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Abstract. The space-like penguin contributions to branching ratios and CP asymmetries in charmless
decays of B. to two pseudoscalar mesons are studied using the next-to-leading order low energy effective
Hamiltonian and factorization approximation. Both the gluonic penguin and the electroweak penguin
diagrams are considered. In addition the annihilation diagram contributions are also taken in account. We

find that the space-like penguin effects are significant.

1 Introduction

The weak decays of B mesons offer a direct way to de-
termine the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements and to explore the origin of CP violation. Pen-
guin diagrams can play an important role in charmless B
decays. In most cases, attentions were paid to time-like
penguin diagram in the literature, and the space-like pen-
guin diagram is considered negligible because of the form
factor suppression. In [1], space-like penguin diagram con-
tribution to the branching ratios and CP violating asym-
metries in B, BY, BY decays are considered. The result
shows that the space-like penguin amplitude can be en-
hanced by the hadronic matrix element involving (V-A)
(V+A) or (S-P) (S+P) currents, and the space-like pen-
guin effects are large in most charmless B decays.

B. meson is considered as the next and the last mem-
ber of B mesons. Its physics has got intensive attention
recently (2, 3]. B. decay has its own characteristics. The
obvious one is that B, carries ¢ and b quarks, which are
both heavy. So, B, decays can be interesting candidates
for testing the spectator ansatz. We assume that spectator
approximation can be applied in B, decays. In our paper,
we will consider only b quark decays and take ¢ quark as a
spectator. From [3], the future accelerator, Large Hardron
Collider (LHC), will produce 2.1 x 10®B, per year, and
can be a good place to study B, decays.

In this paper, we study space-like penguin diagram
effects in B, decays to two pseudoscalars, and we con-
centrate on the charmless B. decays, because penguin di-
agram plays an important role in these decays. We use
the next-to-leading order low energy effective Hamiltonian
and factorization approximation to calculate the branch-
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ing ratios and CP violating asymmetries. In B, charmless
decays, the annihilation diagram has the same order am-
plitude as the tree diagram. So the annihilation diagrams
should be also taken into account. The result shows that
the space-like penguin diagram contributions in B, charm-
less decays are large and cannot be neglected.

2 Effective Hamiltonian
and factorization approximation

We assume spectator approximation in B, decays: the ¢
quark is a spectator and the b quark decays to other light
quarks. According to [4], the next-to-leading order low en-
ergy effective Hamiltonian describing |AB| = 1 transitions
is given at the renormalization scale u = O(my) as

Heps(|AB|=1) = \G/g > v {Q({Cﬁ(u) + Q4C(n)
10
+ZQka(M)} +HC. (1)
k=3

The CKM factors v, are defined as

V,aVap  for b — d transitions

Vg = . (2)
V:;;V:;b for b — s transitions.

The ten operators
the following forms:

QY. Qs, -+, Q1o are given as
11‘ = (qauﬂ)VfA (ﬂﬁba)vf,q
Q3 = (qu)v-a(ub)v_a

qu)
Q3(5) = (qb)v-a Z (@) v_aqvsa
q/
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Que) = (Gabp)y_4 > (%q«;)v—A(er)
q/

3,
Q79) = i(qb)V—A Zeq/ (q/q/)V+A(V—A)
q/
3 _ .
Qg(10) = 5 (Gabp)y_ 4 Zeq' (qlﬁq;)v+A(va) (3)

q

where @} and @)% are the current-current operators, and
the current-current operators Qf and @§ can be obtained
from Qf and Q% through the substitution of u — c. @3,
-+, Q¢ are the QCD penguin operators, whereas @7, - -,
Q10 are the electroweak penguin operators. The quark ¢ =
d or s for b — d or s transitions, respectively; the indices
a, 3 are SU(3). color indices; (V £ A) refer to v, (1 £5).
It is useful to use the renormalization scheme indepen-
dent Wilson coefficient functions [5]:

1+

C(n) =

where C(u), C(u) are all column vectors. The matrix el-
ements are:

< Q" (1) - C(u) >=< Q" >¢ -C'(n) (5)

where < Q >¢ denote the tree level matrix elements of
these operators, and C’(u) are defined as

01:617 057627 Oéiif)’ips/g’
Oi:C4+P9; C5 C’57 3/3 Oé:CG+P95
CL=C;+P., Chy=Csg,

Cé = Cg + P, , C{O = CIO , (6)

where P; . are given by

P, = 8702( )[190 = G(mg, q, M)} :

Qo /o = ~ 10
Pe = on (301 + 02(/14)) |:9 - G(mquMU’)] 9

G(m,q,p)=4 /01 dr x(1—z)In {W] (7)

here ¢ = u,c. The numerical values of the renormaliza-
tion scheme independent Wilson Coefficients C;(u) at u =
O(myp) are [6]

e =—0313, & =1150, & =0.017,
&= —0037, & =0.010, ¢ =—0.046,
&7 = —0.001 - e , s = 0.049 - cvep,

Cog = —1.321 e, €10 =0.267 - aep - (8)

In (7), ¢* denotes the momentum transfer squared of
the virtual gluons, photons, and Z° appearing in the QCD
and electroweak penguin diagrams respectively. So, the
Wilson coefficients €] depend on ¢?. We adopt a simple
kinematic picture [1] for two body decays B — PP’ as

illustrated in Fig. 1.
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Fig. 1. Penguin diagrams for a B. meson decaying into two
light pseudoscalar mesons P and P’ a the time-like penguin
diagram; b the space -like penguin diagram. The subscripts “v”
denote “vacuum”. The dark dot stands for the contraction of
the W-loop

b ? o b :
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c c
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a)
Fig. 2. The Tree diagram and the Annihilation diagram in B,
decays. a the Tree diagram. b the Annihilation diagram
The average value of ¢? can be given by
<@ >=mj+ mg —2myE,

where I, is determined from

Eq+\/Eg —m2 + m§,+\/4 (E2 —m2) +m?

for the time-like penguin diagram; and

Eq+\/E2 —mZ+ml+ =mp, +my

for the space-like penguin diagram.

In exclusive nonleptonic decays, the current-current
operator matrix element can be calculated by factoriza-
tion approximation and BSW method [7].

For the tree diagram of Fig 2a which correponds to
b — ¢1G2q, the matrix element for four-quark operator is
defined as:

(11)

Mtitllazq =< PP/l (QICD)V,A (qb)V—A|Bc_ >

= < P[(q192)y_4 |0 >< P'|(qb)v-a|B. >
- igpn B (13)

Mp, — Mp:
M3 — M3, — 2 —— 12
(M3, - b - 2 EME) (2
h B.P [ oy _ 1770 B.P () be cal
w eref (mP) —W T ( )Caﬂ € cal-

culated in BSW model, and M’mle = 6.30GeV. For the
time-like penguin dlagram thls factorization method is
applied to calculate the time-like penguin operator ma-
trix element.

For the annihilation diagram of Fig. 2b corresponds to
bé — ¢¢, the matrix element is [8]:

SEP" = < PP'|(Ge)y—_a(eb)y — AlB. >

qce
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Table 1. The Branching Ratios of B. decaying to two pseudoscalar

Br
Decay Mode Only Tree  Tree+Anni Tree+Anni+T-like Tree+Anni+T-like+S-like
QCD QCD+EW QCD QCD+EW
B -7~ D% 1.12x107° 9.60x107°% 8.31x107%® 8.29x10°° 2.27x107%  2.32x107°
B - K-D° 863x1077 281x107% 1.94x107° 1.99x107° 4.82%x107%  4.76x107°
B »7°D~  254x107%  1.20x1077 5.21x1077 3.73x10°7 2.01x107°  1.91x107°
B —»nD~ 1.77x107%  3.00x107°% 8.05x107% 7.73x107°¢ 7.09x107%  7.10x107¢
B - n'D”  1.76x107% 9.88x107° 6.45x107° 6.43x107° 6.34x107°  6.34x107°
B - nD;  9.03x107'%  1.53x1077 8.62x107°% 2.71x10°¢ 9.02x107°%  8.87x10°°
B - n'Dy  4.40x107'°  1.26x1077 6.09x107% 9.18x107° 1.18x107°  1.17x107°
B — K°D; 0 3.41x107%  1.29%x107% 1.27x107¢ 1.99%x107%  1.96x107°
B - K°D~ 0 5.87x1077 1.60x107° 1.58x107° 3.60x107°  3.55x107°

= < PP'|(ge)v-al0 >< 0[(¢'b)v-a|B; >
=ifp [} (MB,)

(MI% — M3? —

Mp = Mp 312 ) (13)

Mp + Mp:~ Pe

The matrix elements are computed at momentum transfer
= M}%C. We take the asymptotic form factor f¢ (M%C):
il6ma f /Mg [9]. One point should be noted: for the
annihilation diagram, C} = Cy, C% = C}.

In B, decays, the annihilation diagram is enhanced by
the CKM factor v.. For the b — d process, |1‘)’—i| ~ 3; for
b — s process, |2| ~ 57. So, the annihilation diagram
should be taken into account in B, decays.

For the space-like penguin diagram, just like the anni-
hilation diagram, its factorization method is the same as
that of the annihilation diagram.

3 Numerical calculation

The decay width for a B, meson at rest decaying into two
pseudoscalars is

p|

1
I'(B,— PP) = §| < PP'|H.;¢|B,. > \2—M2 (14)
B.

where

Nl=

[(M}%C - (Mp + MP’)2>(M]230 - (Mp — MP’)QH
2Mp,

Ip|=

(15)
is the momentum of the pseudoscalar meson P or P’. The
corresponding branching ratios are given by

In our numerical calculation, we take [10] I'Zs = 1.32 x
10712 GeV.

The B. meson decay amplitude can be generally ex-
pressed as

, _ G
(PP/|Hes| BO) = 75 3 vy (17)

qg=u,c

where ¢ = u, ¢, and F} including the tree and and annihila-
tion and penguin amplitude. The CP-violating asymmetry
can be given by

r'B; — PP’)—I“(B;r — ]5]5’)

I'(B: — PP")+I'(Bf — PP)

B 2Im (v, vF) Im (F./Fy)

vu2 4+ |ve 2| F./Fu|24+2Re (v, v?) Re (F./F,) *

Acp

(18)

We take the decay B, — nD~ as an example to illus-
trate the calculation of branching ratio Br and CP asym-
metry A, including space-like penguin diagram.

(nD~ |Hegs| BS)

GF
= — v, a20ug + a3+ a4 —ag +ag —ag/2
\@qguc q (2 qtas+as—ag s —ag/
2M? _
- U —az/2) | MTP
o (ma +ma)(mp — ma) (a5~ ar/ )> dad

2M3

(ma —me)(mp + me)

+ <a25cq + as +

><(a5 + (17) + CL9> Sgg] .

where q, is defined as

/
2i—1

a2i—1= 3 + C%;
/
G'QiECéi_l + %a (7/ = 17 27 3a4a 5)

and

MIp =ifdipte P (M2) | (ME, - M3 )
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Table 2. The CP Asymmetries of B. decaying to two pseudoscalar. Where the “Tree”
means the tree diagram contribution, “Anni” means the annihilation diagram con-
tribution, “T-like” denotes the time-like penguin contributions, the “S-like” denotes
the space-like penguin contributions, “QCD” means QCD penguin contributions, and
“EW” means electro-weak penguin contributions
Acp
Decay Mode  Tree+Anni  Tree+Anni+T-like Tree+Anni+T-like+S-like
QCD QCD+EW QCD QCD+EW
B —» 7 D° -15.1% —6.8% —6.8% —80.6% —80.1%
B - K~ D° 92.6% —-0.7% —-0.7% 19.7% 19.7%
B - 7°D~ 92.7% 27.9% 34.1% 15.1% 15.1%
B; —»nD~ —88.6% 14.8% 15.1% 9.2% 9.3%
B 0D —477%  121% 12.1% 11.6% 11.6%
Bo — D7 —134%  -0.7%  —1.7% ~1.4% ~1.4%
B, —-n'D; 11.8% —-1.8% —1.4% 0.3% 0.3%
B — KDy 0 20.2% 20.4% —0.6% —0.6%
B - K°D~ 0 -1.3% -1.3% 0.1% 0.1%
~ Mp, — Mp- M2— (iii) The annihilation diagram contribution can not be
Mp, + Mp- "] negligible in B, decays.
-1 Th for the 1 -lik in effect
gnbT_ _~ Fo (M2 M2 — M2 e reason for the large space-like penguin effects can
dec /3 To.ti (Mz) | ( K b-) be explained as follows:
My —Mp- s | (i) When calculating the matrix elememt of (V —A)(V +
My (20) .
M, + Mp-""7¢] A) current < PP'|(gb)y_a(¢c)y+a|B. >, there will
2m?2
e appear a factor ————2<——_ this factor will en-
where % arises from 7 = %\/‘éf‘“. The asd., term in P (mq—me)(mp+me)

(19) is the annihilation diagram contribution.

The numerical results of the space-like penguin contri-
butions to the branching ratios and CP-violating asymme-
tries are given in Table 1 and 2. We calculate the branch-
ing ratios and CP-violating asymmetries with the tree
and annihilation and time-like penguin contributions for
comparison. All the parameters such as meson decay con-
stants, form factors and quark masses needed in our calcu-
lation are taken as fr1 =0.13GeV, fx =0.160GeV [11],

FI = =3 = fea/V2 0= £ = = £ = 0077 GeV,
S =l = f35/2 = 0.054GeV [12], fp, = 0.5GeV [3],

£ (0) = 0595, f7¢ P+ (0) =0.605, m, =0.005GeV,
mg = 0.001 GeV, my, = 0.2GeV, m., = 1.5GeV, my =
4.5GeV, Mp = 6.27GeV and the Wolfenstein paramet-
rized CKM parameters are [13]: A = 0.22, A = 0.8, n =
0.34, p= —0.12.

4 Conclusion and discussion

From Table 1 and 2 we can see the following features:

(i) For most of the charmless decays, space-like pen-
guin contributions to branching ratios are large. The
corrections to the branching ratio and CP violating
asymmetries are more than 100%.

For space-like penguin in B. decays, the contribu-
tions of the electro-weak penguins are negligible.

hance the space-like penguin effects.

The form factor f¢ (m2BC) is not a suppression fac-
tor as usually considered. In B, decays, f¢ (m%c) =
0.077, so combine with fp, = 0.5, the annihilation or
space-like penguin matrix element ST7 "is nearly as
that of the tree and time-like penguin matrix element
MPP

The quark mass is an important and sensitive pa-
rameter. In our calculation, we have used the current
mass. The values of quark mass will have direct effect
on the penguin amplitude. Other effects, such as non-
factorization effect, final state interation can provide
many uncertainties.

(iii)
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