In
Sec. III, we calculate the new penguin diagrams induced
by new particles and extract out the new physics parts of
the Wilson coefficients in the mSUGRA model. The cal-
culation of B— PP decays in QCD factorization ap—‘
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proach is also discussed in this section. In Sec. IV, we
present the numerical results of the branching ratios for
the 21 B — PP decay modes in the SM and the mSUGRA
model, and make phenomenological analysis for those
well measured decay modes. The final section is the
summary.

IL OUTLINE OF THE MSUGRA MODEL

In the MSSM, the most general superpotential compat-
ible with gauge invariance, renormalizability and
R-parity conserving is written as [20]:

W= Saﬁ[fUijQiaHéng + fDin?Q,ﬁDj + fEin?L%BEj
—uHH?] 3)

where fp, fy, and fr are Yukawa coupling constants for
down-type, up-type quarks, and leptons, respectively.
The suffixes o, B = 1,2 are SU(2) indices and i, j =
1,2,3 are generation indices, &,g is the antisymmetric
tensor with £, = 1. In addition to the SUSY invariant
terms, a set of terms which explicitly but softly break
SUSY should be added to the supersymmetric
Lagrangian. A general form of the soft SUSY-breaking
terms is given as [20]:

—Loow = (mZQ)ijqzrif?Lj + (m}),jiip;dig; + (m);jdridg; + (m3);il0; + (m3);8xex; + AThi hy + A3h3 hy

+8aﬁ[AUijﬂ7fih§ﬁ7ej + ADijh?inde + A h§ T

where §;, ity dyis I.i» &5, and hy and h, are scalar
components of chiral superfields Q;, U;, D;, L;, E;, H;,
and H, respectively, and B, W, and G are U(1)y, SU(2);,
and SU(3). gauge fermions. And the terms appearing in
Eq. (4) are the mass terms for the scalar fermions, mass
and bilinear terms for the Higgs bosons, trilinear cou-
pling terms between sfermions and Higgs bosons, and
mass terms for the gluinos, Winos and binos, respectively.

In the mSUGRA model, a set of assumptions are added
to the MSSM. One underlying assumption is that SUSY-
breaking occurs in a hidden sector which communicates
with the visible sector only through gravitational inter-
actions. The free parameters in the MSSM are assumed to
obey a set of boundary conditions at the Plank or grand
unified theory (GUT) scale:

) = ap = a3 = ay,
(ng)ij = (m%j)ij = (m%))ij = (m%)ij = (sz)ij = (m(z))‘sijr
A% = A% = m%; AUij = fUijAO: ADij = fDijAO:
Agij = fEijAo mg=my =mg=my; (5

where a; = g?/(4m), and g; (i = 1,2, 3) denotes the cou-

I
&y + Buhihh]+ S mgB B +

mWWW + mG'GNG~ +H.C.

4

N =

1
2

\
pling constant of the U(1)y, SU(2);, SU(3). gauge group,
respectively. The unification of them is verified according
to the experimental results from LEPI [31] and can be
fixed at the Grand Unification Scale Mgyr ~ 2 X
10'¢ Gev. Besides the three parameters m, », mg and A,
the supersymmetric sector is described at GUT scale by
the bilinear coupling B and the supersymmetric
Higgs(ino) mass parameter w. However, one has to re-
quire the radiative electroweak symmetry-breaking
(EWSB) takes place at the low-energy scale. The effective
potential of neutral Higgs fields at the tree-level is given
by (to be precise, one-loop corrections to the scalar
potential have been included in the program we used
later)

Viiges = mi RS2 + m3|RS|* + m3(h{hS + H.C)

2_|_ 2
+ S B2 (1P — g2 (6)

where we have used the usual shorthand notation: m? =

(u? + A?2), m3 = (u* + A2, m} = Bu. The radiative
EWSB condition is

094008-2



CHARMLESS B — PP DECAYS AND NEW PHYSICS...

(i)~ (o) = "
1 2

where the value A9, hY denotes the vacuum expectation
values of the two neutral Higgs fields as (h}) = v cosp,
(h9) = vsinB with v = 174 Gev. From Eq. (7), we can
determine the values of w? and Bu:

u? = ~[tan2 B(A3 tanB — A3 cotB) — M2],

N = N =

Bup = = sin2B[A? + A3 + 2u?] (8)
Through Eq. (8) we can see the sign of u is not deter-
mined. Therefore only four continuous free parameters
and an unknown sign are left in the mSUGRA model.
They are:

tanf3, m s, my, A, sgn(u) 9)

In the mSUGRA model, all other parameters at the
electroweak scale are then determined through the five
free parameters by the GUT universality and the renor-
malization group equation (RGE) evolution. In this paper,
we calculate the SUSY and Higgs particle spectrum
through a Fortran code: SUSPECT version 2.1 [32]. The
important features of this code include (a) the renormal-
ization group evolution between low and high energy
scales; (b) consistent implementation of radiative electro-
weak symmetry-breaking; and (c) calculation of the
physical particle masses with radiative corrections.
Using this code, we obtain the SUSY and Higgs particle
masses, and the mixing angles of squarks at the electro-
weak scale. From these low-energy supersymmetric pa-
rameters, the mixing matrices I'V, I'® for the up-type and
the down-type squarks, the mixing matrices U, V, N for

charginos and neutralinos are determined. The explicit
\

O = (qu)y—4(@ib)y _ 4, 0% = (Gaug)y-aliighy)y—a,

03 = (@b)v-4> (3¢ )v-a,
q/

06 = (qabp)v-a Y (G6'qe)v+as
q/

04 = (C?abﬁ)vaZ(%'qla)v—A,
q/
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expressions of the two 6 X 6 mixing matrices I'V and I'?,
two 2 X 2 matrices U and V, and a4 X 4 matrix N can be
found in Refs. [32—-34].

III. THE BASIC THEORETICAL FRAMEWORK
FOR B — PP

In this section, we present the theoretical framework
and the relevant formulas for calculating the exclusive
nonleptonic decays of the B* and B° mesons into two
light pseudoscalar mesons.

A. Effective Hamiltonian and relevant Wilson
coefficients in SM
In the SM, if we take into account only the operators up
to dimensions 6, and assume m; > m,, the effective

Hamiltonian for the quark level three-body decay b —
q9'q' (g €{d, s}, ¢’ € {u, d, s}) at the scale u reads [35]

Gr <
H o= 1S IV Vi 01 m) + Vi Vi, 05 ()]
i=1

el
NG
10
=V Vig D Ci(n)0;(p)
Jj=3
— Vi Vi [Cry (1) Or (1) + cggwogg(m]‘l
(10)

where V,,V;,, is the products of elements of the Cabbibo-
Kabayashi-Maskawa (CKM) quark mixing matrix [36].
And the current-current (O} ,), QCD penguin (O3 45),
electroweak penguin (O;g919), electromagnetic and
chromomagnetic dipole operators (O, and Og,) can be
written as [37]

05 = (gc)y-a(Ch)y_4, 05 = (Gacp)v-a(Cpba)y—as

05 = (Gb)v-1> (@'q)v+a
q/

3 _ 3 _
0; = E(qb)vageq’(q/q/)V+A: Og = 5(Qabﬁ)vageq’(qﬁ/qg)VwLA»

3 . _ 3 _ e _ .
0y = i(qb)vageq’(q/q/)va, Oy = E(qabﬁ)vageq’(qﬁlqla)VfA’ 07, = meqalfﬂ 1+ 75)baF,uw
Oge = %mbéa(r’“’(l + ys)T? b Gl (1)

where T%(a = 1, ..., 8) stands for SU(3),. generators, a and
B are the SU(3) color indices, and V + A = v, (1 * vs)
by definition. The sum over ¢’ runs over the quark
fields that are active at the scale w = O(m,), ie.,
q €{u,d, s, c, b}

\

To calculate the nonleptonic B meson decays at next-to-
leading order (NLO) in «a, and to leading power in
Agcp/my, we should determine the Wilson coefficient
C;(My) through matching of the full theory onto the
five-quark low-energy effective theory where the W=
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TABLE 1. In the NDR scheme, the values of LO and NLO
Wilson coefficients C;(u) for u = my/2, my, 2my. Input pa-
rameters being used are A% = 0.225 Gev,sin?6y, = 0.23,
my, = 4.62 Gev, m; = 175 Gev, My = 80.4 Gev, and «,, =
1/128.

mo=my/2 Ho=my M= 2my,

LO NLO LO NLO LO NLO
C 1179 1134 1115 1.080 1072 1.043
C, —-0.370 —0.280 —0.255 —0.180 —0.171 —0.104
C, 0019 0020 0012 0013 0008 0.008
Cy —0.037 —0.048 —0.027 —0.034 —0.018 —0.023
Cs 0.010 0012 0008 0010 0006 0.007
Cs —0.050 —0.062 —0.033 —0.040 —0.021 —0.026
C./a,, 0018 —0.008 0028 0.007 0.046 0.030
Cs/a,, 0055 0055 0035 0035 0023 0023
Co/at,, —1398 —1.420 —1.318 —1.337 —1.255 —1.270
Cio/ @ 0415 0395 0286 0273 0191 0183
Cy, —-0.360 —0.334 —0.316 —0.307 —0.281 —0.282
Cs, -0.167 —0.150 —0.136

gauge boson, top quark and all SUSY particles heavier
than My, are integrated out, and run the Wilson coeffi-
cients down to the low-energy scale u ~ O(m,,) by using
the QCD renormalization group equations. In Table I, we
simply present the numerical results of the LO and NLO
Wilson coefficient in the NDR scheme in different scales.
More detailed analytical expressions can be found, for
example, in Refs. [35,37].

B. Wilson coefficients in the mSUGRA model

In the mSUGR A model, the new physics contributions
to the rare decays will manifest themselves through two
channels. One is the new contributions to the Wilson
coefficients of the same operators involved in the SM
calculation, the other is to the Wilson coefficients of the
new operators such as operators with opposite chiralities.
In the SM, the latter is absent because they are suppressed
by the ratio m,/m,. In the mnSUGR A model, they can also
be neglected, as shown in Ref. [38]. Therefore we here use
the same operator base as in the SM.

It is well known that there are no SUSY contributions
to the Wilson coefficients at the tree-level. There are five
kinds of contributions to the quark level decay process
b — gq'qg’ at one-loop level, depending on specific parti-
cles propagated in the loops:

(i) the gauge boson W= and up-type quarks u, c, 1,
which leads to the contributions in the SM;

(i1) the charged-Higgs boson H* and up-type quarks
u,ct

(iii) the charginos ,\7f2 and the scalar up-type quarks

i, ¢ r

(iv) the neutralinos %!, 5, and the down-type squarks
d, s, b;

(v) the gauginos g and the down-type squarks d, 5, b.

PHYSICAL REVIEW D 70 094008

The new physics contributions from those superpar-
ticle loops may induce too large flavor changing neutral
currents (FCNCs). To escape from the so-called SUSY
flavor problem, degeneracy of masses of squarks and
sleptons among different generations has been assumed
in the minimal SUGRA model.

In order to determine the new physics contributions to
Wilson coefficients C;(i = 3,4, 5, 6), Cy,, and Cg, [we
ignore the new physics contributions to C;(i =
7,8,9,10) because they are suppressed by a factor of
a,,/a, lat the M, scale, we need to calculate the
Feynman diagrams appeared in Fig. 1. First, by employ-
ing conservation of the gluonic current, we can define the
effective vertex of the b — gg penguin processes as in
Ref. [39]:

Pa(e) = {250, (p) TV, @Pun(py)  (12)

with

V(@) = (%8 — 4,9,) 7V [F1(¢*)Py,
+Fg(g*)Pr] + i0,,q"[Far(¢*) Py
+Far(q*)Pg] (13)

where F(g?) and F,(q?) are the electric and magnetic

W~ H~
- > ~ - > ~
, N , N
b ! u,c,t M s d b ! uc,t N s d
g9, v (a) 97 (b
, N L
bt g g oS osd b d; \ s d
g () 9, v d
X5 X5
b Uu; U s, d b ~j Jj s, d
g7 (€ 97 (f)
FIG. 1. Five kinds of loop contributions to b — gg, qy:

(a) SM contribution. (b) charged-Higgs contribution; (c-d)-
gluino contribution; (e) chargino contribution; (f) neutralino
contribution.
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form factors, ¢ = p, — p, is the gluon momentum, and
Prr = (1 = 7y5)/2 are the chirality projection operators.

By calculating the Feynman diagrams as shown in
Figs. 1(b)-1(f), we find [in the naive dimensional regu-
larization (NDR) scheme,] the new physics parts of the
Wilson coefficients at the scale My,

(M) TG -1
CYF (My) = — “2(47:” [Jg At} Ay (0)  (14)
Np F2R(0) & -1

where A, ={-1,3, —1,3} for k—{345 6}, and A, =
ViqVu- In addition, since > < m where m; is the mass
of the heavy scalar fermions, we set g*=0 for the form
factors F' ; as an applroximation.l The explicit expressions
of the form factors F;;(0) and F,z(0) induced by super-
symmetric particles are the following

- G
Fi} (0) = —TQA,x,hcotzﬁfs(xth), (16)
- G
Fi (0) = T;Atmbxzh[COtzﬁf] () + f3x)] A7)
i @2 3
FfL(O) = Z Fd:);(réL)?fG(xj,G): (18)

%
Mg 1

Fial0) =26, % wa, S rdims| 3£10r6)

1
#3F20063) | + )i 33(x)

1
+§f4(xég,)}}, (19)
FX7(0)= G_ii“x Fd+1 Fd)3f(x ),
1L \/— oy Wu, CL’1 T\AX, ity
(20)
FéYI;(O) \/—Gp Z Zqu, Fd+ ]
a=11=
X [(FCL 1 mbfZ(xxa i
+ (FCR)] m)?;f4(xx,1u,)]’ (21)

Equatlons (14) and (15) differ from those a‘gg)eared in
Ref. [40], but our final analytic expressions for Cg (MW) are
the same as that in Ref. [18] except for the deﬁn1t10n for Wilson
coefficients.
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. Gn & &
Fi(0) = _Tg Z Zdo,(r ){ZJ(FNL 7 f(xs 24,
a=11=1
(22)
FLO) = 36, Y Zdo(
a=1[=
X [(I'§ L)I mbfz(x~0d,) + (FNR ? ng4(xggg,)],
(23)

where j =1 for b — d and j = 2 for b — s decay, re-
spectively. x;; = m} /m3 and m; is the mass of the particle
i. In our calculations, we have set m, = Oforg=u,ds
since my, > m,, my and m,;. The one-loop integration

functions  f;(x) and the coupling constants
Té Ry F‘&L x» I'¥r Which appear in Fy;, and Fy are

listed in the appendix. Using the form factors in
Egs. (16)—(23), we obtain the analytic expressions for
CYP(My) and Clgg’ (My). The Wilson coefficient
Cg’gp(MW) as given in Eq. (15) is the same as that in
Ref. [18] except for some differences in expression. In
Ref. [18], the CKM factor —A, has not been extracted
from Wilson coefficients, and the CKM matrix elements
have been absorbed into the definition of the coupling
constant I'Y. See the appendix for more details.

For the effective vertex of the supersymmetric b — gy
penguin processes, we only consider its contributions to
C7,. The explicit analytical expressions of the SUSY
contribution to Cy, induced by new particles have been
given in Ref. [18]

CI (my) = — ;x,h{coﬁ/a[if] (5 + folo)
+ Eﬁ(xth) + f4(xth)}} (24)
) = — 5 £ S ! O
7y\My 9 421, ;do, GL j|: G)1f2(xgg,
)} 2 fi(vgs,) | (25)

2 6
¥ () = Z zxwu,m’“{ TP f1(x5;a)

+ = folxs- g, } + (e

3 ij [f3 (xf; a,)

2
+5 i, }} 26)
Cé?«j(mw) = -

| &4 6
= 3> Ty )5,,[@ D falxs )
L a=11=1

+(T{R)1? ;fy f4(x}gd~[):|' (27)
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Now, we found all the supersymmetric contributions to
the relevant Wilson coefficients. We should remember
that, the only source of flavor violation in the mSUGRA
model is the usual CKM matrix in the SM. The flavor
violation in the sfermion sector at the electroweak scale is
generated radiatively in the mSUGRA model and con-
sequently small. Therefore, if we take the mixing matri-
ces I'V and ' as given in the Appendix of Ref. [33]

1 0 0 00 0 7
0 1 0 00 O
v — 0 0 <cos#; O O sind
0 0 0 1o o 7|
0 0 0 01 0
0 0 —sind; 0 O cosb;
- - (28)
1 0 0 00 O
0 1 0 00 0
o — 0 0 cost; O 0O sing;
0 0 0 1 0 0
0 0 0 0 1 0
| 0 0 —sinf; O O cosf; |

the gluino- and neutralino-mediated diagrams will not
contribute to the decay processes considered here. The
new physics contributions will come from the charged-
Higgs and chargino diagrams only.

C. B — PP decays in QCD factorization

To calculate the decay amplitude of the processes B —
PP, the last but most important step is to calculate
hadronic matrix elements for the hadronization of the
final-state quarks into particular final states. At the
present time, many approaches have been put forward to
settle the intractable problem. Such as the native factori-
zation [41], the generalized factorization [23,24], the
QCD FA [25-27] and the PQCD approach [29]. In this
paper, we employ the QCD FA to calculate the branching
ratios of B — PP decays.

In QCD FA, the contribution of the nonperturbative
sector is dominated in the form factors of B — P tran-
sition and the nonfactorizable impact in the hadronic
matrix elements is controlled by hard gluon exchange.
In the heavy quark limit m;, > Agcp and to leading
power in Aycp/m,, the hadronic matrix elements of the
exclusive nonleptonic decays of the B meson into two
light pseudoscalar mesons Py, P, (P, absorbs the specta-
tor quark coming from the B meson) can be written as
[25]

_ 1
(PPl0/IB) = STFE ]0 dxT! () Dp, (x) + (P, = Py)
J

+f01d§'/01dx]01dy7’,-”(§yxyﬂ

XOp(&)Pp, (x)Pp, (y) (29)

PHYSICAL REVIEW D 70 094008

B—P, .

where F’; is the form factor describing B — P decays.

T}, and T!" denote the perturbative short-distance inter-
actions and can be calculated by the perturbation ap-
proach. ®y(x)(X = B, P,,) are the universal and non-
perturbative light cone distribution amplitudes (LCDA)
for B and P; , meson respectively [26]. Weak annihilation
effects are not included in Eq. (29).

Consider the low-energy effective Hamiltonian
Eq. (10) and the unitary relation of the CKM matrix,
the decay amplitude can be written as

le(B—’Plpz)——

2 2V

pMLl

in(,U«)<P1P2|0i|B>

(30)

the effective hadronic matrix elements (P, P,|O;|B) can
be calculated by employing the QCD factorization for-
mula Eq. (29). When considering order « corrections to
the hard-scattering kernels 7}; and T}/' from nonfactoriz-
able single gluon exchange vertex correction diagrams,
penguin diagrams and hard spectator scattering dia-
grams, and the contributions from the chirally enhanced
power corrections,? Eqg. (30) can be rewritten as [28]

Af(B— P,P,) = w)XPP>|0;|B)p

ZZ

puci

€29

Here (P,P,|0;|B)r is the factorized matrix element and
can be factorizes into a form factor times a decay con-
stant. The explicit expressions for the decay amplitudes of
B — PP, can be found in Ref. [23]. For the processes
involving ) in the final states, Ali et al [23] included
the terms directly proportional to the so-called charm
decay constant f :1“’ of the ) meson in the decay ampli-

tudes. We ignored these terms here because they are very
small in size. For the charmless B meson decays consid-
ered here, the hadronic matrix elements (P, P,|0f,|B)r
have no contributions. Following Beneke et al [26],
every coefficient a;(P;, P,) (i =1 to 10) can be split
into two parts:

a;(Py, Py) = a;[(Py, Py) + a; (P}, P,) (32)

with

2For more details of various contributions and the corre-
sponding Feynman loops, see, for example, Refs. [26,27] and
references therein.
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C Crag C, Crmag C Crag
a]I_C1+N_2|:1+ : VP2i|, alll_ﬁz FN PPy a2,—C2+ﬁl|:l+ : VP1:|:
c c
C, Crmag C, Crag C, Crma
a; = N, N, Here =Cs3+ E[l + yp Ve, } as i = N, N, Here
C3 CFas CFa PZ 2 C3 CF’TTCYS
=C,+2|1+ v, |+ e =3 ,
! Nc[ dAmr ”2} 47 N, Wi TN TN, P
Ce CFa Cy Crmag
=Cs + ﬁc[l + (— Vpl):| as g = F N (— ;>2P1): (33)
C Cra,7 Cra P” 3 C Cra,
6 —C6+N—f|:1_6 :Wsi|+ 4[:‘77_3 ]s]zc , aé,]]:(), a71—C7 +Fi|:l F ( VPI):|
EW
Cy Crma, G Cray] | @em P
-t —Hl ), =G+ l1-6 + Qem “px
arin N. N, ( PZP,) 8 Nc|: p. } 97 N,
C Cra, C Crma,
agy =0, ag; = Co + Nw [1 + :ﬂ_‘ Ve, } ag 1 = Nlo FN ~Hp,p,,
c c c
C Cra, a,, PI;’EZW Cy Crmra
=t {1+ G [+ SR = 2 S,
[
where N, =3, Cr=4/3, a;;=a;,(n), and a;; =

ai(pmy) with w~m, and w, = \/Ah,u with A, =
0.5 GeV as in Ref. [26]. The terms VP) result from the

vertex corrections, H}) p, describes the hard-scattering
spectator contributions, Pp, b, and Py (Pp EW and Py Ew )
arise from the QCD (electroweak) penguln contrlbutlons
and the contributions from dipole operator Og, (07,). For
the four penguin terms, the subscript two or three indi-
cates the twist of the corresponding projection The ex-

plicit expressions of the functions V3, H') p.py Phoos Ph 3o
Py Ezw ,and Py E¥ can be found in Ref. [26].

In QCD FA the nonfactorizable power-suppressed con-
tributions are neglected. However, the hard-scattering
spectator interactions and annihilation diagrams cannot
be neglected because of the chiral enhancement. Since
they give rise to infrared endpoint singularities when
computed perturbatively, they can only be estimated in
a model-dependent way and with a large uncertainty. In
Refs. [26,27] these contributions are parameterized by
two complex quantities, Xy and X,

Xya =1+ pHAeid)H‘A)ln@
) ) A_h

(34)

where A, = 0.5 GeV, ¢y 4 are free phases in the range
[—180°,180°], and py, are real parameters varying
within [0, 1]. In this paper, we use the formulas as given
in Ref. [26] directly to estimate the annihilation contri-
butions to specific final state. Under the convention of
Ref. [26], the annihilation amplitude can be written as

A*(B— P, Pz)oc? Z vabqufoP fp,bi(Py, Py)
p=uc i

(35)

where fp, f); are the decay constants of B meson and
final-state hadrons, respectively. The coefficients
b;(P;, P,) describe the annihilation contributions and
generally depend on quantity X,. For explicit expressions
of coefficients b; one can see Ref. [26].

Now the total decay amplitudes can be written as

ﬂ(B_’Plpz) = ~?lf(B—’Plf)z) + ./,Zlann(B—’Plpz),

(36)
the corresponding branching ratio then takes the form
P,
BB PiPs) = rag e | A= PiPOP, 3)
™

where 75 is the B meson lifetimes, and |P, | is the absolute
values of two final-state hadrons’ momentum in the B rest
frame. For the CP-conjugated decay modes, the branch-
ing ratios can be obtained by replacement of A, — A}, in
the expressions of decay amplitudes.

The new physics contributions to the branching ratios
of B — PP decays will be included by using the Wilson
coefficients C; with the inclusion of the new physics parts
as described in Eqgs. (14), (15), and (24)—(27).

IV. NUMERICAL CALCULATIONS

In this section, we first give the input parameters
needed in numerical calculations, and then present the
numerical results and make some theoretical analysis.
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A. Input parameters

(i) The parameters (A, A, p, ) in Wolfenstein pa-
rametrization of the CKM matrix. At present,
the parameters A and A have been well deter-
mined by experiments. In numerical calculation,
we will use A = 0.854, A = 0.2196, p = 0.22 =
0.10, and 7 = 0.35 = 0.05 as given in Ref. [31].

(i) Quark masses. When calculating the decay am-
plitudes, the pole and current quark masses will
be used. For the former, we will use

m, = 4.2 Mey, m,. = 1.5 Gey,
m, = 175 Gey,
mg = 7.6 Mey, m; = 0.122 Geyv,
my, = 4.62 Gev.

The current quark mass depends on the renormal-
ization scale. In the MS scheme and at a scale of
2 GeV, we fix

m,(2 Gev) = 2.4 Meyv, m,(2 Gev) = 6 Mev,
m,(2 Gev) = 105 Meyv, my,(m,) = 4.26 Geyv,

as given in Particle Data Group 2002 [31], and
then employ the formulae in Ref. [37]

a,(u) }vh&”/mo[l . (ﬁ
as(MO) 230

By ay(w) — ay(uo)
236) 4ar }

to obtain the current quark masses at any scale.
The definitions of «, y,(,?), 75,1), Bo, and B can be
found in Ref. [37].

(iii) Form factors and decay constants. Following
Ref. [27], we also use

() = mwo)[

(38)

FB=7(0) = 0.28 + 0.05,

FB=%(0) = 0.34 * 0.05. (39)

The decay constants of 7, k and B are [26]

f= =131 Mey, fr = 160 Mev,
fg = 180 Mev

For 1 and 1, mixing happens between them. The
decay constants of them can be parameterized by
fq» fs and the mixing angle ¢ of n — 7’ [42]

[ = 1[4 = fhcose, [y, = —f,sin¢
fi = £l = fysing, £, = f.cosh
with

fo=(1L07£002)f,  f, =(134%0.06)f,
é = (39.3 * 1.0)°

PHYSICAL REVIEW D 70 094008

TABLE II. Two sets of SUSY parameters to be used in
numerical calculation. And the corresponding mass spectrum
of charged-Higgs boson and the charginos. All masses are in
unit of GeV.

Cases tanf3 my;, my Ay sgn(u) nye My My
Case-A 2 300 300 O — 7823 247.0 5959
Case-B 40 150 369 —400 + 330.2 109.6 3123

Similarly, the form factors F| g_'"(O) and Fg_'"l 0)
are parameterized as in Ref. [42].
(iv) For the parameters py 4 and ¢4, we do not
consider the variation of these parameters but fix
pa = 0.05, ¢4 =10° pu =0,
¢y =0°
in numerical calculation. For the parameter Ap
appeared in the B meson light cone distribution
amplitude, we also take Az = (350 = 150) Mev
as in Ref. [26].

(v) For the well-known 77, K, 17(') and B meson
masses, as well as the B meson lifetimes, we use
the values as given in Ref. [31].

(vi) The SUSY parameters at electroweak scale.
Within the parameter space still allowed by
known constraints from the data [16,18,43] [such
as the strong constraints from the precise mea-
surements of Br(B — X,7v)], we choose two sets
of SUSY parameters of the mSGURA model at
the high unification energy scale as listed in
Table II. The resulting masses of charged-Higgs
boson and charginos obtained by using the pro-
gram SUSPECT V 2.1 [32] are also given in
Table IL

In numerical calculations, we always use the central

values of above input parameters unless explicitly stated
otherwise.

B. Wilson coefficients: Case A and B

From explicit calculations, we find that the SUSY
corrections to B — PP decays are mostly induced by
the new physics parts of the C;, and Cg,, while the
coefficients CY (k = 3,4,5,6) are indeed too small to
modify their SM counterparts effectively. The numerical
results show that the Cy,(m,) and Cg,(m;,) in the
mSUGRA model can be quite different from that in the
SM, and can even have the opposite sign compared with
their SM counterparts.

1. Case A

We first consider the Case A. For the SUSY part, since
we take the mixing matrix 'Y and T? as given in
Eq. (28), the Feynman diagrams induced by the gluino
and neutralino exchanges do not contribute to the quark
level decays b — (s, d)y and b — (s, d)g. To a precision of
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O(1079), the SUSY contributions to C,(k = 3, 4,5, 6) at
the scale my are the same for both b — s and b — d
transitions. The contributions from the gauge boson W=,
the charged-Higgs and the charginos are

CM(my) = {0.00155, —0.00197, 0.00066, —0.00197},
(40)‘

[ —0.2175—0.0422—0.0007 — 0.00021 = —0.2604 — 0.00021,
H_JH_J\ J

PHYSICAL REVIEW D 70 094008

cH “(my) = {—0.00001, 0.00004, —0.00001, 0.00004]},
(41)

C,f: (m,,) = {0, 0.00003, 0, 0.00003}. (42)

For C7,(My) and Cg,(My), the NLO level numerical
results are

CM(my)  CH (my)
C7y(mW) = 1 ’ ’

C;?; (my)

L C%,/l(mw) C?;(mw)

Colmy) = CM(my)  CHE(m,)  CE (my)
gg\Mwy) = 4

—0.2175—-0.0422—0.0009 — 0.0002/ = —0.2606 — 0.0002/,
;—\H;—\f_—/\ J

([ —0.1178—0.0473—0.0002 = —0.1653,

C;?; (my)

b—d
. (43)
b—d
. (44)

*

Cgi’“(mw) ng

—0.1178 —0.0473 —0.0002 — 0.0001/ = —0.1653 — 0.0001/,
— " J

(m,) CL (my)

The new physics contributions to C(My,) (k = 3,4, 5, 6) are clearly two orders smaller than their SM counterparts and
therefore can be neglected safely. For C;,(My) and Cg,(My) the charged-Higgs contribution is dominant over the
chargino contribution, but still much smaller than their SM counterparts. Obviously the Case A is not phenomenolog-
ically interesting, since the SUSY effect is too small to be separated from the SM contribution though experimental

measurements.

2. Case B

Now we turn to Case B. For this case, the SUSY contributions to C(k = 3, 4, 5, 6) are still negligibly small: (a) the
charged-Higgs contributions are at the @O(10~7) level; and (b) the chargino contributions are at the @(10~>) for both

b — s and b — d transitions.

For C7,(My) and Cg,(My), however, the SUSY contributions are significant:

(—0.2175—0.1128+1.0111 + 0.00631 = 0.6808 + 0.00631, b— d
H_J%K_Jk J

C§M(mw) Cﬁ’i (mw)
C7y(mW) = ’ ’

C;-(;V(mw)
—0.2175—0.1128+1.0193 + 0.00911 = 0.6890 + 0.00091,
k__\r__./k_\r__/k J

b—s 43)

Cmy)  CH (myy)

g
C;(Y (my)

+

CMmy)  CH™(m,)
CSg(mW) = 1 ’ ‘

(—0.1178 —0.1103 +0.4622 + 0.00071 = 0.2341 + 0.00071,
— " —~ )
Cg)(; (mw)

—0.1178 —0.1103 +0.4631 + 0.00101 = 0.2350 + 0.00101,
H_JH_J\ ~ J

(46)

CMmy)  CL (m,)

-
At the lower scale m,, they are

C;;(; (mw)

C%,M (my,)

C7'y(mb) =

—0.3067+0.5947 + 0.00581
%K_J\ )

([ —0.3067+0.5896 + 0.0039/ = 0.2829 + 0.00391, b—d
H_/k _

v _+
CI (my) +CE, ()

(47)

b—s

= 0.2880 + 0.00581,

C%\,A(mb)

Y =
C (my)+C5 ) (my)

C§'§A(mb)

CSg(mb) =

([ —0.1500+0.2449 + 0.0005/ = 0.0949 + 0.00051,
H_J\ v

Y .:
CI (my) +CE (my)

(48)
= 0.0955 + 0.00071,

ngM (my)

—0.1500+0.2455 + 0.00071
%,_J\ J

'
C?{ (mh)+C§,; (my)
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From the numerical values in Egs. (45)—(48), one can

see that

(i) At the scale My, the charged-Higgs contributions
to both C;, and Cg, have the same sign with their
SM counterparts, and are comparable in size with
them. The chargino contributions, however, have
an opposite sign with C3)! and Cg}!, and much
larger in size than them.

(i1) At both energy scales my and m,, the net new
physics contributions to C;, and Cg, are always
positive and consequently cancel their SM coun-
terpart. The total value of these two coefficients
therefore become positive after the combination
of the SM and the new physics parts.

@iii) It is easy to understand why the new physics
contributions in case-B are much larger than
those in Case A. In Case A, the new physics
contributions from both charged-Higgs boson
and charginos are negligibly small. In Case B,
however, we have many light charged-Higgs bo-
son and charginos, which leads to large SUSY
contributions. After the cancellation among the
SM and SUSY contributions, the net value of C5,
and Cyg, is positive.

(iv) In Case B, though C;,(m,) received a large super-
symmetric correction and has the opposite sign
with its SM counterpart, its absolute value
changes a little and makes the theoretical predic-
tion for the branching ratio of b — sy decay still
consistent with the data. The reason is rather
simple: the branching ratio Br(b — s7) is basi-
cally proportional to |C7,,(m,)|*.

C. Branching ratios: data and theoretical prediction

Using the decay amplitudes as given in Refs. [23,28]
and the coefficients a; in Eq. (33), it is straightforward to
calculate the branching ratios of those 21 B — PP decay
modes in the SM and mSUGRA model.

In order to show more details about the ways to include
the SUSY contributions, we present here, as an example,
the calculations for the branching ratio Br(B — 7t K ™).
The decay amplitudes of B — 77" K~ are

— . G — 7T *
A/(B'— 7 K™) = —l*;kog (my = mz){V. Vislay

NG
+ay + aly + (al + a¥)R,]
+ V., Vila§ + afy + (a§ + af)R, 1},
49)

G
AR — 7 K) = —ifgfgfﬂfk{—v,bv;z[ww)

1
S PV(K, 77)} (50)

PHYSICAL REVIEW D 70 094008
with

R, = Zm%(

(mb - mu)(mu + md)’ (51)
where the coefficients a” have been given in Eq. (33), the
coefficients b;(P;, P,) describe the annihilation contribu-
tions [26]. Because of the strong Cabbibo suppression
(|V,,Vi]? < A*) on the “tree” contribution (the a,
term), the four B — 7K decays are QCD penguin-
dominant decay modes, and strongly depend on “large”
coefficients a} and af.

We follow the same mechanism as described in
Refs. [23,26] to include the SUSY contributions to B —
PP decays.

As mentioned previously, the SUSY contributions to
the Wilson coefficients of the 4-quark penguin operators
are very small and have been neglected. The large new
magnetic penguin contributions in the mSUGRA model
can manifest themselves as radiative corrections to the
Wilson coefficients C, ¢35 10 (or equivalently to af ; with
j=4,6,8,10 and p = u, c) and contained in the quanti-
ties P, ,. Pp5", Py 5. and P,

For B — 7" K~ decay, for example, the quantities P’;(y2
and P{5" can be written as [26]

4 mb 2 8 mb 4
Pi,z = C1|:§ 11'17 + § - Gk(sp)i| + C3|:§ 1117 + §
20
~G(0) — GK<1>} +(Cy + ca[_,) 107
M
~3G4(0) — Gyls,) — GK(I)}
—6CSI(1 + af + ak), (52)

EW 4 my 2
PLEY — (C, + NCCZ)[g I 4 2 - G,((sp)}
—9C$fyf(l + af + af), (53)

where s, = 0, s, = m%/mi are mass ratios involved in the
evaluation of penguin diagrams, aX = 0.3 0.3 and
X = 0.1 £0.3 are Gegenbauer moments for K meson
[26]. C$ = C7, —5Cs — Cg and C§f = Cg, + Cs are
the so-called “effective “ Wilson coefficients. The ex-
plicit expressions of the functions Gg(0), Gg(1), and

Gk(s,) can be found easily in Ref. [26]. The twist-3

EW

quantities P}, 3 and Py ;" receive the SUSY corrections

. 4 p,EW
in the same way as P, , and Pp ;.

From Egs. (33), (52), and (53), and the numerical
results as listed in Table III, one can see that

(1) After the inclusion of SUSY contributions, the

effective coefficients CSf and C§ changed their

sign from negative to positive. The real parts of

the coefficients af, and af, are consequently
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TABLE IIl.  The coefficients C5f(u), Cgi,f(,u,), and af; (j = 4,6,8,10and p = u, ¢) for B— mK decays in the SM and the Case B

of the mSUGRA model. 7

po=my/2 mo=m, mo=2my

mSUGRA SM mSUGRA
Csh(p) +0.221 —-0.270 —-0.258 +0.422
Ci (1) +0.058 —0.142 -0.130 +0.145
at, x 10 —24.3 — 17.4i —41.7 — 17.4i —23.9 — 14.4i —39.8 — 14.4i —22.6 — 12.3i —37.4 — 12.3i
a§, X 10 —31.4 - 12.1i —48.8 — 12.1i —29.0 — 10.4i —45.0 — 10.4i —26.9 — 9.0i —41.7 = 9.0i
at, x 103 —54.0 — 15.8i —58.3 — 15.8i —40.2 — 13.6i —43.9 — 13.6i —32.3 - 11.9i —35.7 - 11.9i
ag, X 10° —60.4 — 2.9i —64.5 — 2.9i —44.8 — 3.8i —49.0 — 3.8i —36.0 — 4.0i —39.5 — 4.0
at, X 10* 4.7 - 0.6i 3.3 - 0.6i 3.0 - L1i 1.8 — 1.4i —0.1 — L.4i
a§, x 10* 4.6 — 0.3i 3.2-03i 2.7 - 0.5i 1.4 - 0.6i —-0.5 — 0.6
aty, X 10* —12.0 + 12.4i —18.0 + 12.4i —13.0 + 8.6i —19.9 + 8.6i —14.9 + 6.3i —23.0 + 6.3i
ay, X 10* —12.3 + 12.5i —18.1 + 12.5i —13.4 + 8.9i —20.3 + 8.9i —15.4 + 6.6i —23.0 + 6.6i

changed by about 60% and 10%, respectively, but
the imaginary parts of aﬁ ; remain unchanged.

(ii) Since the magnitude of coefficients af , and ag , is
larger than that of ag, and af,, by one or two
orders, the new physics contributions to Cg, domi-
nate the total new physics corrections.

(iii) Since only the coefficients aﬁ, for j =4,6,8,10
receive the SUSY contributions, one naturally ex-
pects a moderate or large new physics correction
to those penguin-dominated B meson decays,
such as B— K7 and B — K%' processes. The
tree-dominated decay modes, for example B —
7 decays, remain basically unaffected.

For the phenomenologically interesting B — Kn' de-
cays and other penguin-dominated decay modes studied
here, the large SUSY contributions will be included in the
same way as for B— 7" K~ decays.

Among 21 B — PP decay modes considered here,

twelve of them have been measured so far. The individual

measurements and the world average for the branching
ratios of these decays [9] are shown in Table I'V.

In Table V, we show the theoretical predictions for the
CP-averaged branching ratios for B — PP decays in both
the SM and the mSUGR A model (Case B), assuming u =
my/2, m, and 2m,, respectively. And Br/*¢ and Br/

denote the branching ratios with or without the inclusion

TABLE IV. Experimental data of the branching ratios for B— PP in unit of 1079, taken from the HFAG website [9]. For B —
K%% decay, the BABAR’s result [44] will be used in our analysis.

Decay Modes BABAR Belle CLEO Average
B~ — 7 K° 223*1.7=1.1 220 1.9+ 1.1 18.8737%%1 21.8 = 1.4
B~ — 7K~ 12.8412 = 1.0 12.0 = 1.37}3 12.9734+12 12.5%1]
B’ — 7t K~ 179 0.9 = 0.7 185+ 1.0+ 0.7 18.0723+12 182 0.8
B? — 79K° 1.4+ 1.7+0.8 11.7 =2.3*12 12.8749%17 1.7 = 1.4
B — 7o 4.7+0.6%0.2 44+0.6*03 4.5%13703 4.6+ 0.4
B~ — 7 7’ 55749+ 0.6 501205 4611808 52*0.8
B° — 7070 21+0.6*03 1.7+0.6=0.2 <4.4 1.9+0.5
B~ —Kn 3.4+0.8+0.2 534118 x06 22438 3.7+0.7
B~ —K 7 76.9 +3.5*+44 76 £6*9 80130 +7 77.614¢
B’ — K 29+ 1.0x0.2 <12 <9.3 29+1.0*0.2
B — K%/ 60.6 £ 5.6 £ 4.6 68 = 1073 89 =718 +9 652769
B™— w7y 53+1.0x03 54120+ 0.6 1.2+33% 49799
B — a7 <4.5 <7 <12 <4.5
B — 799 <25 <29 <25
B’ — 70y’ <3.7 <5.7 <3.7
B’ — nn <2.8 <18 <2.8
B — ny’ <4.6 <27 <4.6
B — 'y <10 <47 <10
B~ — K K° <25 <3.3 <3.3 <2.4
B’ — K°K?° <1.8 <L5 <33 <L5
B> K'K~ <0.6 <0.7 <0.8 <0.6
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TABLE V. The CP-averaged branching ratios of B — PP decays in the SM and THE minimal SUGRA model (in units of 107°)

by using the central values of input parameters. B/ *¢ and B+/ denote the results with or without the annihilation contributions.
po=my/2 M= my M= 2m
Decays SM mSUGRA SM mSUGRA SM mSUGRA

Br/ Brfta Brf Br/ta Brf Brfta Brf Brfta Brf Brfta Br/ Br/*a
B — 7 K° 13.6 16.2 20.5 23.6 12.7 14.7 19.1 21.6 12.0 13.6 18.1 20.1

B~ — 7K~ 8.1 9.3 11.8 134 7.6 8.6 11.2 12.4 7.3 8.1 10.7 11.7
B'— 7K~ 10.5 12.4 16.3 18.8 10.0 11.6 15.6 17.5 9.7 10.9 15.1 16.7
BY — 79K° 4.4 5.3 7.1 83 4.1 4.8 6.6 7.6 39 4.5 6.3 7.0
B> wta 9.0 9.6 9.2 9.9 8.8 9.3 9.0 9.5 8.6 9.0 8.8 9.3
B™— o 6.1 6.1 6.3 6.3 6.4 6.4

B — 707 0.35 0.39 0.43 0.47 0.31 0.32 0.37 0.39 0.31 0.31 0.36 0.37
B — K™ n 2.7 2.7 3.6 3.6 2.7 2.7 3.6 3.6 2.5 2.6 3.4 35
B — K7 36.6 47.6 48.1 60.6 30.0 38.1 40.2 49.4 26.7 32.8 36.2 433
B — K% 2.1 2.1 29 29 2.0 2.0 2.8 2.8 1.9 1.9 2.7 2.7
B’ — K%/ 34.6 44.5 45.1 56.3 28.3 35.4 37.5 45.7 24.9 30.3 33.8 39.8

B —7m 7 4.53 4.46 4.82 4.76 4.42 4.38 4.70 4.68 4.44 4.42 4.73 4.72
B — a7 3.98 3.97 4.17 4.17 3.73 3.73 3.91 3.92 3.69 3.69 3.86 3.86

B — 7%y 0.33 0.32 0.43 0.42 0.29 0.29 0.39 0.39 0.28 0.28 0.37 0.37
B — 70%/ 0.32 0.32 0.38 0.39 0.25 0.25 0.31 0.31 0.22 0.22 0.27 0.27
B’ — 1y 0.20 0.29 0.23 0.33 0.19 0.27 0.23 0.31 0.21 0.27 0.24 0.31
B’ — 9y 0.35 0.42 0.39 0.46 0.32 0.37 0.36 0.41 0.33 0.37 0.37 0.41
B — q'n/ 0.18 0.30 0.20 0.32 0.16 0.25 0.17 0.27 0.16 0.24 0.17 0.26

B~ — K K° 0.69 0.82 0.96 1.11 0.63 0.73 0.88 1.00 0.58 0.66 0.83 0.92
B? — K°K° 0.63 0.83 0.88 1.11 0.57 0.72 0.80 0.98 0.53 0.64 0.75 0.89
B'— KTK~ e 0.06 s 0.06 s 0.03 s 0.03 s 0.02 s 0.02

of annihilation contributions, respectively. It is evident that some decay modes have strong x — dependence, and the
annihilation contributions can also be significant for B — K7 and B — K%' decays. In the following subsections, we
present the numerical results and show the dominant theoretical errors induced by the uncertainties of input parameters,
and focus on those well-measured decay channels.

D. B — 7w7w and K7 decays

The three B — 7 decays are tree-dominated decay modes. The central values and the major errors of the branching
ratios (in units of 107°) in the SM and the mSUGRA model are

— 93+ (0.3 +3.7 F +0.9 in SM.
Br(B* —» wtom ) = ()31 (Fo)X (7) %n s
9.5+ 0. 3(,u)+3 5(Fo)*13(y) in mSUGRA,
3+02 +2. F, +0. . SM,
Br(B™ — 7 0) = () F5(F0) 55(») in -
6.3"03(1) 33(Fy)*92(y) in mSUGRA,
Br(B® — 7079 = 0. 32+88Z(:U*)+8 82(F0)+8 }‘1‘()/) in SM, 56
0.39 7003 (1) T013(Fo) 1014(y)  in mSUGRA,

where the three major errors are induced by the uncertainties m;/2 < u < 2m;,, F§~™ = 0.28 =0.05 and
v = 60° £ 20°.

Figure 2 shows the y dependence of the branching ratios for three B — 77 decays. The dots and dashed curves
correspond to the central values of the theoretical prediction in the SM and the mSUGRA model,? respectively. The
horizontal slashed bands show the data as given in Table I'V.

3The central values of all input parameters except for the CKM angle y are used in this and other similar figures. The theoretical
uncertainties are not shown in all such kinds of figures.
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FIG. 2. The y dependence of the branching ratios of B — 7 decays in the SM and mSUGRA model. The dots and solid curves
show the central values of the SM and mSUGRA predictions. The horizontal gray bands show the corresponding experimental

measurements as given in Table IIL

From Fig. 2 and the numerical results as given in

Egs. (54)—(56), one can see that
(i) For these tree-dominated decays, the SUSY cor-
rections considered here are very small.

(i1) The theoretical predictions strongly depend on the

value of the form factor F5—7.

(iii) For B — 7°7° decay, the theoretical prediction
in QCD factorization is about 5 times smaller than
the measured value and cannot become consistent
with the data within the whole parameter space.
The central value of Br(B® — 7" #7~) is much
larger than the data, but can become consistent
with the data if one uses a smaller form factor
FE~™™ or a large angle y~120°. But a
small F§~™ is disfavored by the large measured
decay rates for B — 7’7" and K7 decay modes,

while a large y around 120° is also in conflict
J

@iv)

Br(B~ — 7 K% =

Br(B~ — m°K™) =

Br(B' —» wtK™) =

[ 14.74 14 () T552(Fo) 153 (v) 133 (my)
21.6718(w) 55 (Fo) 203 (v) 138 (i)
8.6101(w) 3e(Fo) I (1T 0m,)
12.4555(w) 553 (Fo) 13 (v) 136 (my)

11.6509(w) T4 2(Fo) 13 (0) 139 (my)
175453 () T84 (Fo) T3y

with the global fit result 40° <y <78° at
95% confidence level [45] and the latest direct
experimental measurement vy =281° =%
19°(stat.) *+ 13°(sys.) = 11°(model) [46].

In the SM, the four B — K7 decays are dominated
by the b — sg gluonic penguin diagrams, with
additional  contributions from b —u tree and
electroweak penguin diagrams. For these decay modes,
although the SM predictions can become consistent with
the measured values after considering the still
large theoretical uncertainties, the central values of the
SM prediction are indeed much smaller than the mea-
sured values even after the inclusion of annihilation con-
tributions. In the mSUGRA model, the new penguin
diagrams induced by new particles can contribute effec-
tively to B — K decays. The numerical results (in unit
of 1079) are

in SM, 57)

in mSUGRA,

in SM, (58)

in mSUGRA,

in SM, (59)
+48(m,) in mMSUGRA
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Br(B® — 7'K°) =

4.803 (W) 1S (Fo) 03 (m 113 Oy

PHYSICAL REVIEW D 70 094008

in SM, 60)
7.6°0T(w)*28(Fy) = 0.3(y)*23(n,) in mSUGRA,
[
RM = 1.20, RIWSUCRA — | 16, (62)

where the second and fourth error are induced by the
uncertainties F5~7 = 0.28 = 0.05, F5~K = 0.34 = 0.05,
and 7,(2 Gev) = (105 * 20) Mev.

Figure 3 shows the 7y dependence of the branching
ratios for four B — Kw decays. The dots and dashed
curves correspond to the central values of the theoretical
prediction in the SM and mSUGR A model, respectively.
The horizontal slashed bands show the data as given in
Table IV.

From Fig. 3 and the numerical results as given in
Egs. (5§7)—(60), one can see that the SUSY contributions
can provide ~50% enhancement to the corresponding
branching ratios, and such enhancements can improve
the consistency between the theoretical predictions and
the data effectively. The central values of the theoretical
predictions for Br(B — Km) in the mSUGRA model
become well consistent with the experimental
measurements.

As for the ratio R, and R, as defined in Sec. I, the SM
relation R, = R, remain unchanged in the mSUGRA
model. The central values of these two ratios are:

The reason is that the SUSY contributions to the four B —
K decays are similar in nature, and thus canceled in the
ratio of the corresponding branching ratios.

E. B — K1) decays

The unexpectedly large branching ratios of Br(B* —
K*7') and Br(B® — K°%') were reported by CLEO,
BABAR and Belle Collaborations[3-5,9], and have been
studied in the SM [6] and new physics models by many
authors [7,14].

For the branching ratios of B — K* 7' and K%' de-
cays, as can be seen from Tables IV and V, the experi-
mental measurements are about twice that of the central
values of the SM predictions in QCD factorization. In the
mSUGRA model the SUSY contributions can provide an
additional ~30% enhancements, which play an important
rule in interpreting the 'K puzzle. If we also consider
the effects of those dominant errors, the theoretical pre-

SM mSUGRA _ .. . . _
R =117, R; = L.15, (61) dictions (in unit of 107%) are
25.0
20.0
— P =
25 msUGRA D s P
Al A /7777 =, mSUGRA
o‘x 200 f i ‘.\4 150 - i
.
[ C. . ...
‘T 175 25 [EXP %
o |
a - 2
R T Ewo.o -7 SM
SM T -
12.5 75
10.0 L 50 s
0 30 60 90 120 150 180 0 30 60 90 120 150 180
y(deg) y(deg)
28.0 2
e mSUGRA. - o ]
— i §
(?O 210 | e o
= L = 5 1
2 s [EXP 2 A EXP
B - °
B VL . NEl= 3
T oaof--- SM .- S _mSUGRA
m o [ 0 T
= T sl SM 1
m 105 m | T e
70 L L L L L 0 L L
0 30 60 90 120 150 180 0 30 60 90 120 150 180
y(deg) y(deg)

FIG. 3. The y dependence of the branching ratios of the four B — K7 decays in the SM and minimal SUGRA model. The dots
and solid curves show the central values of the SM and mSUGRA predictions. The horizontal gray bands show the corresponding

experimental measurements as given in Table III.
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BHB- — K1) = 3817 24(w) F88(Fp) T 132 (m,) 1 (y)  in SM, _ [38.1%}7¢ in SM, ©3)
T 49,44 1L () F98(F) ¥ 157 () *19(y)  in mSUGRA, | 49.4*216  in mSUGRA,

Br(B® — KOm') = 35.478(w)TS4(Fp) T (m,) = 0.3(y)  in SM, _ [354%% inSM, 64
T 4574105 (w) 9N (F) 14 (m,) = 0.3(y) in mSUGRA, | 45.7+19%  in mSUGRA,

where the individual errors are added in quadrature. The relation between Fg_'"() and F5~™ have been defined in
Ref. [42]. It is evident that the theoretical predictions in the mSUGRA model are consistent with the data within 1
standard deviation.

For B~ — K~ n and B — K% decays, the annihilation contributions are less than 2%, while the SUSY enhance-
ments are about 30%. The numerical results (in unit of 107°) are

B o[22 () S (F) Ehe(m) é(y)  in SM,

prE = K ”)_{ 3.6799(u) 3 (F) () 793(y)  in mSUGRA, (©)
0 w0y _ | 20580 L (F) 8Gm) 5 (y)  in SM,

Br(B” = K'n) [ 2.8700(w)FA(Fo) tL (ms)iO.Z('y) in mSUGRA, (66)

The theoretical predictions in both the SM and the mSUGURA model are all consistent with the data within 1 standard
deviation. But the consistency between the theoretical predictions and the data is clearly improved by the inclusion of
the SUSY contribution.

In Fig. 4, we show the y dependence of the branching ratios for four B — Kn") decays. The dots and dashed curves
correspond to the central values of the theoretical prediction in the SM and mSUGRA model, respectively. The
horizontal slashed bands show the data as given in Table I'V.

5 T T T T T 5
F~._ mSUGRA
N =l
— 4f 7
< = [ EXP
e EXP = .| mSUCRA
—_~ o Sl
‘: 3 N X 7
~ N 1 7)) | %7
T S N o 2 |7
Y . ~ o T
NN T
@ N =
o SM Tl !
L L T,
1 1 1 1 o 0
0 30 60 90 120 150 180 0 30 60 90 120 150 180
y(deg) y(deg)
90
80
80 |+
EXP & ol
S o
o T 1 = EXP
= = ool
= o
‘o 60| 4 X
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————— 50 | -
Twl et {1 2 mMSUGRA
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o SM...oemm i 40 b i
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FIG. 4. The y dependence of the branching ratios Br(B — K7) in the SM and minimal SUGRA model. The dots and solid
curves show the central values of the SM and mSUGRA predictions. The horizontal gray bands show the measured value as given in
Table IIL
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F. B— 71" and B — nn"

These seven decay modes are tree-dominated decay processes, and new physics enhancements because the SUSY
contributions are less than 10%. For the measured B~ — 7~ 7 decay, the theoretical predictions in the SM and the

mSUGRA model are

Br(B~ — 7 1) =

and consistent with the experimental measurements
within 1 standard deviation. For B~ — 7~ 7’ decay, the
theoretical prediction for its branching ratio is similar to
that for B~ — 7~ 1 decay, and may be observed soon by
the B-factory experiments.

For B — 799" and B® — 5")5") decays, the theoreti-
cal predictions in the SM and the mSUGRA model are of
the order 10”7 and smaller than the experimental upper
limits.

For B meson decays involving a  or 7’ as at least one
of the two final states, some specific contributions such as
the color singlet contribution have been discussed in [47].
These contributions will be in favor of accounting for the
experimental data. However, large uncertainties go with
them. In our calculations, such contributions are not taken
into account.

G. B — KK decays

For the three B — KK decay modes, only experimental
upper limits are available now. The B® — K"K~ decay
receives only the weak annihilation contribution. Its
branching ratio is strongly suppressed in the QCD facto-
rization approach. In Ref. [48], the authors calculate this
decay mode by employing the PQCD approach and they
also found a small branching ratio. From this decay mode,
we can obtain useful information about the long-distance
final-state interaction and soft annihilations when the
precise experimental measurement becomes available in
the future.

For B’ — K°K? and B* — K*K° decays, they are
penguin-dominant and the SUSY contributions can pro-
vide ~20% enhancements to their branching ratios, and
still within the experimental upper limits.

H. Uncertainties of theoretical predictions

From the numerical results as given in Table V and in
Eqgs. (54)-(67), one can see that the theoretical predic-
tions still have large uncertainties.

For most B — PP decays, the dominant error comes
from the uncertainties of the corresponding form factors,
since the branching ratios are generally proportional to
the square of the related form factors. The measured
Br(B® — 7t 7)) = (4.6 = 0.4) X 107 prefers a smaller
FE=7(0), but the large decay rates for B — 797 need a
large F§~7(0). The measured large branching ratios for
B — K and Kn' decays also favor large F5~X(0) and

4.4+ 0.1(w) 15 (Fo) T33(m) T (y)  in SM,
4.7+ 0.1(uw)E13(Fo)233(my) T12(y)  in mSUGRA,

(67)

\
Fg_"’/(O). Further reduction of the uncertainties of the
form factors is essential for us to find the signal of new
physics from the B — PP decays.

The large uncertainty of the light quark masses is also
a major source of the theoretical errors. For B~ — K™ 7/,
for example, a 44% enhancement can be obtained by
varying m (2 GeV) from 105 MeV to 80 MeV.

The CKM angle vy has a wide scope and can bring large
uncertainties to the theoretical predictions for some B —
PP decays in both the SM and the mSUGRA model. Of
course, one can also constrain the angle y from the
experimental measurements of B — K decays [49].

The y dependence of the branching ratios for those
measured B — PP decays is illustrated in Figs. 2—4. In
these figures, the dots and dashed line show the SM and
the mSUGRA predictions, respectively. The theoretical
uncertainties are not explicitly shown here.

From Figs. 2—4, one can see that some decay modes
(B— mr o, 7K, 7wt K™, etc.) are sensitive to the
angle y in both the SM and the minimal SUGRA model,
while other decays such as B — 7~ K #°K°, and K7/
have a weak dependence on the angle y. By analyzing the
expressions of the decay amplitudes, we find that if the
term proportional to V,; is dominant over other terms in
the total decay amplitude of a given decay, the branching
ratio of this decay will have a strong dependence on the
angle .

The endpoint divergence of Xy in the hard spectator
scattering can produce large uncertainty to the theoretical
calculations. But it is generally not important for those
tree- or penguin-dominated decay processes because of
the strong suppression of the a; and N.,.

In the QCD factorization approach, the annihilation
contributions cannot be calculated reliably, but estimated
with large uncertainty. For B — PP decays, the annihi-
lation contribution may be strongly power-suppressed as
discussed by Ali et al. [23]. Of course, such assumption
has given rise to some controversy.

Finally, when considering the branching ratios in the
minimal SUGRA model, different numerical results can
be obtained by varying the SUSY parameters
[mg, my s, tanB, Ay, sgn(u)] around the given values as
listed in Table II. In this paper, we considered two typical
sets of SUSY parameters which are still allowed by the
data of B — X,y and other measurements. In Case A the
SUSY contribution is small and can hardly change the SM
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predictions. On the contrary, in Case B the SUSY con-
tribution is significant in size and provides favorable
enhancements to the branching ratios of the penguin-
dominant decay modes.

V. SUMMARY

In this paper, we calculated the SUSY contributions to
the branching ratios of B — PP decays in the framework
of the mSUGRA model by employing the QCD factori-
zation approach.

In Sec. II , a brief review about the mSUGRA model
was given. In Sec. 111, we evaluated analytically the new
penguin diagrams induced by new particles (gluinos,
charged-Higgs bosons, charginos, and neutralinos), and
obtained the analytical expressions of the SUSY contri-
butions to the Wilson coefficients. The calculation of B —
PP decays in the QCD factorization approach is also
discussed in this section. For the mSUGRA model with
the mixing matrix as given in Eq. (28), we found that
(a) the SUSY corrections to the Wilson coefficients C;
(k =3 — 6) are very small and can be neglected safely;
(b) he leading order SUSY contributions to the Wilson
coefficients C;,(My) and Cg,(My,) can be rather large,
and even change the sign of the corresponding coeffi-
cients in the SM.

In Sec. IV, we calculated the branching ratios for 21
B — PP decays in the SM and the mSUGRA model, and
made phenomenological analysis for some well-measured
decay modes. From the numerical results, we find the
following general features about the new physics effects
on the exclusive charmless hadronic B — PP decays
studied in this paper:

(i) For those tree-dominated decays, such as B —
7w, the possible SUSY contributions in the
mSUGRA model are very small and can be ne-
glected safely.

(i1) For those penguin-dominated decay modes, the
SUSY contributions to their branching ratios can
be significant, around 30%-50%.

(iii) For the four B — K decays, the SUSY contribu-
tions to the branching ratios play an important
role in improving the consistency of the theoreti-
cal predictions with the data.

(iv) For B— Kn' decays, the theoretical predictions
for branching ratios become consistent with the
measured values within 1 standard deviation after
the inclusion of the large SUSY contributions in
the mSUGRA model. This is a possible interpre-
tation for the so-called K7’ puzzle.

(v) The theoretical predictions in both the SM and the
mSUGRA model still have large theoretical un-
certainties. The dominant errors are induced by
the uncertainties of the form factors F5F,
strange quark mass 7, the low-energy scale p ~
my, and the CKM angle .

PHYSICAL REVIEW D 70 094008
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APPENDIX: ONE-LOOP FUNCTION AND THE
COUPLING CONSTANTS

In this Appendix, the explicit expressions of f;(x)
functions and the coupling constants appeared in
Eq. (16)—(23) are presented. For more details, one can
see Ref. [34] and references therein.

1
fl(x) = m(%3 - 6.X'2 +3x+2+ 6xlnx), (Al)
1
fz(x) = m(ZXS + 3X2 —6x+1-— 6x2 lnx),
(A2)
f3(x) ! (x* — 4x + 3 + 21Inx) (A3)
xX) = ——(x= —4x X),
’ 2(x — 1)?
fil) =L (P -1 2xl,  (A4)
x) = ———(x"—1—2xInx),
4 2(x — 1)3
fs(x) = m(7x3 - 36x2 +45x — 16
—121nx + 18x1nx), (A5)
felx) = é(m — 171x + 207x2 — 73x3
6 54(x — 1)
+31nx — 81x% Inx + 54x° Inx), (A6)
1
f7()C) = m(_llx3 + 18X2 - 9x+2+ 6X3 lnx).
(A7)
For the coupling constants Fg( LRy ch(L Ry F;”v( LRy We have
(Tg,)) = TPy, (A8)
()] = —(IP)™, (A9)
I“d aj _ |:V*a v k _ Via(TUYk+3 mz i|K N
Te)r (@) (T \/imWsin,B kj
(A10)
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d

e )8 = —Ug(TU—% K, All

( CR/I 2( )1 \/imwcosﬁ kj ( )
e = L[ (=nge + L anoyn)o);
NL/T NG 2 3 anty vy 1

i+3 m?
+ N3Py ——L— Al2
s(ID)] mwcosﬁ} (A12)

(1]
(2]
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(4]
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[11]
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W 12 . .
Wi’ = 5| 5 NP+ Vg,

md

J
x my cosﬁ} (A13)

where the K is the CKM matrix.
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