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B decays - Motivation

¥ Probe the ßavor sector of the SM; CKM matrix

¥ Look for new physics:

¥ Measure fundamental hadronic 
parameters & learn about QCD

¥ Heavy Stable Hadrons lots of decays

redundant measurements,

rare decays

CP

precision measurements,
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Model Independent Expansions
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Rigor of SCET & Factorization

¥ same level of rigor as HQET predictions

¥ theory is tested by processes other than charmless decays

¥

¥

SCET has known QCD factorization theorems as special cases

egs.  Drell-Yan (Collins-Soper-Sterman),  event shapes in jet production

size of the expansion parameter is crucial:
    how suppressed are power corrections?
    what is the uncertainty? 
    how much should we trust the predictions?

•

A =
!

dzdxi dk+ T (z) J(z, xi , k
+ ) φ1(x1)φ2(x2)φB (k+ ) + . . .

!!

! } !
! 2E !Q2

B → M1M2

egs. , ,
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Expansion

¥ mW , mt ! mb Hweak =
GF!

2

∑

i

! i Ci (µ)Oi (µ)

¥ Heavy Quark Effective Theory

¥ SU(3) or U-spin

¥ SU(2) ie. isospin

¥ Soft Collinear Effective Theory
for Nonleptonic decays
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We should distinguish:

dynamical results: 

model independent results:

dynamical approximations:

 factorization formula
SU(3) relations

a prediction at a deÞnite order in the power counting where all 
hadronic parameters are determined by other data

use models for hadronic parameters rather than data
keeping only a subset of the power corrections

in SU(3) analysis, drop some amplitudes & not others

Observable = O(0) + ε O(1) + ε2O(2) + . . .



Ciuchini et al,
Colangelo et al

BBNS; 

B ! M 1M 2

Sizeable charm penguin power corrections

¥ LO factorization theorem has been derived which 
applies to ÒtreeÓ and ÒpenguinÓ amplitudes

Large Annihilation?

¥

¥ endpoint singularities1/x2

Chay, Kim;

Bauer, Pirjol, Rothstein, Stewart
(BPRS)

¥ Keum, Li, Sanda,
Lu et al.

¥ Large ÒChiral EnhancedÓ 
power corrections

BBNS

C1
!

mb

Brodsky et al
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Start with QCD &  Hweak
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! QCD

mc
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! E
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Q hard-scale

intermediate-scale

hadronic-scale

!
treated as 
hadronic 

parameters

SCETIFactorization atmb

expansion in αs(mb) ! 0.22



B

!

!

Factorization atmb

Nonleptonic

A(B → M 1M 2) = Acøc+N
!

f M 2 ! B M 1

"
duT2! (u)" M 2 (u)+f M 2

"
dudzT2J (u, z)! B M 1

J (z)" M 2 (u)+(1↔ 2)
#

B ! M 1M 2

All the terms are factorized into
two types of form factors

hard form 
factor

soft form 
factor

twist-2
distn.

twist-2
distn.

pseudoscalar: f + , f 0, f T

vector: V , A0, A1, A2, T1, T2, T3

B !
B !

Form Factors

f (E ) =
!

dz T(z, E ) ! B M
J (z, E )

+ C(E) ! B M (E)

B ! ! "ø#
B → K ∗! + !−

B → ! "

,
,

, ...

Same form factors
at large E

no endpoint singularities here



A(B → M 1M 2) = Acøc+N
!

f M 2 ! B M 1

"
duT2! (u)" M 2 (u)+f M 2

"
dudzT2J (u, z)! B M 1

J (z)" M 2 (u)+(1↔ 2)
#

Matching coefÞcients are now known to O(αs)

BBNS ;
Chay, Kim

Beneke & Jager (tree)
     Beneke & Jager (penguin)

Jain, Rothstein, I.S. (penguin, unpubl.)
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FIG. 3: Graphs for the matching onto the penguin coe! cient b4 at O(! s). Not drawn are i) graphs with no gluon at tached to
the quark loop, which vanish in the NDR and HV schemes due to the chirality, and ii) graphs with only the gluon of momentum
p radiated from the quark loop which also vanish. Here the momentum fract ion of the gluon is øz with øn áp = m bøz, the q-quark
has fract ion z, with øn áq = mbz, the øq-quark has momentum fract ion øu, so n áq = mbøu, and the d or s quark has fract ion u.
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FIG. 4: Counter graphs for Fig. 3 involving the operator ODG.
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! B M
J (z) = f M f B

! 1

0
dx

! !

0
dk+ J (z, x, k+ , E )" M (x)" B (k+ )

Factorization at
!

E !

! B M = ?

Beneke, Feldmann

Bauer, Pirjol, I.S.

Becher, Hill, Lange, Neubert

-- typically left as a form factor,  but ...

A(B → M 1M 2) = Acøc+N
!

f M 2 ! B M 1

"
duT2! (u)" M 2 (u)+f M 2

"
dudzT2J (u, z)! B M 1

J (z)" M 2 (u)+(1↔ 2)
#

is factorization of form factors

expansion in αs(
!

mb! ) " 0.35

Rapidity Factorization "0$bin# Manohar & I.S.
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! B M = ?

Keum, Li,  Sanda&pQCD approach'

usek! dependence
to remove singularit y

φ(x, k! )instead of form factor get:

de%nition of these functions also requires a rapidity regulator

!s

Collins  "hep$ph/0304122#

! (x, k⊥, " )

Based on I suspect that the



DeÞnitions:

A N ew M et hod for D et ermining γ from B ! ππ D ecays

Christian W. Bauer,1 Ira Z. Rothstein,2 and Iain W. Stewart3

1Cali fornia Insti tute of Technology, Pasadena, CA 91125
2Department of Physics, Carnegie Mel lon Universi ty, Pi ttsburgh, PA 15213

3Center for Theoretical Physics, Massachusetts Insti tute of Technology, Cambridge, MA 02139

Factorization based on the soft-collinear e! ective theory (SCET) can be used to reduce the number
of hadronic parameters in an isospin analysis of B ! ! ! decays by one. This gives a theoretically
precise method for determining the CP violating phase " by fitting to the B ! ! ! data without
C! 0 ! 0 . SCET predicts that " lies close to the isospin bounds. With the current world averages we
find " = 75! ± 2! +9◦

" 13◦ , where the uncertainties are theoretical, then experimental. The estimated
theory error shown here is obtained from assuming " QCD/ E! " 0.2 power corrections to our analysis.

I. INTRODUCTION

The standard model (SM) successfully explains all of
the CP violation observed to date in laboratory decays.
Possible hints for physics beyond the SM include the
amount of CP violation required for (non-lepto) baryo-
genesis, and observations in b→ sqq̄ channels like B →
η!K S [1]. Standard model measurements of CP violation
in B -decays are usually expressed in terms of the angles
α, β, γ. It is important to remember that the goal is
not just to have a single accurate measurement of these
angles, but rather to test the SM picture of CP violation
and look for inconsistencies by making measurements of
the parameters in as many decay channels as possible.

Important observables for measuring γ (or α) are
the CP asymmetries and branching fractions in B →
ππ decays. Unfortunately, hadronic uncertainties and
“penguin-pollution” make the data difficult to interpret.
Gronau and London (GL) [2] have shown that using
isospin, Br(B̄ → π+ π" ), Br(B + → π+ π0), Br(B̄ →
π0π0), and the CP asymmetries C! + ! " , S! + ! " , C! 0 ! 0 ,
one can eliminate the hadronic uncertainty and deter-
mine γ. Thus data is used to determine the 5 hadronic
isospin parameters. This year Babar and Belle [3] re-
ported a first observation of C! 0 ! 0 bringing the GL anal-
ysis from the drawing board to reality. Unfortunately,
the uncertainties in C! 0 ! 0 and Br(B → π0π0) are still
too large to give strong constraints, leaving a four-fold
discrete ambiguity and a ± 29# window of uncertainty in
γ (at 1-σ) near the SM preferred value.

In this letter we observe that the soft-collinear effec-
tive theory (SCET) [5] predicts that one hadronic pa-
rameter vanishes at leading order in a power expansion
in ΛQC D / E! , and that this provides a robust new method
for determining γ. The parameter is ε = Im(C/ T ), where
T and C are ”tree” and ”color suppressed” amplitudes
(defined below). From the SCET analysis of B → ππ [6]
we know that ε vanishes to all orders in αs(

!
E! ΛQC D )

since the “jet-function” does not involve a strong phase,
and so ε receives corrections suppressed by ΛQC D / E! or
αs(mb). Our method does not rely on a power expan-
sion for any of the other isospin parameters. Thus, is-

sues like the size of charm penguins and whether “hard-
scattering” or “soft” contributions dominate the B → π
form factors [6–10, 12] are irrelevant here. Our analy-
sis also remains robust if so-called “chirally enhanced”
power corrections [8] are included. It differs from the
QCDF [8] and pQCD [12] analyses; for example we work
to all orders in ΛQC D / mb for most quantities and do not
use QCD sum rules to obtain hadronic parameters.

The world averages for the CP averaged branching ra-
tios and the CP asymmetries are currently [3, 4]

Br× 106 C! ! S! !

π+ π" 4.6 ± 0.4 −0.37 ± 0.11 −0.61 ± 0.13
π0π0 1.51 ± 0.28 −0.28 ± 0.39
π+ π0 5.61 ± 0.63

(1)

For later convenience we define the ratios

Rc =
Br(B 0 → π+ π" )τB −

2Br(B " → π0π" )τB 0

= 0.446 ± 0.064 ,

Rn =
Br(B 0 → π0π0)τB −

Br(B " → π0π" )τB 0

= 0.293 ± 0.064 , (2)

and quote the product Rn C! 0 ! 0 = 0.082 ± 0.116.
To obtain general expressions for these observables, we

use isospin and unitarity of the CKM matrix to write

A(B̄ 0 → π+ π" ) = e" i " |λu | T − |λc| P

A(B̄ 0 → π0π0) = e" i " |λu | C + |λc|P
√

2A(B " → π0π" ) = e" i " |λu | (T + C)
(3)

Here λu = VubV $
ud, λc = VcbV $

cd. The CP conjugate am-
plitudes are obtained from (3) with γ → −γ. With our
convention for the π0π0 amplitude one includes a 1/ 2 for
identical particles in the rate. The amplitudes T , C, P
are complex, as are the electroweak penguin amplitudes
P1

ew and P2
ew .

The amplitude P ew
2 is related to T and C by

isospin [13]. An additional relation for P ew
1 can be

obtained using SCET at lowest order in Λ/ E! and

β known|! c,u | = CKM factors , take



Model Independent Results
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Can use this to do isospin analysis without                C! 0! 0

Bauer et al
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Model Independent Results

2) Relations between ÒTÓ, ÒCÓ  and form factors 

|Vub|! B ! =
N! 0! !

C2
1 ! C2

2

[
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c ! C2 +
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2
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¥
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(
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∣∣∣∣
q2=0

)
=
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J
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[
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 shape parameter  Hill



Nonleptonic data gives:

f + (0) =
!

0.19± 0.01
"
"
exp ± 0.05

"
"
th y

#! 3.8 ! 10! 3

|Vub|

#

tc =
|T! ! |

|T! ! + C! ! |
= 0.55± 0.04

! B !
J = (0.12± 0.01)

! 3.9 ! 10! 3

|Vub|

"
! Bπ = (0.09 ± 0.02)

! 3.9 ! 10! 3

|Vub|

"

expt. only

,

large color suppressed amplitude

form factors of similar size 

Semileptonic data (with dispersion Þt & lattice) gives:

 Becher & Hil l

! ! 1

f HPQC D
+ (0) = 0.22± 0.03



Phenomenological Analyses (Dynamical approx.)

I)  BBNS expand in ! s(
!

E ! )&! s(Q)

from elsewhere input                                        ! M (x) ! B (k+ ), ! B M,
include perturbative charm & certain power corrections

 (eg. light-cone sum rules)

III)  BPRS, ÒSCETÓ expand  in 

Þt ! B M ! B M
J,

Þt penguins containing charm loop using only isospin

treat power corrections to non-penguin amplitudes in errors

, but keep all orders in 
! s(

!
E ! )

! s(Q)(             corrections will require input )

! s(Q)

! B M
J ! " s ! B M

III) ÒCharming penguinsÓ Þt penguin with charm,
use factorization like I) for other terms

RGI  amplitudes,

! B !
∼ ! B !

J

II) pQCD  (next talk)

SCETI

SCETI I

count
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! s(q )2

c

c

b
d,s

q
q

....
q µ

! s(mv) long
distance

! AL O
!

v ! s(2mc)
"

short
distance ! AL O

!
! s(mb)

"Ònon-factorizableÓ

Charming penguin:

threshold NRQCD region



Analysis with one-loop corr. to hard form factor term

!"

#$%&'()*(+,-*.-*/0

)1
! "

! 2#

! "

#$ %&' () * (+, -* . -* / 0

(Beneke & Jager with 
BBNS approach)



Ratio Value/Range Value G

P! !

T! !
! 0.122+0.033

−0.063 + (! 0.024+0.047
−0.048)i ! 0.162 + 0.022i

P" "

T" "
! 0.036+0.006

−0.009 + (! 0.009+0.007
−0.007)i ! 0.037 ! 0.009i

P! "

T! "
! 0.037+0.015

−0.028 + (! 0.005+0.024
−0.024)i ! 0.070 + 0.006i

P" !

T" !
0.042+0.039

−0.023 + (0.004+0.030
−0.030)i 0.051 ! 0.024i

C! !

T! !
0.363+0.277

−0.156 + (0.029+0.166
−0.103)i 0.691 + 0.165i

C" "

T" "
0.198+0.233

−0.150 + (! 0.009+0.145
−0.097)i 0.344 + 0.042i

C! "

T! "
0.250+0.229

−0.143 + (! 0.012+0.127
−0.090)i 0.467 + 0.071i

C" !

T" !
0.134+0.199

−0.156 + (! 0.024+0.152
−0.117)i 0.283 + 0.138i

T" !

T! "
0.869+0.275

−0.207 + (0.014+0.058
−0.057)i 0.945 ! 0.004i

Table 3: Amplitude ratios for the ! ! , " " and ! " final states. In the case of " " the
ratios of longitudinal polarization amplitudes are given. The third column gives the
preferred-parameter-set G value.

measured mixing phase #d, equal to 2$ in the Standard Model, and the CKM angle %.
Conversely theoretical predictions for these ratios allow to extract the angle %. Similar
relations hold for final states ! ∓"±, " +"−, ! +K (∗)−, etc. Here we present numerical
values for a number of these ratios.

In such phenomenological studies it is convenient to define the colour-allowed tree
amplitude T , the colour-suppressed tree amplitude C, and the penguin amplitude P as
the hadronic amplitudes multiplying the different CKM structures in the decay ampli-
tude. In this convention, the name of an amplitude derives from its leading contribution,
such that T " &1, C " &2, and P " &c

4, but sub-leading terms can make an important
difference. For the following discussion of B # ! ! , " " , ! " decays, we define T, C, P
through

A
B

0
→! +" ! $ V ∗

udVubT! " + V ∗
cdVcbP! " ,

A
B

0
→! ! " + $ V ∗

udVubT" ! + V ∗
cdVcbP" ! ,

! 2A
B

0
→! 0" 0 $ V ∗

udVub[C! " + C" ! ] + V ∗
cdVcb[. . .]. (103)

33



5

no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B ! ππ 11 7/ 5 4
B ! K π 15 11

15/ 13
+ 5(6)

4

B ! K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B ! K π has 6 pa-
rameters, but 1 appears already in B ! ππ, hence the + 5(6).
The notat ion is analogous for the + 3(4) for B ! K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ! I = 0 or ! I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3s||3", !1||3a||3", !8||3s||3", !8||3a||3",
!8||6s||3", !8||15

s||3" and !27||15
s||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in di" erent expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
E# . The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : {#B! + #B!
J , $! #B!

J , P! ! } , (11)

K ! : {#B! + #B!
J , $ øK#B!

J , #B øK + #B øK
J , $! #B øK

J , PK! } ,

K øK : {#B øK + #B øK
J , $K#B øK

J , PK øK} .

Here PM1 M2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $! is not linearly independent from the pa-
rameters #B! and #B!

J , and only the product $! #B!
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$! % !x# 1"! & 3.2± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $! was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B! = #BK = #B øK , #B!

J = #BK
J = #B øK

J , $! = $K = $ øK ,
and A! !

cc = AK!
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #BM and #BM

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $! , $ øK are also posit ive.)
This follows from: i) the fact that #BM + #BM

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #BM

J is posit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
E# do

not change the sign of #M1 M2
J and that #J ' $! &B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B! , #B!

J > 0 so that SU(3) implies #BK , #BK
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coe$ cients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coe$ cients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coe$ cients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin e" ects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe ! I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in Λ/ mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

Counting parameters

5

no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B → ππ 11 7/ 5 4
B → K π 15 11

15/ 13
+ 5(6)

4

B → K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B → K π has 6 pa-
rameters, but 1 appears already in B → ππ, hence the + 5(6).
The notat ion is analogous for the + 3(4) for B → K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ! I = 0 or ! I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3

s
||3", !1||3

a
||3", !8||3

s
||3", !8||3

a
||3",

!8||6s||3", !8||15
s
||3" and !27||15

s
||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in di" erent expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
E# . The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : { #B ! + #B !
J , $! #B !

J , P! ! } , (11)

K ! : { #B ! + #B !
J , $ øK #B !

J , #B øK + #B øK
J , $! #B øK

J , PK ! } ,

K øK : { #B øK + #B øK
J , $K #B øK

J , PK øK } .

Here PM 1 M 2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $! is not linearly independent from the pa-
rameters #B ! and #B !

J , and only the product $! #B !
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$! % !x# 1"! & 3.2 ± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $! was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B ! = #B K = #B øK , #B !

J = #B K
J = #B øK

J , $! = $K = $ øK ,
and A! !

cc = AK !
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #B M and #B M

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $! , $ øK are also posit ive.)
This follows from: i) the fact that #B M + #B M

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #B M

J isposit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
E# do

not change the sign of #M 1 M 2
J and that #J ' $! &B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B ! , #B !

J > 0 so that SU(3) implies #B K , #B K
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coe$ cients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coe$ cients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coe$ cients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin e" ects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe ! I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in ! / mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

5

no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B ! ! ! 11 7/ 5 4
B ! K ! 15 11

15/ 13
+ 5(6)

4

B ! K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B ! K ! has 6 pa-
rameters, but 1 appears already in B ! ! ! , hence the + 5(6).
The notat ion is analogous for the + 3(4) for B ! K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ∆I = 0 or ∆I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3

s
||3", !1||3

a
||3", !8||3

s
||3", !8||3

a
||3",

!8||6s||3", !8||15
s
||3" and !27||15

s
||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in different expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
EΛ. The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : { #B π + #B π
J , $π#B π

J , Pππ} , (11)

K ! : { #B π + #B π
J , $ øK #B π

J , #B øK + #B øK
J , $π#B øK

J , PK π} ,

K øK : { #B øK + #B øK
J , $K #B øK

J , PK øK } .

Here PM 1 M 2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $π is not linearly independent from the pa-
rameters #B π and #B π

J , and only the product $π#B π
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$π % !x# 1"π & 3.2 ± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $π was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B π = #B K = #B øK , #B π

J = #B K
J = #B øK

J , $π = $K = $ øK ,
and Aππ

cc = AK π
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #B M and #B M

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $π, $ øK are also posit ive.)
This follows from: i) the fact that #B M + #B M

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #B M

J isposit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
EΛ do

not change the sign of #M 1 M 2
J and that #J ' $π&B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B π, #B π

J > 0 so that SU(3) implies #B K , #B K
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coefficients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coefficients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coefficients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin effects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe∆I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in ! /mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

! M =
∫ 1

0
dx

" M (x)
3x

remove small O8,9a/ b



5

no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B ! ππ 11 7/ 5 4
B ! K π 15 11

15/ 13
+ 5(6)

4

B ! K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B ! K π has 6 pa-
rameters, but 1 appears already in B ! ππ, hence the + 5(6).
The notat ion is analogous for the + 3(4) for B ! K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ! I = 0 or ! I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3s||3", !1||3a||3", !8||3s||3", !8||3a||3",
!8||6s||3", !8||15

s||3" and !27||15
s||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in di" erent expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
E# . The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : {#B! + #B!
J , $! #B!

J , P! ! } , (11)

K ! : {#B! + #B!
J , $ øK#B!

J , #B øK + #B øK
J , $! #B øK

J , PK! } ,

K øK : {#B øK + #B øK
J , $K#B øK

J , PK øK} .

Here PM1 M2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $! is not linearly independent from the pa-
rameters #B! and #B!

J , and only the product $! #B!
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$! % !x# 1"! & 3.2± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $! was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B! = #BK = #B øK , #B!

J = #BK
J = #B øK

J , $! = $K = $ øK ,
and A! !

cc = AK!
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #BM and #BM

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $! , $ øK are also posit ive.)
This follows from: i) the fact that #BM + #BM

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #BM

J is posit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
E# do

not change the sign of #M1 M2
J and that #J ' $! &B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B! , #B!

J > 0 so that SU(3) implies #BK , #BK
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coe$ cients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coe$ cients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coe$ cients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin e" ects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe ! I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in Λ/ mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

Counting parameters
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B ! Kπ Sum Rules 

¥Direct-CP sum rule: Gronau, Rosner
Neubert

!( f ) = AC P (f )" CP
avg (f )

! CP
avg(! ! øK 0)

no puzzle here yet

¥Br sum rule:

R(f ) =
Γ(B ! f )

Γ(B̄ 0 ! ! ! K̄ 0)

R(! 0K −) − 1
2

R(! −K +) + R(! 0K 0) = O("2)
Lipkin, many authors

estimate from 
factorization in SCET

no puzzle here yet

0.094 ± 0.073 = O(! 2)= 0.03 ± 0.02

estimate from 
factorization in SCET

! ( øK 0! 0) !
1
2

! (K + ! ! ) + ! (K + ! 0) !
1
2

! ( øK 0! ! ) = O("2)

0.07± 0.08 = O(! 2)= 0± 0.007

! ! 2 sin(" " " ew )

(see also talk by M.Gronau)
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no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B ! ππ 11 7/ 5 4
B ! K π 15 11

15/ 13
+ 5(6)

4

B ! K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B ! K π has 6 pa-
rameters, but 1 appears already in B ! ππ, hence the + 5(6).
The notat ion is analogous for the + 3(4) for B ! K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ! I = 0 or ! I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3s||3", !1||3a||3", !8||3s||3", !8||3a||3",
!8||6s||3", !8||15

s||3" and !27||15
s||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in di" erent expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
E# . The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : {#B! + #B!
J , $! #B!

J , P! ! } , (11)

K ! : {#B! + #B!
J , $ øK#B!

J , #B øK + #B øK
J , $! #B øK

J , PK! } ,

K øK : {#B øK + #B øK
J , $K#B øK

J , PK øK} .

Here PM1 M2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $! is not linearly independent from the pa-
rameters #B! and #B!

J , and only the product $! #B!
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$! % !x# 1"! & 3.2± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $! was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B! = #BK = #B øK , #B!

J = #BK
J = #B øK

J , $! = $K = $ øK ,
and A! !

cc = AK!
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #BM and #BM

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $! , $ øK are also posit ive.)
This follows from: i) the fact that #BM + #BM

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #BM

J is posit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
E# do

not change the sign of #M1 M2
J and that #J ' $! &B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B! , #B!

J > 0 so that SU(3) implies #BK , #BK
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coe$ cients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coe$ cients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coe$ cients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin e" ects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe ! I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in Λ/ mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

Counting parameters

no SU(3)! 2

Br ! 106 AC P = " C S

! + ! − 5.0 ± 0.4 0.37 ± 0.10 " 0.50 ± 0.12
! 0! 0 1.45 ± 0.29 0.28 ± 0.40
! + ! 0 5.5 ± 0.6 0.01 ± 0.06 "

! − øK 0 24.1 ± 1.3 " 0.02 ± 0.04 "
! 0K − 12.1 ± 0.8 0.04 ± 0.04 "
! + K − 18.9 ± 0.7 " 0.115 ± 0.018 "
! 0 øK 0 11.5 ± 1.0 " 0.02 ± 0.13 0.31 ± 0.26

K + K − 0.06 ± 0.12
K 0 øK 0 0.96 ± 0.25
øK 0K − 1.2 ± 0.3 "

TABLE I: Current B # ! ! , K ! , and K øK data [2, 3, 4, 5, 6].
The S for ! K is S(! 0K S ).

or disagrees with the standard model in the presence
of hadronic uncertaint ies, and to provide a roadmap for
looking for deviat ions in future precision measurements
of these decays.

The SU(2) isospin symmetry is known to hold to a
few percent accuracy, and thus almost every analysis
of nonleptonic decays exploits isospin symmetry. (Elec-
t roweak penguin contribut ions are simply ! I = 1/2 and
! I = 3/2 weak operators, and are not what we mean by
isospin violat ion.) Methods for determining or bounding
α (or γ) using isospin havebeen discussed in [7, 8] and are
act ively used in B → ππ and B → ρρ decays. In B → ρρ
this yields α! ! = 96! ± 13! [2]. For B → ππ this analysis
has signiÞcant ly larger errors, since the Ac amplitudes
are larger and the asymmetry C(π0π0) is not yet mea-
sured well enough to constrain the hadronic parameters.
Isospin violat ing e" ects have been studied in [9]. For
B → Kπ and B → K øK an SU(2) analysis is not fruit -
ful since therearemore isospin parameters than thereare
measurements, so further informat ion about thehadronic
parameters is mandatory.

In B → ππ, even if C(π0π0) were known precisely it
would st ill be important to have more informat ion about
the amplitudes Au and Ac than isospin provides. For
example, isospin allows us to test whether γ" " di" ers
from the value obtained by global Þts [10, 12],

γ CKMfitter
global = 58.6! +6.8!

" 5.9! ,

γ UTfit
global = 57.9! ± 7.4! . (4)

However, a deviat ion in γ is not the only way that new
physics can appear in B → ππ decays. Simply Þt t ing
the full set of SU(2) amplitudes can parameterize away a
source of new physics. For example, Ref. [13] has argued
that it is impossible to see new physics in the (ππ)I =0

amplitudes in an isospin based Þt. Thus, it is important
to consider the addit ional informat ion provided by SU(3)
or factorizat ion, since this allows us to make addit ional
tests of the standard model. The expansion parameters
hereare larger, and so for theseanalyses it becomesmuch
more important to properly assess the theoret ical uncer-
taint ies in order to interpret the data.

The analysis of B → Kπ decays has a rich history
in the standard model, provoked by the CLEO measure-
ments [14] that indicated that these decays are domi-
nated by penguin amplitudes that were larger than ex-
pected. The dominance by loop e" ects makes these de-
cays an ideal place to look for new physics e" ects. Some
recent new physics analyses can be found in Refs. [15].
This literature is divided on whether or not there are
hints for new physics in these decays. The main obsta-
cle is the assessment of the uncertainty of the standard
model predict ions from hadronic interact ions.

Several standard model analyses based on the limit
ms/# " 1 (ie SU(3) symmetry) have been reported re-
cent ly [16, 17, 18, 19, 20, 21] (see also [22, 23, 24] for
earlier work). In the ! S = 1 decays the elect roweak
penguin amplitudes can not be neglected, since they are
enhanced by CKM factors. Unfortunately the number
of precise measurements makes it necessary to int roduce
addit ional Òdynamical assumpt ionsÓto reduce the num-
ber of hadronic parameters beyond those in SU(3). In
some cases e" orts are made to est imate a subset of the
SU(3) violat ing e" ects to further reduce the uncertainty.
Thedynamical assumpt ions rely on addit ional knowledge
of the strong matrix elements and in the past were mo-
t ivated by naive factorizat ion or the large Nc limit of
QCD. Our current understanding of the true nature of
factorizat ion in QCD allows some of these assumpt ions
to be just iÞed by the #/EM expansion. However, it
should be noted that a priori there is no reason to prefer
these factorizat ion predict ions to others that follow from
the #/mb expansion (such as the predict ion that certain
st rong phases are small).

In Ref. [16] a χ2-Þt was performed with γ as a Þt
parameter, including decays to η and η#. The result
γ = 61! ± 11! agrees well with global CKM Þts. Here
evidence for deviat ions from the standard model would
show up as largecontribut ionsto theχ2. Themost recent
analysis [19] has Br(K+π" ), Br(K0π0), and ACP(K0π0)
contribut ing ! χ2 = 2.7, 5.9, and 2.9 respect ively, giv-
ing some hints for possible deviat ions from the stan-
dard model. Ref. [17] ext racted hadronic paramters from
B → ππ decays, and used these results together with
SU(3) and the neglect of exchange, penguin annihilat ion,
and all elect roweak penguin topologiesexcept for the tree
to make predict ions for B → Kπ and B → K øK decays.
They Þnd large annihilat ion amplitudes, a large phase
and magnitude for an amplitude rat io ÷C/ ÷T which is in-
terpret ted as large Put penguin amplitudes. The devi-
at ion of Br(K+π" )/Br( øK0π0) from standard model ex-
pectat ions was interpreted as evidence for new physics in
elect roweak penguins.

There has been tremendous progress over the last few
years in understanding charmless two-body, non-leptonic
B decays in the heavy quark limit of QCD [25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]. In
this limit one can prove factorizat ion theorems of the
matrix elements describing the strong dynamics in the
decay into simpler st ructures such as light cone dist ribu-
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FIG. 3: Comparison of theory and experiment for all available
data in B ! ! ! and B ! K! decays, with " = 83! . The 8
pieces of data in red (below the dashed line) have been used
to determine the SCET hadronic parameters #B ! , #B !

J , P! ! ,
PK ! and |PK K|, with #B K and #B K

J Þxed as described in
the text . The data above the line are predict ions. The CP
asymmet ry in B" ! K0 ! " is expected to be small, but it s
numerical value is not predicted reliably.

V . CON CL U SI ON S

Decays of B mesons to two pseudoscalar mesons pro-
vide a rich environment to test our understanding of the
standard model and to look for physics beyond the stan-
dard model. The underlying elect roweak physics mediat -
ing these decays are contained in the Wilson coefficients
of the elect roweak Hamiltonian as well as CKM matrix
elements. In order to test cleanly the standard model
predict ions for these short distance parameters, one re-
quiresa good understanding of the QCD matrix elements
of the effect ive operators, which can not be calculated
perturbat ively.

At the present t ime, there are 5 well measured (with
< 100% uncertainty) observables in B ! ! ! , 5 in
B ! K ! and 2 in B ! K K . Using only isospin symme-
try (with correct ionssuppressed by mu,d/ Λ), the number
of hadronic parameters required to describe these decays
is 7, 11 and 11, respect ively. The number of hadronic
parameters can be reduced by two in the ! ! system,
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FIG. 4: Same as Fig.3, but with " = 59! .

if one drops the two operators O7 and O8, which have
small Wilson coefficients in the standard model. If one
is willing to take SU(3) (an expansion in ms/ Λ) as a
good symmetry of QCD, the combined B ! ! ! / K ! sys-
tem is described by 15 parameters, while the B ! K K
system adds another 4 parameters. Neglect ing O7 and
O8 with SU(3) reduces the number of parameters in the
! ! / K ! / K øK system to 15. Thus, at the present t ime
there are more hadronic parameters than there are well
measured observables.

In this paper we have studied these decays in a model
independent way using SCET. Thisanalysisexploits that
the hadronic scale Λ in QCD is much smaller than both
in the largemass of the heavy quark and the largeenergy
of the two light mesons. It follows that at leading order
in the power expansion in ΛQCD / Q, where Q " mb, E ,
and using SU(2), there are four hadronic parameters de-
scribing B ! ! ! , Þve addit ional parameters describing
B ! K ! and three addit ional parameters describing
B ! K K . In the limit of exact SU(3) the four param-
eters describing B ! ! ! are enough to describe all of
these B ! PP decays in SCET.

In SCET the elect roweak penguin operators O7,8 can
be included without adding addit ional hadronic param-
eters. One can use the 5 pieces of well measured ! !
data to determine the four hadronic parameters and the
weak angle " [45], and with the current data one Þnds
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FIG. 3: Comparison of theory and experiment for all available
data in B ! ! ! and B ! K ! decays, with " = 83! . The 8
pieces of data in red (below the dashed line) have been used
to determine the SCET hadronic parameters #B ! , #B !

J , P! ! ,
PK ! and |PK K |, with #B K and #B K

J fixed as described in
the text. The data above the line are predictions. The CP
asymmetry in B " ! K 0! " is expected to be small, but its
numerical value is not predicted reliably.

V . CON CL U SI ON S

Decays of B mesons to two pseudoscalar mesons pro-
vide a rich environment to test our understanding of the
standard model and to look for physics beyond the stan-
dard model. The underlying elect roweak physics mediat -
ing these decays are contained in the Wilson coe! cients
of the elect roweak Hamiltonian as well as CKM matrix
elements. In order to test cleanly the standard model
predict ions for these short distance parameters, one re-
quiresa good understanding of the QCD matrix elements
of the e" ect ive operators, which can not be calculated
perturbat ively.

At the present t ime, there are 5 well measured (with
< 100% uncertainty) observables in B ! ππ, 5 in
B ! K π and 2 in B ! K K . Using only isospin symme-
try (with correct ionssuppressed by mu,d/ # ), the number
of hadronic parameters required to describe these decays
is 7, 11 and 11, respect ively. The number of hadronic
parameters can be reduced by two in the ππ system,
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if one drops the two operators O7 and O8, which have
small Wilson coe! cients in the standard model. If one
is willing to take SU(3) (an expansion in ms/ # ) as a
good symmetry of QCD, the combined B ! ππ/ K π sys-
tem is described by 15 parameters, while the B ! K K
system adds another 4 parameters. Neglect ing O7 and
O8 with SU(3) reduces the number of parameters in the
ππ/ K π/ K øK system to 15. Thus, at the present t ime
there are more hadronic parameters than there are well
measured observables.

In this paper we have studied these decays in a model
independent way using SCET. Thisanalysisexploits that
the hadronic scale # in QCD is much smaller than both
in the largemass of the heavy quark and the largeenergy
of the two light mesons. It follows that at leading order
in the power expansion in # QCD / Q, where Q " mb, E ,
and using SU(2), there are four hadronic parameters de-
scribing B ! ππ, Þve addit ional parameters describing
B ! K π and three addit ional parameters describing
B ! K K . In the limit of exact SU(3) the four param-
eters describing B ! ππ are enough to describe all of
these B ! PP decays in SCET.

In SCET the elect roweak penguin operators O7,8 can
be included without adding addit ional hadronic param-
eters. One can use the 5 pieces of well measured ππ
data to determine the four hadronic parameters and the
weak angle γ [45], and with the current data one Þnds

old-data, 
ignore this

K-pi  Puzzle:   power corrections or new physics?
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no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B ! ππ 11 7/ 5 4
B ! K π 15 11

15/ 13
+ 5(6)

4

B ! K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B ! K π has 6 pa-
rameters, but 1 appears already in B ! ππ, hence the + 5(6).
The notat ion is analogous for the + 3(4) for B ! K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ! I = 0 or ! I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3s||3", !1||3a||3", !8||3s||3", !8||3a||3",
!8||6s||3", !8||15

s||3" and !27||15
s||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in di" erent expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
E# . The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : {#B! + #B!
J , $! #B!

J , P! ! } , (11)

K ! : {#B! + #B!
J , $ øK#B!

J , #B øK + #B øK
J , $! #B øK

J , PK! } ,

K øK : {#B øK + #B øK
J , $K#B øK

J , PK øK} .

Here PM1 M2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $! is not linearly independent from the pa-
rameters #B! and #B!

J , and only the product $! #B!
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$! % !x# 1"! & 3.2± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $! was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B! = #BK = #B øK , #B!

J = #BK
J = #B øK

J , $! = $K = $ øK ,
and A! !

cc = AK!
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #BM and #BM

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $! , $ øK are also posit ive.)
This follows from: i) the fact that #BM + #BM

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #BM

J is posit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
E# do

not change the sign of #M1 M2
J and that #J ' $! &B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B! , #B!

J > 0 so that SU(3) implies #BK , #BK
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coe$ cients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coe$ cients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coe$ cients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin e" ects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe ! I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in Λ/ mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

Counting parameters

Williamson & ZupanExtension to isosinglets
+ 4πη, ηη, Kη! , . . .
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FIG. 6: The gluonic charming penguin cont ribut ions with
intermediate on-shell charm quarks annihilat ing into two
collinear quarks going in the opposite direct ions, with n
collinear quark annihilat ing with spectator quark and pro-
ducing two n collinear gluons (compare also with diagrams b)
and d) of Fig. 4).

Similar relat ions for Acc will be given below.
Using SU(3) symmetry further relat ions are possible.

In the exact SU(3) limit only two ! funct ions are needed
for the decays without isosinglet mesons

! (J ) ! ! B !
(J ) = ! B K

(J ) = ! B s K
(J ) . (45)

Furthermore, to describe all the decays into isosinglet
mesons only the two new funct ions ! (J )g deÞned in (43),
are needed. Namely, in exact SU(3) one has (cf. Eq.
(33))

! B s " q

(J ) = 2! (J )g, ! B s " s

(J ) = ! (J ) + ! (J )g, (46)

in addit ion to the relat ions (43), (44).
Let us now discuss the nonperturbat ive charming pen-

guin contribut ionsAM 1 M 2
cc (37) in the isospin limit assum-

ing FKS mixing along with relat ion (42). The charming
penguins in øB 0, B ! decays into " #q, " #s and " " Þnal
states are parameterized in terms of four complex pa-
rameters

A! !
cc ! A! + ! !

cc = A! 0 ! 0

cc ,

A! " s
cc,g ! A! ! " s

cc = "
#

2A! 0 " s
cc =

#
2A" q " s

cc , (47)

and A! "
cc , A! " q

cc,g in terms of which

A! ! " q
cc =

#
2
!
A! "

cc + A! " q
cc,g

"
,

A! 0 " q
cc = " A! "

cc " A! " q
cc,g,

A" q " q
cc = A! !

cc + 2A! " q
cc,g, (48)

and A! ! ! 0

cc = 0. Here A! " q, s
cc,g describes the charming pen-

guin contribut ions, where the n collinear quark coming
from the annihilat ion of charm quarks annihilates the
spectator quark and produces two n collinear gluons, Fig.
6. At LO in 1/ mb there is one addit ional relat ion

A! !
cc = A! "

cc . (49)

The amplitude A! !
cc receives contribut ions from SCET

operators of higher order in 1/ mb, where the spectator
quark direct ly at taches to the weak vertex. These higher
order correct ions correspond to penguin annihilat ion in
thediagrammat ic languageand do not contribute to A! "

cc .
At LO in 1/ mb one further parameter is int roduced for

∆S = 0 decays into two kaons

AK K
cc ! AK 0 K !

cc = AK 0 øK 0

cc , (50)

while higher order penguin annihilat ion contribut ions to
AK 0 øK 0

cc dist inguish between the two amplitudes.
Three addit ional complex parameters describe charm-

ing penguins in ∆S = 1 decays of øB 0, B !

AK !
cc ! AK ! ! +

cc = A
øK 0 ! !

cc = "
#

2A
øK 0 ! 0

cc =
#

2AK ! ! 0

cc ,
#

2AK " q
cc,g +

1
#

2
AK !

cc ! A
øK 0 " q

cc = AK ! " q
cc ,

AK " s
cc,g + AK " s

cc ! AK ! " s
cc = A

øK 0 " s
cc , (51)

where the gluonic component AK " s
cc,g has been pulled out

for later convenience. An addit ional six complex param-
eters describe charming penguin contribut ions in øB 0

s de-
cays

A! K
cc (s) ! A

øB 0
s " ! ! K +

cc = "
#

2A
øB 0

s " ! 0 K 0

cc

AK K
cc (s) ! A

øB 0
s " K ! K +

cc = A
øB 0

s " K 0 øK 0

cc ,
#

2A" s " q
ccg (s) ! A

øB 0
s " " s " q

cc ,

2A" s " s
cc (s) + 2A" s " s

ccg (s) ! A
øB 0

s " " s " s
cc ,

1
#

2
A! K

cc (s) +
#

2AK " q
ccg (s) ! A

øB 0
s " K 0 " q

cc ,

AK " s
cc (s) + AK " s

ccg (s) ! A
øB 0

s " K 0 " s
cc , (52)

where the subscript g again denotesgluonic contribut ions
as before. Note that the above relat ions are valid to all
orders in the $S(mb) and 1/ mb expansions, under the
assumpt ions leading to FKS mixing along with relat ion
(42).

In the limit of exact SU(3) and at LO in 1/ mb the
above seventeen complex parameters in (47)-(52) are re-
lated to only two complex parameters

Acc = A! !
cc = A! "

cc = AK !
cc = AK " s

cc = AK K
cc =

= A! K
cc (s) = AK K

cc (s) = A" s " s
cc (s) = AK " s

cc (s),
(53)

and

Accg = A! " q
cc,g = A! " s

cc,g = AK " q
cc,g = AK " s

cc,g

= A" s " q
ccg (s) = A" s " s

ccg (s) = AK " q
ccg (s) = AK " s

ccg (s),
(54)

The same relat ions also apply to B decays into two vec-
tor mesons, with the replacements #q $ %, #s $ &,
" $ ' , K $ K #, but with addit ional simpliÞcat ion since

(2 solutions)
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TABLE VI I: Predicted CP averaged branching rat ios (! 10! 6, Þrst row) and direct CP asymmet ries (second row for each mode)
for ! S = 0 and ! S = 1 B decays (separated by horizontal line) to isosinglet pseudoscalar mesons. The Theory I and Theory I I
columns give predict ions corresponding to Solut ion I,I I sets of SCET parameters. The errors on the predict ions are est imates
of SU(3) breaking, 1/ mb correct ions and errors due to SCET parameters, respect ively. No predict ion on CP asymmet ries is
given, if [" 1, 1] range is allowed at 1! .

Mode Exp. Theory I Theory I I

B ! # " ! # 4.3 ± 0.5 (S = 1.3) 4.9 ± 1.7 ± 1.0 ± 0.5 5.0 ± 1.7 ± 1.2 ± 0.4
" 0.11 ± 0.08 0.05 ± 0.19 ± 0.21 ± 0.05 0.37 ± 0.19 ± 0.21 ± 0.05

B ! # " ! #" 2.53 ± 0.79 (S = 1.5) 2.4 ± 1.2 ± 0.2 ± 0.4 2.8 ± 1.2 ± 0.3 ± 0.3
0.14 ± 0.15 0.21 ± 0.12 ± 0.10 ± 0.14 0.02 ± 0.10 ± 0.04 ± 0.15

øB 0 # " 0# " 0.88 ± 0.54 ± 0.06 ± 0.42 0.68 ± 0.46 ± 0.03 ± 0.41
" 0.03 ± 0.10 ± 0.12 ± 0.05 " 0.07 ± 0.16 ± 0.04 ± 0.90

øB 0 # " 0#" " 2.3 ± 0.8 ± 0.3 ± 2.7 1.3 ± 0.5 ± 0.1 ± 0.3
" " 0.24 ± 0.10 ± 0.19 ± 0.24 "

øB 0 # ## " 0.69 ± 0.38 ± 0.13 ± 0.58 1.0 ± 0.4 ± 0.3 ± 1.4
" " 0.09 ± 0.24 ± 0.21 ± 0.04 0.48 ± 0.22 ± 0.20 ± 0.13

øB 0 # ##" " 1.0 ± 0.5 ± 0.1 ± 1.5 2.2 ± 0.7 ± 0.6 ± 5.4
" " 0.70 ± 0.13 ± 0.20 ± 0.04

øB 0 # #"#" " 0.57 ± 0.23 ± 0.03 ± 0.69 1.2 ± 0.4 ± 0.3 ± 3.7
" " 0.60 ± 0.11 ± 0.22 ± 0.29

øB 0 # øK 0#" 63.2 ± 4.9 (S = 1.5) 63.2 ± 24.7 ± 4.2 ± 8.1 62.2 ± 23.7 ± 5.5 ± 7.2
0.07 ± 0.10 (S = 1.5) 0.011 ± 0.006 ± 0.012 ± 0.002 " 0.027 ± 0.007 ± 0.008 ± 0.005

øB 0 # øK 0# < 1.9 2.4 ± 4.4 ± 0.2 ± 0.3 2.3 ± 4.4 ± 0.2 ± 0.5
" 0.21 ± 0.20 ± 0.04 ± 0.03 " 0.18 ± 0.22 ± 0.06 ± 0.04

B ! # K ! #" 69.4 ± 2.7 69.5 ± 27.0 ± 4.3 ± 7.7 69.3 ± 26.0 ± 7.1 ± 6.3
0.031 ± 0.021 " 0.010 ± 0.006 ± 0.007 ± 0.005 0.007 ± 0.005 ± 0.002 ± 0.009

B ! # K ! # 2.5 ± 0.3 2.7 ± 4.8 ± 0.4 ± 0.3 2.3 ± 4.5 ± 0.4 ± 0.3
" 0.33 ± 0.17 (S = 1.4) 0.33 ± 0.30 ± 0.07 ± 0.03 " 0.33 ± 0.39 ± 0.10 ± 0.04

has ! 2/ d.o.f . = 40.8/ (10! 4) or ! 2/ d.o.f . = 5.4/ (10! 4),
if theoret ical errorsareadded in the deÞnit ion of ! 2. The
largest discrepancies with experimental data in this case
is in A C P

ηπ! while the predict ion for A C P
ηK ! agreeswell with

data in contrast to Solut ion I.
The strong phases of the gluonic charming penguin

in the two solut ions lie in opposite quadrants, while the
values of |Acc,g| and " ±

g agree between the two solut ions.
The gluonic contribut ion to the B " #(" ) form factors,
"g + "J g, is similar in size to " and "J in (83) as expected
from SCET count ing, Using Eq. (60) weÞnd in theSU(3)
limit and at LO in 1/ mb and $S(mb)

f B ηq
+ (0) =

!
(! 2.3 ± 4.8) # 10! 2,
(4.5 ± 8.6) # 10! 2,

(111)

f B ηs
+ (0) =

!
(! 9.9 ± 2.4) # 10! 2,
(! 6.6 ± 4.3) # 10! 2,

(112)

to be compared with f B π
+ (0) = 0.176± 0.007, that is ob-

tained using the results of %%, %K Þt (83). The upper
(lower) rows in (111), (112) correspond to values in Solu-
t ion I (Solut ion I I), where only experimental errors due
to theextracted SCET parametersareshown. Becauseof

the large experimental uncertaint ies, the gluonic contri-
but ions to the form factors are st ill consistent with zero
at a lit t le above the 1& level in Solut ion I I. The gluonic
charming penguin Accg on the other hand is shown to be
nonzero in both sets of solut ions and is of similar size to
Acc in (84) in agreement with SCET count ing. The pre-
dicted branching rat ios and direct CP asymmetries using
the above values are compiled in Table VI I . The errors
due to SU(3) breaking and 1/ mb or $S(mb) correct ions
are est imated in the same way as in previous subsect ion.
An error of 20% and a variat ion on charming penguin
st rong phase of 20" is assigned to relat ions (43)-(46) and
(53), (54) giving the Þrst error est imate in the Table VI I.
The remaining 1/ mb and $S (mb) errors, listed as second
error est imates in Table VI I, are obtained by varying the
size and strong phase of leading order amplitudes pro-
port ional to ' ( f )

u or ' ( f )
t by 20% and 20" respect ively.

A prominent feature of B " K #(" ) decays is the large
disparity between the branching rat ios for B " K ## and
B " K # decays. In the SCET framework this is quite
naturally explained through a construct ive and destruc-
t ive interference of different terms in the amplitudes as
has been Þrst suggested in [94, 95]. SpeciÞcally, the am-
plitudes AB $ K η( " ) are related to AB $ K ηq and AB $ K ηs

Branching Fraction 
Direct CP Asymmetry

errors:  su3,  1/mb, Þt

Predictions
(4 param. Þt)
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no SCET SCET
expn.

SU(2) SU(3)
+ SU(2) + SU(3)

B ! ππ 11 7/ 5 4
B ! K π 15 11

15/ 13
+ 5(6)

4

B ! K øK 11 11 + 4/ 0 + 3(4) + 0

TABLE I I : Number of real hadronic parameters from di! er-
ent expansions in QCD. The Þrst column shows the number of
theory inputswith no approximat ions, while the next columns
show the number of parameters using only SU(2), using only
SU(3), using SU(2) and SCET, and using SU(3) with SCET.
For the cases with two numbers, # / # , the second follows
from the Þrst after neglect ing the small penguin coe" cients,
ie set t ing C7,8 = 0. In SU(2) + SCET B ! K π has 6 pa-
rameters, but 1 appears already in B ! ππ, hence the + 5(6).
The notat ion is analogous for the + 3(4) for B ! K øK .

ruled out by Bose symmetry). This leaves 2 reduced
matrix elements for each CKM structure, !0||1/ 2||1/ 2"
and !2||3/ 2||1/ 2". For B # K ! decays the elect roweak
Hamiltonian has either ! I = 0 or ! I = 1. The K !
system is either in an I = 1/ 2 or I = 3/ 2 state thus
there are three reduced matrix elements per CKM struc-
ture, !3/ 2||1||1/ 2", !1/ 2||1||1/ 2" and !1/ 2||0||1/ 2". Fi-
nally, K øK is either an I = 0 or I = 1, and there are
again three reduced matrix elements per CKM structure,
!0||1/ 2||1/ 2", !1||1/ 2||1/ 2", and !1||3/ 2||1/ 2".

The SU(3) ßavor symmetry relates not only the decays
B # ! ! and B # K ! , B # K K , but also B # ! " 8,
B # " 8K and Bs decays to two light mesons. The de-
composit ion of the amplitudes in terms of SU(3) reduced
matrix elements can be obtained from [50, 51, 52]. The
Hamiltonian can transform either as a 3

s
, 3

a
, 6 or 15.

Thus, there are 7 reduced matrix elements per CKM
structure, !1||3s||3", !1||3a||3", !8||3s||3", !8||3a||3",
!8||6s||3", !8||15

s||3" and !27||15
s||3". The 3

a
and 3

s

come in a single linear combinat ion so this leaves 20
hadronic parameters to describe all these decays minus 1
overall phase (plus addit ional parameters for singlets and
mixing to properly describe " and " !). Of these hadronic
parameters, only 15 are required to describe B # ! !
and B # K ! decays (16 minus an overall phase). If we
add B # K K decays then 4 more paramatersareneeded
(which are solely due to elect roweak penguins). This is
discussed further in sect ion I I D.

The number of parameters that occur at leading order
in di" erent expansions of QCD are summarized in Ta-
ble I I, including the SCET expansion. Here by SCET
we mean after factorizat ion at mb but without using any
informat ion about the factorizat ion at

$
E# . The SCET

results are discussed further in sect ion I I I, but we sum-
marize them here. The parameters with isospin+ SCET
are

! ! : {#B! + #B!
J , $! #B!

J , P! ! } , (11)

K ! : {#B! + #B!
J , $ øK#B!

J , #B øK + #B øK
J , $! #B øK

J , PK! } ,

K øK : {#B øK + #B øK
J , $K#B øK

J , PK øK} .

Here PM1 M2 are complex penguin amplitudes and the re-
maining parameters are real.1 In B # ! ! the moment
parameter $! is not linearly independent from the pa-
rameters #B! and #B!

J , and only the product $! #B!
J was

counted asa parameter. In any caseit is fairly well known
from Þts to %" %# ! 0 [53] 3$! % !x# 1"! & 3.2± 0.2. In
isospin + SCET B # K ! has 6 parameters, but the Þrst
one listed in (11) appears already in B # ! ! , hence the
+ 5 in Table I I . If the rat io $K / $! was known from else-
where then one more parameter can be removed for K !
(leaving + 4). For B # K øK we have 4 SCET parame-
ters. One of these appears already in B # K ! , hence
the + 3, and if $K / $ øK is known from other processes it
would become + 2.

Taking SCET + SU(3) wehavethe addit ional relat ions
#B! = #BK = #B øK , #B!

J = #BK
J = #B øK

J , $! = $K = $ øK ,
and A! !

cc = AK!
cc = AK øK

cc which reduces the number of
parameters considerably.

Note that there are good indicat ions that the param-
eters #BM and #BM

J are posit ive numbers in the SCET
factorizat ion theorem. ($K , $! , $ øK are also posit ive.)
This follows from: i) the fact that #BM + #BM

J are related
to form factors for heavy-to-light t ransit ions which with
a suitable phase convent ion one expects are posit ive for
all q2, ii) that #BM

J is posit ive (from the relat ively safeas-
sumpt ion that radiat ive correct ions at the scale

$
E# do

not change the sign of #M1 M2
J and that #J ' $! &B > 0),

and Þnally iii) that the Þt to B # ! ! data gives
#B! , #B!

J > 0 so that SU(3) implies #BK , #BK
J > 0. We

will see that this allows some interest ing predict ions to
be made even without knowing the exact values of the
parameters.

In using the expansions in (3) it is important to keep
in mind the hierarchy of CKM elements, and the rough
hierarchy of the Wilson coe$ cients

C1 >( C2 ) C3# 6 ) C9,10 >( C7,8 . (12)

Some authors at tempt to exploit the numerical values of
the Wilson coe$ cients in the elect roweak Hamiltonian
to further reduce the number of parameters. A common
example is the neglect of the coe$ cients C7,8 relat ive to
C9,10. In Eq. (10) the elect roweak penguin operators O9

and O10 were writ ten as linear combinat ions of O1# 4.
This implies that if one neglects the elect roweak penguin
operatorsQ7 and Q8, then no new operatorsare required
to describe the EW penguin e" ects. In some cases this
leads to addit ional simpliÞcat ions. One can show that for
B # ! ! decaysthe ! I = 3/ 2 amplitudesmult iplying the
CKM structures &u and &c are ident ical [23, 24]. Thus,

1 T he penguin amplit udes are kept to all orders in Λ/ mb since so
far there is no proof that the charm mass mc does not spoil fac-
torizat ion, with large ! s (2mc )v cont ribut ions compet ing with
! s (mb) hard-charm loop correct ions [32]. T his is cont rover-
sial [34, 35]. Our analysis t reats these cont ribut ions in the most
conservat ive possible manner.

Counting parameters   VP,  VV  modes 

SCET+SU(2)  
counting for: B → K ! !

B ! Kρ

B → ρ‖ρ‖ 4
+5 (6)
+2 (6)

B ! K !
" ! " +2 (6)

B ! ! " +4 (8)
ááá ááá

}# observables
similar to

K !
can make 

predictions to 
test factorization
or determine !  



A(B ! M1M2) = T M 1 M 2 VubV !
uf + P M 1 M 2 VcbV

!
cf

Penguinology

BFPS/SCET:            Jain, Rothstein, I.S. "unpub#

BBNS/QCDF:         Beneke, Jager  

How well can we reproduce the experimentally observed 
penguin amplitudes?



Penguin A nat omy of N onlept onic B-decays in t he St andard M odel:
Complet ing t he comput at ion of up and charm loops

Ambar Jain,1 Ira Z. Rothstein,2 and Iain W. Stewart1

1Center for Theoretical Physics, Massachusetts Insti tute of Technology, Cambridge, MA 02139
2Department of Physics, Carnegie Mel lon Universi ty, Pi ttsburgh, PA 15213

We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as
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The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as

öP %
"

C3,4,9,10+
&s(mb)C1,2,8g

"

#
$BM %M "

+
"

C3,4,9,10 +
&s(mb)C1,2,8g

"

#
$BM
J %M "

(9)

+
$

C5" 8+
&s(mb)C1,2

"

%
µM "

mB
$BM %M "

pp +
$

C3,4,9,10 +
&s(mb)C1,2

"

%
$BM
J( # ) # %M "

+
$

C5" 8+
&s(mb)C1,2

"

%
µM "

mB
$BM
J %M "

pp

+ C1,2 &s(2mc)v öABMM "

cøc +
&s(mb)

mb

"
C3,4ABMM "

(1ann) + C5,6ABMM "

(1ann" glue)

#
+ C5,6

&s(mb)µ!

m2
b

ABMM "

(2ann" # ) .

The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as

öP %
"
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&s(mb)C1,2,8g

"

#
$BM %M "

+
"

C3,4,9,10 +
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"

#
$BM
J %M "

(9)
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"

%
$BM
J( # ) # %M "

+
$

C5" 8+
&s(mb)C1,2

"

%
µM "

mB
$BM
J %M "

pp

+ C1,2 &s(2mc)v öABMM "

cøc +
&s(mb)

mb

"
C3,4ABMM "

(1ann) + C5,6ABMM "

(1ann" glue)

#
+ C5,6

&s(mb)µ!

m2
b

ABMM "

(2ann" # ) .

The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the

data+isospin:

Non.Pert. Charm Penguin Ciuchini et al,
Colangelo et al

LO t erms

Beneke, Jager;  
Jain, Rothstein, I.S. "unpub#
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theory: αs ! αs(mb)
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öPK ! = (± 5.1 ± 0.4) + i (2.3 ± 0.7)Using factorization 
for Trees and          data! !

phase
relative to

TM +
1 M !

2

2

using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as

öP %
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C3,4,9,10+
&s(mb)C1,2,8g

"

#
$BM %M "

+
"
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(9)
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+
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pp

+ C1,2 &s(2mc)v öABMM "

cøc +
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"
C3,4ABMM "

(1ann) + C5,6ABMM "

(1ann" glue)

#
+ C5,6

&s(mb)µ!

m2
b

ABMM "

(2ann" # ) .

The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as
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The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the

data+isospin:
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1 M !
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using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as

öP %
"

C3,4,9,10+
&s(mb)C1,2,8g

"

#
$BM %M "

+
"

C3,4,9,10 +
&s(mb)C1,2,8g

"

#
$BM
J %M "

(9)

+
$

C5" 8+
&s(mb)C1,2

"

%
µM "

mB
$BM %M "

pp +
$

C3,4,9,10 +
&s(mb)C1,2

"

%
$BM
J( # ) # %M "

+
$

C5" 8+
&s(mb)C1,2

"

%
µM "

mB
$BM
J %M "

pp

+ C1,2 &s(2mc)v öABMM "

cøc +
&s(mb)

mb

"
C3,4ABMM "

(1ann) + C5,6ABMM "

(1ann" glue)

#
+ C5,6

&s(mb)µ!

m2
b

ABMM "

(2ann" # ) .

The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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for Trees and          data! !

phase
relative to

TM +
1 M !

2

2

using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as
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The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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γ = 59!

öPK ! = (± 5.1 ± 0.4) + i (2.3 ± 0.7)Using factorization 
for Trees and          data! !

phase
relative to

TM +
1 M !

2

2

using ! = 59! and ! = 74! to give some indicat ion of the
spread of possible values.

With the latest B ! " " and B ! ## data, ! = 59! ,
the isospin Þt gives

103 öP! ! = (1.82 ± 0.86) " i (2.99 ± 0.74) ,

103 öP" " = (" 2.85 ± 2.59) " i (0.76 ± 1.78) , (4)

while for ! = 74! we Þnd

103 öP! ! = (4.52 ± 0.93) " i (2.99 ± 0.64) ,

103 öP" " = (3.67 ± 2.30) " i (0.76 ± 1.78) . (5)

Here for convenience we pulled out a prefactor to quote
a dimensionless penguin amplitude öP, using

PM1 M2

(1GeV)
#

GF m2
B$

2
öPM1 M2 . (6)

Note that the real part of öP ! ! and öP" " depend fairly
st rongly on ! , while the imaginary part does not . The
challenge for standard model predict ions is to reproduce
or rule out the values in Eqs. (4) and (5).

The extract ion of both the real and imaginary part
of penguin amplitudes in the K " system current ly re-
quires further theoret ical input . In B ! K " decays the
penguin amplitudes dominate the tree amplitudes due
to CKM suppression, making a precision comparison of
their values even more interest ing. Both types of ampli-
tudes are important in CP asymmetries. Using a ! / mb

expansion, the tree amplitude for øB 0 ! K " " + depends
only on hadronic parameters $B! and $B!

J that are fully
determined by the tree amplitudes in the B ! " " chan-
nels, plus the %K twist -2 dist ribut ion funct ion [7]. This
allows the phase of the penguin amplitude P K+ ! !

to
be extracted from the data using only factorizat ion for
the tree amplitudes (which we will refer to by adding

a subscript TF ). The tree amplitudes are reliable since
a proof of factorizat ion to all orders in &s was given in
Ref. [8, 9], extending the original one-loop analysis in
Ref. [10]. Although factorizat ion has also been demon-
st rated for light-quark penguin loops (u, d, s), a complete
analysis for charm-loops is st ill lacking. Using the phase
convent ion where T K ! ! + is real we Þnd for ! = 59!

103 öPK ! ! +

T F =
!

(4.87 ± 0.39) " i (2.22 ± 0.77)
(" 4.22 ± 0.36) " i (2.22 ± 0.34)

, (7)

while for ! = 74!

103 öPK ! ! +

T F =
!

(4.73 ± 0.36) " i (2.16 ± 0.73)
(" 4.41 ± 0.34) " i (2.16 ± 0.68)

. (8)

The only B ! K " data used here was B r (K " " + ) and
ACP (K " " + ), and there are two solut ions for each ! . (Al-
ternat ives to the above analysis extract the K " penguin
amplitudes using SU(3) and the " " data [11] or by a
global SU(3) based Þt [12], and these yield similar con-
clusions for the size of the penguin amplitudes.) Again
the data gives penguin amplitudes with large imaginary
components which require explanat ion in the standard
model.

To determine penguin amplitudes in the standard
model it isconvenient to organizetherelevant massscales
as an expansion in ! / mb and ! / mc [10]. This can be
done from Þrst principles using the e" ect ive Þeld theory
SCET [13]. In this expansion certain contribut ions to
these amplitudes factorize allowing them to be param-
eterized by well deÞned universal hadronic matrix ele-
ments. Since we are interested in the standard model
predict ion, we also organize the amplitude according to
large (C1,2,8g) and small (C3" 10) Wilson coe# cients. To
explain which terms will be computed in this paper we
schemat ically give the result as

öP %
"
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&s(mb)C1,2,8g

"

#
$BM %M "

+
"

C3,4,9,10 +
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"
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(9)
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%
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cøc +
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"
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(1ann) + C5,6ABMM "

(1ann" glue)

#
+ C5,6

&s(mb)µ!

m2
b

ABMM "

(2ann" # ) .

The terms on line 1 of Eq. (9) are leading in the ! / mb,c

expansion. The terms on the second line are the so-
called chirally enhanced power correct ions suppressed by
µM " / mb where µM " % O(! ) is a rat io of the squared me-
son mass to a sum of quark masses, and is numerically

enhanced & 2GeV [9]. On the third line the Þrst term
is the so-called Òcharming penguinÓdue to long-distance
threshold charm loop e" ects [8, 32, 33]. It is formally
down by a power of the non-relat ivist ic velocity v rel-
at ive to leading power result . The remaining terms on

$
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Al l terms which are computed here have 
SMALL imaginary parts

Penguin A nat omy of N onlept onic B-decays in t he St andard M odel:
Complet ing t he comput at ion of up and charm loops

Ambar Jain,1 Ira Z. Rothstein,2 and Iain W. Stewart1

1Center for Theoretical Physics, Massachusetts Insti tute of Technology, Cambridge, MA 02139
2Department of Physics, Carnegie Mel lon Universi ty, Pi ttsburgh, PA 15213

We complete the calculat ion of ! s (mb) penguin cont ribut ions for B ! " " , B ! K " , B ! ##,
and related decays from charm quark, up quark, and magnet ic penguin loops. Results are expressed
as matching for Wilson coe! cients in the soft -collinear e" ect ive theory. Our calculat ion includes all
terms proport ional to the largest Wilson coe! cients C1,2,8 in both the NDR and HV renormalizat ion
schemes, for the amplitudes that are leading order in # / mb and chirally enhanced. Analyzing
penguins amplitudes in B ! " " and B ! K " we Þnd ...

The B factorieshavemade considerableprogress in im-
proving our understanding of CP violat ion. Many analy-
ses have small theoret ical uncertainty and yield precision
results, such assin(2! ) from B ! J/ ! K type-decaysand
" from B ! DK . An even greater number of observables
havehadronic standard model contribut ions, which make
it more challenging to obtain rigorous conclusions about
hints for new physics. An example of this type are the
magnitudeand relat ivest rong phaseof penguin contribu-
t ions in charmless non-leptonic B -decays. New physics
could easily be hidden in these loop-dominated ampli-
tudes. Thus, there is considerable interest in obtaining
a detailed standard model understanding of decays with
appreciable support from penguins.

Using CKM unitarity to remove Vt bV !
t f where f = d or

f = s, the amplitude for a channel øB ! M 1M 2 is

AM 1 M 2 = #(f )
u T M 1 M 2 + #(f )

c PM 1 M 2 , (1)

with #(f )
p = VpbV !

pf . Here T M 1 M 2 is called a tree-
amplitude while PM 1 M 2 is a penguin. With the latest
data onemay extract values for thesepenguin amplitudes
in the B ! $$ and B ! %%channels using only isospin
symmetry. Isospin implies that there is only one P! ! for
the three allowed channels, $+ $" , $0$0, and $" $0 (up
to small elect roweak penguin terms). The same is t rue
for P" " , given that the %Õs are measured to be " 98%
longitudinal. To quote values one must pick a phase con-
vent ion, and we take T ! + ! !

and T " + " !
to be real. Using

the global Þt value " = 59# the latest data gives

103 öP! ! = (# 1.82 ± 0.86) + i (2.99 ± 0.74) ,

103 öP" " = (3.07 ± 2.66) + i (0.82 ± 1.92) . (2)

Rather than using a global Þt , a value of " from B ! $$
can be determined without measuring C! 0 ! 0

using the
method of Ref. [? ], which with the latest data gives
" = 74#+ 7"

" 10" . For this "

103 öP! ! = (# 4.52 ± 0.93) + i (2.99 ± 0.64) ,

103 öP" " = (# 3.95 ± 2.68) + i (0.82 ± 1.92) . (3)

Thus thereal part of P ! ! and P" " depends fairly st rongly
on " , while the imaginary part is fairly insensit ive.

In the K $ system there are two solut ions for each of
the two possible values of " . For " = 83#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 8± 11) "

(5.5 ± 0.1 ± 0.1)ei (32± 7± 10) " (4)

while for " = 59#

103 öPK ! =
!

(5.5 ± 0.1 ± 0.1)ei (144± 9± 11) "

(5.5 ± 0.1 ± 0.1)ei (36± 8± 10) " (5)

We are using the convent ion where the tree is deÞned to
be real and negat ive relat ive to the penguin.

Progress has been made in understanding such two
body decays from Þrst principles using the e" ect ive Þeld
theory SCET[? ]. In part icular, it has been shown that
the decay amplitudes can be factorized to all orders in
perturbat ion theory. This factorizat ion allows us to pa-
rameterize the amplitude in terms of well deÞned univer-
sal hadronic matrix elements. One may then Þx these
parameters using the data and then make predict ions for
the rates and CP violat ing observables. In [? ] it was
shown that two body decayscan be parameterized by the
four unknowns &, &J and Acc. & and &J are real valued
whereas Acc, which represents the long distance contri-
but ion of charm loops, is complex. At leading order in an
expansion in powers of # / mb, the penguin contribut ion,
which is deÞned as the piece of the amplitude which is
proport ional to #f

c = VbcVcf can then be writ ten in terms
of these parameters, moments of the leading twist light
meson light-cone wavefunct ion and calculable Wilson co-
e$ cients.

In evaluat ing standard model contribut ions to the In
[? ] it was found that , at t ree level in SCETI matching,
the short distance contribut ion is only a small fract ion
of the total P$s. Thus, within this approximat ion, the
penguin is completely dominated by the long distance
charm contribut ion.

If we go to subleading order in both the perturbat ive
expansion and the power expansion we may write the
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Figure6: Comparing thePP, PV, VP, and VV penguin amplitudes to data. TheÞgures
in the upper row show theory predict ions for ö! c

4(M1M2)/ (! 1(" " ) + ! 2(" " )); those in the
lower row show ö! c

4(M1M2)/ (! 1(##) + ! 2(##)). Where available, the ranges for modulus
and phase extracted from data are also depicted. See text for explanat ions.
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The terms used to bring theory in agreement 
with data depend on model parameters AND 

are the least well understood:

Charm Penguins or Annihilation

Can we rule out one "or both??# of these sources?



Does Annihilation produce the Imaginary term?

M 1M 2 H (x, y)

π−K (∗)+ , ρ−K (∗)+ ! ãd
4(y, x)

π0K (∗)0, ρ0K (∗)0 1√
2

ãd
4(y, x)

π−π+ , π−ρ+ , ρ−π+ , ρ−ρ+ ! ãs
1(x, y) ! ãs

3(x, y) ! ãs
3(y, x)

π0π0, π0ρ0, ρ0ρ0
! 1

2ãs
1(x, y) + ãs

3(x, y)
"
+

!
x " y

"

K (∗)−K (∗)+ ! ãs
1(x, y) ! ãs

4(y, x) ! ãs
3(x, y) ! ãs

3(y, x)

K̄ (∗)0K (∗)0 ãs
3(x, y) + ãs

3(y, x) + ãs
4(y, x)

TABLE III: Hard functions for B̄s decays for the annihilation amplitude A(1)
L ann in Eq. (23).

n

na) b) c) d)

soft

x
x

y
y

FIG. 2: Tree level annihilation graphs for B # M 1M 2 decays. Here soft, n, n̄ denote quarks that
are soft, n-collinear, and n̄-collinear respectively.

where the ¿-notat ion and term involving the Wilson coe! cient d(µ± ) are discussed below.
Note that the coe! cients a3u,3c,4u,4c,7,8 are polluted in the sense of Ref. [5], meaning that
O(! 2

s) matching results proport ional to the largecoe! cients C1,2 could competenumerically.
Theothersarenot polluted: a1u,2u involveC1,2 at O(! s), whilea1c,2c,5,6 only get contribut ions
from electroweak penguins. Our results for the diagrams in Fig. 2 agree with Refs. [7, 10].
This includes the appearance of the combinat ions of momentum fract ions in the funct ions
F (x, y) and F (øy, øx), up to ¿-dist ribut ion and d-term. For later conveniencewedeÞnemoment
parameters which convolute the hard coe! cients with the distribut ions

" M 1M 2
i u =

# 1

0
dx dy [ai u(x, y)+ #ai + 4(x, y)] $M 1(y)$M 2(x) ,

" M 1M 2
i c =

# 1

0
dx dy [ai c(x, y)+ #ai + 4(x, y)] $M 1(y)$M 2(x) . (26)

In Eq. (25) the subscript ¿ denotes the fact that singular terms in convolut ion integrals
are Þnite in SCET due to the MS-factorizat ion which involves convolut ion integrals such as

$

x, x! $= 0

#
dxr dx′

r %(1! x! x′)
$M (x, x′, µ)

øx2
, (27)

where x(′) and x(′)
r correspond to label and residual momenta [18]. Implement ing x $= 0 and

x′ $= 0 requires zero-bin subtract ions and divergences in the rapidity must also be regulated.

14

singular
øx ! 0

The 0$bin teaches us that this singularity has to do with a double counting

n$collinear

n$collinear

soft

hard
soft

soft

soft

n$collinear

n$h.c.

n$h.c.

soft

n$collinear

øx ! 0

which make them ill-deÞned, even in dimensional regularizat ion. In previous computa-
t ions, it hasbeen argued that these pinch singularit ies should bedropped in evaluat ing
box graphs at any order in v [9, 11, 12]. Pinch singularit ies are also a problem for the
method of regions [13]. A direct applicat ion of the method of regions for d4k leads
to ill-deÞned integrals, so it should only be applied to NRQCD after Þrst doing the
energy integrals. The zero-bin subtract ion modiÞes the soft box graphs so that pinch
singularit ies are absent , and the graphs are well deÞned.

2. The zero-bin subtract ion automat ically implements the previously studied pullup
mechanism in NRQCD [14, 15], which was shown to be a necessary part of the deÞni-
t ion of this type of theory with mult iple overlapping low energy modes. Through the
pullup, infrared (IR) divergences in soft diagrams are converted to ult raviolet (UV)
divergences and contribute to anomalous dimensions.

3. There is a similar pullup mechanism at work in SCET for collinear diagrams. The
anomalous dimensions of the SCET currents for endpoint B ! X s! and B ! X u"ø#
were computed in Ref. [1, 2] from the 1/ $ and 1/ $2 terms. Some of these terms in the
collinear graphs are actually infrared divergences. The zero-bin subtract ion converts
these infrared divergences to ult raviolet divergences so that IR-logs in QCD can be
resummed as UV-logs in the e! ect ive theory. This formally just iÞes the results used
for anomalous dimensions in these computat ions, and in subsequent work for other
processes with similar anomalous dimensions eg. [16, 17, 18, 19, 20, 21].

4. In high energy inclusive product ion such as ! ! ! qøqg, there is a potent ial double
count ing at the corners of the Dalitz plot in SCET, which is resolved by properly
taking into account the zero-bin in both fully di! erent ial and part ially integrated
cross sect ions.

5. In high energy exclusive product ion, such as ! ! ! %& or ! ! ! %%, there are un-
physical singularit ies in convolut ion integrals of some hard kernels with the light-cone
wavefunct ions ' ! (x). For example

! 1

0
dx

' ! (x)
x2

,

(2)

which is divergent at x ! 0 if ' ! (x) vanishes linearly as x ! 0. The same is true for
exclusive light meson form factors at large Q2, as well as processes like B ! %"ø# and
B ! %%for E! " " QCD. The zero-bin subtract ion implies that these kernels must be
treated as a distribut ion we call ¿, and have a Þnite convolut ion with ' ! (x):

! 1

0
dx

' ! (x)
x2

!
! 1

0
dx

' ! (x)
(x2)¿

=
! 1

0
dx

' ! (x) # ' ! (0) # x' "
! (x)

x2
< $ . (3)
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This soft rescattering 
term is complex.

! ! s(mb)
Λ
mb

! ! 2
s (

"
m! )

!
mb

Annihilation is real at Leading Order.



Annihilation is real at lowest order

x ~ 1
mb

µ M1

M2

B

! ~ " 0

! ~ " #2

! ~ " 2

a)
x ~ 1

mb

µ M1

M2

B

b)

x ~ 1
mb

µ

$( )1/2

x ~ 1
mb

µ

M1

M2

B

c) $( )1/2

FIG. 1: Three types of factorizat ion contribut ions to annihilat ion amplitudes which are the same
order in ! = ! QCD/ mb. a) shows Q(4)

i which has ! 1 hard gluon and factorizes at the scale
mb. The rapidity parameter, " = p−/ p+, controls the MS-factorizat ion between soft momenta
(B ), n-collinear momenta (M 2), and øn-collinear momenta (M 1). b) shows the t ime-ordered prod-
uct Q(2)

i L (1)
! q , which involves factorizat ion at mb and

"
mb! . c) shows the t ime-ordered product

Q(1)
i [L (1)

! q ]3, which factorizes at the scale
"

mb! and does not need a hard gluon. Graphs a) and b)
are of order #s(µh), while c) is #s(µi )2.

power correct ions to B # M 1M 2 is listed in Table I. A subset of these terms contribute
to the annihilat ion amplitudes. To see which, we note that terms with a Q(0,1)

i and only
one L (1)

! q do not contribute to annihilat ion at either leading or next-to-leading order; the
weak operator is not high enough order in ! to contain an extra nÐøn pair, and there are
not enough L ! qÕs to produce the pair through a soft quark exchange. To rule out these
terms it was important that we are not considering isosinglet Þnal states, which receive
emission annihilat ion contribut ions already at leading order. The term Q(2)

i [L (1)
! q ]2 does not

contribute to annihilat ion because we Þnd that all annihilat ion type contract ions are further
power suppressed when matched onto SCET II.

Time-ordered products with either a Q(j ≥2) or with three L ! qÕs do contribute to annihi-
lat ion. Examples of these two types are shown in Figs. I Ib and I Ic. Compared to Q(4)

i , only
the t ime-ordered product Q(2)L (1)

! q contributes at lowest order in " s. For terms with three
L ! qÕs, all graphs have at least two contracted hard-collinear gluons and so are O(" 2

s(µi )).
Graphs with a Q(2,3) start with one " s(µh), and will have an addit ional " s(µi ) from a hard
collinear gluon, unless it remains uncontracted in matching onto SCET II. The uncontracted
gluon costs an addit ional ! in the matching onto SCET II, so only the t ime-ordered product
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Su(ers from endpoint divergences.
But they do not introduce a phase.

x ~ 1
mb

µ M1

M2

B

! ~"0

! ~"#2

! ~"2

a)
x ~ 1

mb

µ M1

M2

B

b)

x ~ 1
mb

µ

$( )1/2

x ~ 1
mb

µ

M1

M2

B

c) $( )1/2

FIG. 1: Three types of factorization contributions to annihilation amplitudes which are the same

order in ! = ! QCD/ mb. a) shows Q(4)
i which has ! 1 hard gluon and factorizes at the scale

mb. The rapidity parameter, " = p! / p+, controls the MS-factorization between soft momenta

(B ), n-collinear momenta (M 2), and n̄-collinear momenta (M 1). b) shows the time-ordered prod-

uct Q(2)
i L (1)

! q , which involves factorization at mb and
"

mb! . c) shows the time-ordered product

Q(1)
i [L (1)

! q ]3, which factorizes at the scale
"

mb! and does not need a hard gluon. Graphs a) and b)
are of order #s(µh), while c) is #s(µi )2.

power correct ions to B # M 1M 2 is listed in Table I. A subset of these terms contribute
to the annihilat ion amplitudes. To see which, we note that terms with a Q(0,1)

i and only
one L (1)

! q do not contribute to annihilat ion at either leading or next-to-leading order; the
weak operator is not high enough order in ! to contain an extra nÐøn pair, and there are
not enough L ! qÕs to produce the pair through a soft quark exchange. To rule out these
terms it was important that we are not considering isosinglet Þnal states, which receive
emission annihilat ion contribut ions already at leading order. The term Q(2)

i [L (1)
! q ]2 does not

contribute to annihilat ion because we Þnd that all annihilat ion type contract ions are further
power suppressed when matched onto SCET II.

Time-ordered products with either a Q(j " 2) or with three L ! qÕs do contribute to annihi-
lat ion. Examples of these two types are shown in Figs. I Ib and I Ic. Compared to Q(4)

i , only
the t ime-ordered product Q(2)L (1)

! q contributes at lowest order in " s. For terms with three
L ! qÕs, all graphs have at least two contracted hard-collinear gluons and so are O(" 2

s(µi )).
Graphs with a Q(2,3) start with one " s(µh), and will have an addit ional " s(µi ) from a hard
collinear gluon, unless it remains uncontracted in matching onto SCET II. The uncontracted
gluon costs an addit ional ! in the matching onto SCET II, so only the t ime-ordered product
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    Leading order, its same size as a#.
No endpoint divergences here.
No imaginary part here either.

x ~ 1
mb

µ M1

M2

B

! ~"0

! ~"#2

! ~"2

a)
x ~ 1

mb

µ M1

M2

B

b)

x ~ 1
mb

µ

$( )1/2

x ~ 1
mb

µ

M1

M2

B

c) $( )1/2

FIG. 1: Three types of factorizat ion contribut ions to annihilat ion amplitudes which are the same
order in ! = ! QCD/mb. a) shows Q(4)

i which has ! 1 hard gluon and factorizes at the scale
mb. The rapidity parameter, " = p! /p+, controls the MS-factorizat ion between soft momenta
(B), n-collinear momenta (M2), and øn-collinear momenta (M1). b) shows the t ime-ordered prod-
uct Q(2)

i L (1)
ξq , which involves factorizat ion at mb and

"
mb! . c) shows the t ime-ordered product

Q(1)
i [L (1)

ξq ]3, which factorizes at the scale
"

mb! and does not need a hard gluon. Graphs a) and b)
are of order #s(µh), while c) is #s(µi )2.

power correct ions to B # M 1M 2 is listed in Table I. A subset of these terms contribute
to the annihilat ion amplitudes. To see which, we note that terms with a Q(0,1)

i and only
one L (1)

ξq do not contribute to annihilat ion at either leading or next-to-leading order; the
weak operator is not high enough order in λ to contain an extra nÐøn pair, and there are
not enough L ξqÕs to produce the pair through a soft quark exchange. To rule out these
terms it was important that we are not considering isosinglet Þnal states, which receive
emission annihilat ion contribut ions already at leading order. The term Q(2)

i [L (1)
ξq ]2 does not

contribute to annihilat ion because we Þnd that all annihilat ion type contract ions are further
power suppressed when matched onto SCET II.

Time-ordered products with either a Q(j " 2) or with three L ξqÕs do contribute to annihi-
lat ion. Examples of these two types are shown in Figs. I Ib and I Ic. Compared to Q(4)

i , only
the t ime-ordered product Q(2)L (1)

ξq contributes at lowest order in αs. For terms with three
L ξqÕs, all graphs have at least two contracted hard-collinear gluons and so are O(α2

s(µi )).
Graphs with a Q(2,3) start with one αs(µh), and will have an addit ional αs(µi ) from a hard
collinear gluon, unless it remains uncontracted in matching onto SCET II. The uncontracted
gluon costs an addit ional λ in the matching onto SCET II, so only the t ime-ordered product
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A soft rescattering annihilation 
contribution DOES have a strong
phase, but is one higher order in! s

in ! s expansion

! ! +
B (k) ! M 1 (y) ! 3M 2 (x1, x2) Arnesen et al.



Other possibilities?

p+

c

! 2

2

p-

Q

!Q 0

!Q !Q 0

s
!Q

!Q

p2 = " 2
QCD

n

m

!

&messenger' scales

Becher, Hil l, Neubert

Beneke, Feldmann;

Bauer, Dorsten, Salem 

consistent with
con%nement?

but only for special choices 
of the IR regulators 

we could add a mode that lives 
at parametrically small scales

show up in perturbation theory 

p2 !
! 3

Q
" ! 2

p2 !
! 4

Q2 " ! 2



I f  annihilation is real, then that would leave charm penguins as the SM 
source of Imaginary part "or some other power correction#.

I f  no other SM source was identi%ed and charm penguins are real 
or highly suppressed "as BBNS have argued# ...

END

then that would leave only 
NEW  PHYSICS IN PENGUINS .


