
Recent theory advances 
in B physics

Christian Bauer
LBNL

SuperB Workshop 2006, SLAC



+

Flavor Physics in the SM

Flavor
Changing
Neutral
Current

Charged
Current

Local
4-fermion
operator

Decays mediated by electroweak gauge bosons

Propagate over distance scale ~1/MEW ~0.005 fm

Much less than distance of colliding particles ~0.1 fm
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Flavor Physics beyond the SM

Flavor
Changing
Neutral
Current

Charged
Current

Local
4-fermion
operator

Loop diagrams can get many additional contributions

Propagate over distance scale ~1/MEW ~0.005 fm

Much less than distance of colliding particles ~0.1 fm
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The Curse of QCD
The weak interaction we are after is masked by QCD 
effects, which are completely non-perturbative
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The Curse of QCD
The weak interaction we are after is masked by QCD 
effects, which are completely non-perturbative

Weak interaction
effect we are after

Non-perturbative
effects from QCD

Crucial to understand long distance physics to 
extract weak flavor physics from these decays 



Different levels of theory

“No theory” required

leptonic decays, isospin analysis in B➙ππ

Bread and Butter theory

Inclusive B decays and Vcb

New developments in inclusive decays

Shape functions in rare inclusive decays

New developments in exclusive decays

Factorization in non-leptonic decays



Bread and butter:
Determination of Vcb



Quote from Babar physics books

“...a theoretical precision of 3% on the value of |Vcb| will 
be obtained. Looking a few years ahead, anticipating 
further progress in the theoretical understanding of 

heavy-flavor transitions, one can hope that ultimately an 
accuracy of 1% may be reached.” 
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c quark hadronizing into final state
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1/m corrections:
    ~ 20%
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1/m3 corrections:
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Global fits

92 (highly correlated) datapoints, 7 parameters

47CaltechNovember 18, 2004

Global fits (summer ‘02 - updated ‘04):

(up to 1/m3)

(These two are expected to be problematic for reasons I won’t get into  ...)

hadronic invariant mass moments lepton energy moments

(Bauer, Ligeti, ML, Manohar and Trott)

- fit 92 data points (spectral moments with varying lepton 

energy cuts) with 7 free parameters

e

νe

X

B

pX

q

Global Fit

Vcb = (41.4 ± 0.6) × 10−3

m1S
b = (4.68 ± 0.03) GeV

– p.5

CWB, Ligeti, Luke, Manohar, Trott (’02 ,’04)  

Many other observables (spectra) depend on same 
hadronic parameters⇒perform global fits
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Some more tests
Find observables insensitive to hadronic parameters

Bauer-Trott moments

D3 =

∫
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Some more tests
Find observables insensitive to hadronic parameters

These were real predictions, not postdictions

Hadronic uncertainties at the 1% level!
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Some more tests
After the combined fit even higher precision

Hadronic uncertainties at the 0.2% level!
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Rare inclusive decays



Quote from Babar physics books

“With the present theorical tools, it seems a realistic
goal to reach a precision of 10% on |Vub|. An optimistic 

hope for the long-term future, counting again on 
significat theoretical progress, is to achieve an accuracy 

of 5%.”



Shape functions

For rare inclusive B decays need kinematic cuts to 
beat down background (B➙Xulν, B➙Xsl+l-)
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Shape functions
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Shape functions

For rare inclusive B decays need kinematic cuts to 
beat down background (B➙Xulν, B➙Xsl+l-)
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Many possible cuts 
to avoid charm
Some cuts include 
the “shape function 
region”, others don’t
Cuts including 
“shape function 
region need 
information beyond 
OPE



Determination of Vub
cut % of rate good bad

0.5 1 1.5 2

5

10

15

20

25

    Ee (GeV)

    q2 
(GeV2) ~10% don’t need neutrino

- depends on f(k+) (and 
subleading corrections)
- reduced phase space - 

duality issues?

1 2 3 4 5
0

1

2

3

4

5

1 2 3 4 5
0

1

2

3

4

5

P+ 

P- 
1 2 3 4 5

0

1

2

3

4

5

~80% lots of rate depends on f(k+) (and 
subleading corrections)

1 2 3 4 5
0

1

2

3

4

5

1 2 3 4 5
0

1

2

3

4

5

P+ 

P- 
1 2 3 4 5

0

1

2

3

4

5

~70%
-still lots of rate

- relation to radiative 
decays simplest

depends on f(k+) (and 
subleading corrections)

1 2 3 4 5
0

1

2

3

4

5

1 2 3 4 5
0

1

2

3

4

5

P+ 

P- 
1 2 3 4 5

0

1

2

3

4

5

~20% insensitive to f(k+)
- very sensitive to mb
- effective expansion 

parameter is 1/mc

1 2 3 4 5
0

1

2

3

4

5

1 2 3 4 5
0

1

2

3

4

5

P+ 

P- 
1 2 3 4 5

0

1

2

3

4

5

~45%
- insensitive to f(k+)

- lots of rate
- can move cuts from 

kinematic limits
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Current theoretical uncertainty on |Vub|: 5%



Measurement of B➙Xsl+li
Again, mX cut required to suppress b➙clν➙sllνν

Lee, Ligeti, Stewart, Tackmann (’06)Flavor Physics FCNC b → s Transitions Nonpert. Effects in B → Xs!+!− Backup Slides

Universality

Define ηij(mcut
X ) with ij = (99, 00, 77, 79)∼(C2

9 , C2
10, C2

7 , C7C9)

encode mcut
X effect, Γcut

ij = ηij(mcut
X )Γ(0)

ij with Γ(0) lowest order rate

at lowest order equal to fraction of events with mX < mcut
X

ηij at lowest order

dashed: local OPE (wrong)

solid: leading shape function

strong mcut
X dependence,

25% effect at mcut
X =1.8 GeV

try to raise mcut
X ! 2.2 GeV
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Universality (ij independence)

mcut
X effect approximately universal for different SD contributions

deviation " 3% for mcut
X > 1.7 GeV, maintained at O(αs)
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X effect, Γcut

ij = ηij(mcut
X )Γ(0)

ij with Γ(0) lowest order rate
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X
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X dependence,

25% effect at mcut
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Measurement of B➙Xsl+li
Again, mX cut required to suppress b➙clν➙sllνν
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Uncertainties

η00 at O(αs)

Largest uncertainties

shape function uncertainty,

estimated using B → Xsγ

(10 models for f0(ω))

b quark mass, use 1S mass
m1S

b = (4.63, 4.68, 4.73) GeV
00

11

0.20.2

0.40.4

0.60.6

0.80.8

1.61.6 1.71.7 1.81.8 1.91.9 2.12.1 2.22.22.02.0
m

cut

X
[GeV]m

cut

X
[GeV]

η00η00

m
1S
b

= 4.63 GeV

m
1S
b

= 4.68 GeV

m
1S
b

= 4.73 GeV

B(1 GeV2 < q2 < 6 GeV2)/10−6 including O(αs)

local OPE, no mcut
X 1.63 ± 0.20

We get 1.48 ± 0.14 ± · · · (mcut
X = 2.0 GeV)

1.20 ± 0.15 ± · · · (mcut
X = 1.8 GeV)

Not all uncertainties included yet, most important from 1/mb corrections.
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New developments in 
non-leptonic deacys



Quotes from Babar physics books

“...a complete theoretical treatment of hadronic decays is 
not close at hand.”

“Color transparence is the basis for the factorization 
hypothesis (...) Its validity, however, is not demonstrated 

by any quantitative theoretical argument...”

“In order to gain a complete understanding of the 
hadronic (two-body) decays (...) additional QCD-based 

methods must be found. (...) Unfortunately, no systematic 
treatment exists and only scattered results are available.”



Christian Bauer HCP, Durham, 5/24/06

B ππ

Kinematics

E~mB/2 E~mB/2

Typical size of hadrons ~1/ΛQCD

E≫ΛQCD

Soft Collinear Effective Theory



General Idea
SCET is effective theory describing interactions of 
collinear with soft particles
Separate distance scales d~1/E and d~1/ΛQCD and study 

interactions of long distance modes

Factorization theorems emerge naturally in SCET
Separate d~1/E & d~1/Λ. Study non-perturbative effects 
in limit ΛQCD/E→0

At leading order, coupling between soft and collinear 
simple and in many cases absent

Factorization is not assumed in SCET. The theory will 
tell you when amplitudes factorize and when not 



Christian Bauer HCP, Durham, 5/24/06

SCET in pictures

1fm0.2fm !0.4fm1fm !

1fm

b
0.1fm

u
u

d
(b)

Heavy b quark almost 
at rest in B meson

b quark decays into three light quarks, two in the 
same direction, one in opposing direction

two quarks are very close until 
far from B meson. Thus no 

coupling between B and pion

energetic quark requires spectator 
of the B meson to form pion. 

Factorization more subtle

E~mb/2 E~mb/2

B ππ
E~mB/2 E~mB/2 CWB, Pirjol, Rothstein, 

Stewart (’03)



Christian Bauer HCP, Durham, 5/24/06

The factorization formula

B M2

M1

Relevant Energy Scales

mb,
√

EΛ ∼ 1.3 GeV, Λ

p2 ∼ EΛ

Factorization – Christian Bauer – p.7
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The factorization formula

A = N



fπ

Z

du dz T1J(u, z)ζBπ
J (z)φπ(u)

+ ζBπ fπ

Z

du T1ζ(u)φπ(u)

ff

+ λ(f)
c Aππ

cc̄

Factorization – Christian Bauer – p.9
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x2



Christian Bauer HCP, Durham, 5/24/06

Parameter counting

no 
expns SU(2) SU(3) SCET

+SU(2)
SCET
+SU(3)

ππ 11 7/5
15/13

4

4Kπ 15 11 +5(6)

KK 11 11 +4/+0 +3(4)

Number of hadronic parameters
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Implications of small phases I
Amplitudes (using isospin and no EW penguins)

The factorization formula

A(B̄0 → π+π−) = e−iγ |λu|T − |λc|P
A(B̄0 → π0π0) = e−iγ |λu|C + |λc|P√

2A(B− → π0π−) = e−iγ |λu| (T + C)

Factorization – Christian Bauer – p.10

Measuring γ from B→ππ



Implications of small phases I
Amplitudes (using isospin and no EW penguins)

The factorization formula

A(B̄0 → π+π−) = e−iγ |λu|T − |λc|P
A(B̄0 → π0π0) = e−iγ |λu|C + |λc|P√

2A(B− → π0π−) = e−iγ |λu| (T + C)

Factorization – Christian Bauer – p.10

The factorization formula 2

pc ≡ −
|λc|
|λu|

Re (P/T )

ps ≡ −
|λc|
|λu|

Im (P/T )

tc ≡ |T |/|T + C|
TC ≡ |T + C|

ε ≡ Im (C/T )

Factorization – Christian Bauer – p.11

5 hadronic parameters + γ

Measuring γ from B→ππ
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Factorization – Christian Bauer – p.11

5 hadronic parameters + γ
Hadronic Parameters

|BR(π+π−) = (5.0 ± 0.4)

BR(π0π−) = (5.5 ± 0.6)

BR(π0π0) = (1.45 ± 0.29)

Cπ+π− = −0.37 ± 0.10

Sπ+π− = −0.50 ± 0.12

Cπ0π0 = −0.28 ± 0.40|

Factorization – Christian Bauer – p.14

Gronau, London (‘90)

Measuring γ from B→ππ
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Getting rid of one parameter

ε≡Im(C/T)=O(αs,Λ/mb)

This allows to use the 5 well measured observables to 
determine the CKM angle γ

The SCET analysis contains four hadronic parameters

Allows us to eliminate one of the 5 in isospin

In the limit Λ/E→0 one parameter vanishes



Extracting γ
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FIG. 3: Left plot: confidence level for α imposing τ = 0 in the t- (solid line) and c-conventions (dashed line) without using
C00 in the fit. The t-convention curve uses β as an input. Also shown are the results of the traditional isospin analysis [3, 18]
with (light shaded region) and without (dark shaded region) using C00. The dot with 1σ error bar shows the predicton from
the global CKM fit (not including the direct measurement of α) [18]. Right plot: confidence level for α imposing τ = 0 in the
t-convention with (dotted line) and without (solid line) using the C00 result in the fit. Also shown are the constraints in the
t-convention imposing |τ | < 5◦, |τ | < 10◦, and |τ | < 20◦ (dashed lines). The shaded region is the same as in the left plot.

that, as explained in Sec. II, the amplitudes T , C, Puc,
and Put are not separately observable from the B → ππ
data alone. They can be disentangled using SU(3) flavor
symmetry and data on B → Kπ, KK, etc.

In this section we propose to use the theory expectation
for φT in Eq. (8) to test the magnitude of the penguins.
We assume φT = 0, with the understanding that if its
implications for the penguins are inconsistent with other
data, then that may indicate that φT is sizable. A sim-
ilar test of corrections to factorization in B → ππ was
proposed in [19].

In the t-convention Put (recall, Pij ≡ Pi − Pj) con-
tributes to the TT in Eq. (6), while in the c-convention
it is Puc. (We choose, for convenience, the pure tree
amplitude T−0 to be real.) Thus, comparing the TT in
the two conventions teaches us about the relative size of
Put and Puc. (The same information can in principle be
obtained from the fit in any one convention; this compar-
ison makes the results more transparent.) We use the SM
global fit to the CKM matrix that determines the weak
phase γ = (59.0+6.4

−4.9)
◦ [18]. This allows the construction

of the tree triangles in both conventions, as explained in
Sec. II. Comparing how flat they are, i.e., how small the
angle τ of the TT is, the following outcomes are possible:

(i) |τ (t)| $ |τ (c)|. This would imply Im(Put) $
Im(Puc), and the likely explanation would be
|Pc| % |Pu| ∼ |Pt|.

(ii) |τ (t)| % |τ (c)|. This would imply Im(Put) %
Im(Puc), and the likely explanation would be
|Pt| % |Pu| ∼ |Pc|.

(iii) |τ (t)| ∼ |τ (c)| $ 1. This would imply that both
Im(Put/T (0)) and Im(Puc/T (0)) are small. In this
case the likely explanation would be that Pq/T (0)

is small for each of the penguin amplitudes.

(iv) |τ (t)| ∼ |τ (c)| = O(1) and |τ (t) − τ (c)| $ 1. This
would imply that Im(Put/T (0)) and Im(Puc/T (0))
are both much larger than Im(Pct/T (0)). There ap-
pears to be no single plausible explanation for such
a case. It may indicate that Pu (that includes weak
annihilation) is large, while Pc and Pt are small or
have small phases. Another, fine tuned, possibil-
ity is that both Pc and Pt have large but nearly
equal phases. Last, it might be that φT is sizable,
contrary to the heavy quark limit expectation.

(v) |τ (t)| ∼ |τ (c)| = O(1) and |τ (t) − τ (c)| = O(1). This
would imply that Im(Put/T (0)), Im(Puc/T (0)), and
Im(Pct/T (0)) are all large. In this case the likely
explanation would be that all penguins are large
and comparable to T (0).

Note that the τ (t) − τ (c) difference is related to the
penguin-to-tree ratio,

τ (t) − τ (c) = − arg

(
1 −

|λu|
|λc|

P (t)
ππ

T (t)
ππ

)
, (20)

and can be determined with better precision than τ (t,c)

separately.

Slightly old data.
Including EW penguins, get

α=75 ֯֯֯֯

Grossman, Ligeti, Hoecker, Pirjol (‘05)
α (deg)

1-
CL

Hadronic parameters
as function of γ



Implications of small phases
Define Observables

Definition of Sumrules

|R1 =
2Br(B− → π0K−)

Br(B− → π−K̄0)
− 1

= 0.004 ± 0.086

R2 =
Br(B̄0 → π−K+)τB−

Br(B− → π−K̄0)τB0

− 1

= −0.157 ± 0.055

R3 =
2Br(B̄0 → π0K̄0)τB−

Br(B̄0 → π−K̄0)τB0

− 1|

= 0.026 ± 0.105

Factorization – Christian Bauer – p.5
R1-R2+R3=O(ε2) Δ1-Δ2+Δ3-Δ4=O(ε2)

Lipkin, Gronau, Rosner, 
Buras et al, Beneke et al

Definition of Sumrules

|∆1 = (1 + R1)ACP(π0K−)

= 0.040 ± 0.040

∆2 = (1 + R2)ACP(π−K+)|

= −0.097 ± 0.016

∆3 = (1 + R3)ACP(π0K̄0)

= −0.021 ± 0.133

∆4 = ACP(π−K̄0)

= −0.02 ± 0.04

= (1)

Factorization – Christian Bauer – p.6

Sum rules for B→Kπ

Combinations vanish to LO in ε~|λu/λc|, PEW/P



Predictions for the Ri and Δi

Δ1-Δ2+Δ3-Δ4= 0.14±0.15

Experimental Results:

R1-R2+R3=0.19±0.15

CWB, Rothstein, Stewart (’05)
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Predictions for the Ri and Δi
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Pretty firm predictions
Need better data to check these predictions
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The B→PP predictions
Branching ratios
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The B→PP predictions
CP asymmetries
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Adding Isosinglets
17

TABLE VII: Predicted CP averaged branching ratios (×10−6, first row) and direct CP asymmetries (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 II
columns give predictions corresponding to Solution I, II sets of SCET parameters. The errors on the predictions are estimates
of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively. No prediction on CP asymmetries is
given, if [−1, 1] range is allowed at 1σ.

Mode Exp. Theory I Theory II

B− → π−η 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− → π−η′ 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

B̄0 → π0η < 2.5 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

B̄0 → π0η′ < 3.7 2.3 ± 0.8 ± 0.3 ± 2.7 1.3 ± 0.5 ± 0.1 ± 0.3

− −0.24 ± 0.10 ± 0.19 ± 0.24 −
B̄0 → ηη < 2.0 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

B̄0 → ηη′ < 4.6 1.0 ± 0.5 ± 0.1 ± 1.5 2.2 ± 0.7 ± 0.6 ± 5.4

− − 0.70 ± 0.13 ± 0.20 ± 0.04

B̄0 → η′η′ < 10 0.57 ± 0.23 ± 0.03 ± 0.69 1.2 ± 0.4 ± 0.3 ± 3.7

− − 0.60 ± 0.11 ± 0.22 ± 0.29

B̄0 → K̄0η′ 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

B̄0 → K̄0η < 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−η′ 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−η 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 χ2/d.o.f. = 40.8/(10−4) or χ2/d.o.f. = 5.4/(10−4),
if theoretical errors are added in the definition of χ2. The
largest discrepancies with experimental data in this case
is in ACP

ηπ− while the prediction for ACP
ηK− agrees well with

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

in the two solutions lie in opposite quadrants, while the
values of |Acc,g| and ζ±g agree between the two solutions.

The gluonic contribution to the B → η(′) form factors,
ζg + ζJg, is similar in size to ζ and ζJ in (83) as expected
from SCET counting, Using Eq. (60) we find in the SU(3)
limit and at LO in 1/mb and αS(mb)

f
Bηq

+ (0) =

{

(−2.3 ± 4.8)× 10−2,

(4.5 ± 8.6) × 10−2,
(111)

fBηs

+ (0) =

{

(−9.9 ± 2.4)× 10−2,

(−6.6 ± 4.3)× 10−2,
(112)

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

tained using the results of ππ, πK fit (83). The upper
(lower) rows in (111), (112) correspond to values in Solu-
tion I (Solution II), where only experimental errors due
to the extracted SCET parameters are shown. Because of

the large experimental uncertainties, the gluonic contri-
butions to the form factors are still consistent with zero
at a little above the 1σ level in Solution II. The gluonic
charming penguin Accg on the other hand is shown to be
nonzero in both sets of solutions and is of similar size to
Acc in (84) in agreement with SCET counting. The pre-
dicted branching ratios and direct CP asymmetries using
the above values are compiled in Table VII. The errors
due to SU(3) breaking and 1/mb or αS(mb) corrections
are estimated in the same way as in previous subsection.
An error of 20% and a variation on charming penguin
strong phase of 20◦ is assigned to relations (43)-(46) and
(53), (54) giving the first error estimate in the Table VII.
The remaining 1/mb and αS(mb) errors, listed as second
error estimates in Table VII, are obtained by varying the
size and strong phase of leading order amplitudes pro-

portional to λ(f)
u or λ(f)

t by 20% and 20◦ respectively.

A prominent feature of B → Kη(′) decays is the large
disparity between the branching ratios for B → Kη′ and
B → Kη decays. In the SCET framework this is quite
naturally explained through a constructive and destruc-
tive interference of different terms in the amplitudes as
has been first suggested in [94, 95]. Specifically, the am-
plitudes AB→Kη(′) are related to AB→Kηq and AB→Kηs
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TABLE VII: Predicted CP averaged branching ratios (×10−6, first row) and direct CP asymmetries (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 II
columns give predictions corresponding to Solution I, II sets of SCET parameters. The errors on the predictions are estimates
of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively. No prediction on CP asymmetries is
given, if [−1, 1] range is allowed at 1σ.

Mode Exp. Theory I Theory II
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−0.11 ± 0.08 0.05 ± 0.19 ± 0.21 ± 0.05 0.37 ± 0.19 ± 0.21 ± 0.05

B− → π−η′ 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

B̄0 → π0η < 2.5 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

B̄0 → π0η′ < 3.7 2.3 ± 0.8 ± 0.3 ± 2.7 1.3 ± 0.5 ± 0.1 ± 0.3

− −0.24 ± 0.10 ± 0.19 ± 0.24 −
B̄0 → ηη < 2.0 0.69 ± 0.38 ± 0.13 ± 0.58 1.0 ± 0.4 ± 0.3 ± 1.4
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B̄0 → η′η′ < 10 0.57 ± 0.23 ± 0.03 ± 0.69 1.2 ± 0.4 ± 0.3 ± 3.7

− − 0.60 ± 0.11 ± 0.22 ± 0.29

B̄0 → K̄0η′ 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

B̄0 → K̄0η < 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−η′ 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−η 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 χ2/d.o.f. = 40.8/(10−4) or χ2/d.o.f. = 5.4/(10−4),
if theoretical errors are added in the definition of χ2. The
largest discrepancies with experimental data in this case
is in ACP

ηπ− while the prediction for ACP
ηK− agrees well with

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

in the two solutions lie in opposite quadrants, while the
values of |Acc,g| and ζ±g agree between the two solutions.

The gluonic contribution to the B → η(′) form factors,
ζg + ζJg, is similar in size to ζ and ζJ in (83) as expected
from SCET counting, Using Eq. (60) we find in the SU(3)
limit and at LO in 1/mb and αS(mb)

f
Bηq

+ (0) =

{

(−2.3 ± 4.8)× 10−2,

(4.5 ± 8.6) × 10−2,
(111)

fBηs

+ (0) =
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(−9.9 ± 2.4)× 10−2,

(−6.6 ± 4.3)× 10−2,
(112)

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

tained using the results of ππ, πK fit (83). The upper
(lower) rows in (111), (112) correspond to values in Solu-
tion I (Solution II), where only experimental errors due
to the extracted SCET parameters are shown. Because of

the large experimental uncertainties, the gluonic contri-
butions to the form factors are still consistent with zero
at a little above the 1σ level in Solution II. The gluonic
charming penguin Accg on the other hand is shown to be
nonzero in both sets of solutions and is of similar size to
Acc in (84) in agreement with SCET counting. The pre-
dicted branching ratios and direct CP asymmetries using
the above values are compiled in Table VII. The errors
due to SU(3) breaking and 1/mb or αS(mb) corrections
are estimated in the same way as in previous subsection.
An error of 20% and a variation on charming penguin
strong phase of 20◦ is assigned to relations (43)-(46) and
(53), (54) giving the first error estimate in the Table VII.
The remaining 1/mb and αS(mb) errors, listed as second
error estimates in Table VII, are obtained by varying the
size and strong phase of leading order amplitudes pro-

portional to λ(f)
u or λ(f)

t by 20% and 20◦ respectively.

A prominent feature of B → Kη(′) decays is the large
disparity between the branching ratios for B → Kη′ and
B → Kη decays. In the SCET framework this is quite
naturally explained through a constructive and destruc-
tive interference of different terms in the amplitudes as
has been first suggested in [94, 95]. Specifically, the am-
plitudes AB→Kη(′) are related to AB→Kηq and AB→Kηs
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Summary

A super B factory would give rise to many new and 
improved measurements

To get useful physics need to ensure that theory can 
keep up with experimental progress

Strong experimental program motivates theoretical 
progress

We have seen that during the very successful run of 
Babar and Belle, theory has produced results that 
were previously thought impossible


