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Introduction & Motivation
–
–

In SM: φSM
s = 2βs = −2λ2η → Very small !!

• A measurement of φs ∼ −10◦ with 20% uncertainty would be a clear

NP signal.

In NP: φNP
s can still be large and compatible with traditional bounds.



Introduction & Motivation
–
–

In SM: φSM
s = 2βs = −2λ2η → Very small !!

• A measurement of φs ∼ −10◦ with 20% uncertainty would be a clear

NP signal.

In NP: φNP
s can still be large and compatible with traditional bounds.

Example: Model independent bounds from ∆Ms [Ball-Fleischer ’06],
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Introduction & Motivation
–
–

In SM: φSM
s = 2βs = −2λ2η → Very small !!

• A measurement of φs ∼ −10◦ with 20% uncertainty would be a clear

NP signal.

In NP: φNP
s can still be large and compatible with traditional bounds.

Example: SUSY with general vertex mixing a la Grossman-Neubert-Kagan ’99,
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- Unconstrained mixing an-

gles and squark masses

mq̃ ∈ (250,1000)GeV.

- Imposing bounds from B → Xsγ,

∆Ms, B → πK, etc. . .



Introduction & Motivation
–
–

Consistency checks:

• Extract φs from tree level decays: φtree
s

• Extract φs from penguin-mediated decays: φpeng
s

• Compare: 2βs vs. φtree
s vs. φpeng

s

⇒ DISCOVER NP in Mixing and/or Decay

-Tree level determinations are quite clean (B → J/ΨKs, B → J/Ψφ, . . . )

-Penguin determinations are affected by hadronic uncertainties:

Here is where the theoretical brainstorming begins. . .



What this talk is about
–
–

Problem: The phenomenology of hadronic B-decays is often obscure on

the theoretical level because we don’t fully understand QCD.

- The Heavy Quark Limit approach (QCDF) suffers from uncertain-

ties due to 1/mb suppressed contributions, and other non-factorizable

contributions.

- Other approaches based on Flavor Symmetries cannot give precise

results, due to bad data and poorly estimated SU(3) breaking.

To be able to extract conclusions from experiments, theory must be more

precise and reliable.

Claim: The situation can be improved. I show some phenomenological

applications of an approach based on a QCDF-inspired quantity: ∆.



Express Bq − B̄q Mixing
–
–
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Express Bq − B̄q Mixing
–
–



φM from b → s penguins
–
–



sin 2β from b → s penguins
–
–

sin(2βeff) ≡ sin(2φe
1
ff)

b→ccs

φ K0

η′  K0

KS KS KS

π0 KS

ρ0 KS

ω KS

f0 K
0

π0 π0 KS

K+ K- K0

-3 -2 -1 0 1 2 3

World Average 0.68 ± 0.03

Average 0.39 ± 0.18

Average 0.61 ± 0.07

Average 0.58 ± 0.20

Average 0.33 ± 0.21

Average 0.20 ± 0.57

Average 0.48 ± 0.24

Average 0.42 ± 0.17

Average -0.72 ± 0.71

Average 0.58 ± 0.13
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sin 2β from b → s penguins
–
–

• Grossman-Isidori-Worah ’98 ; Grossman-Ligeti-Nir-Quinn ’03

SU(3) + Non-cancellation assumption ⇒

∆SφKs
<

√
2λ

(√
BR(B+ → φπ+)

BR(B → φKs)
+

√
BR(B+ → K∗K+)

BR(B → φKs)

)
+ O(λ2)

⇒ |∆SSU(3)

φKs
| < 0.18

• Beneke ’05

QCD-Factorization ⇒ 0.01 < ∆SQCDF
φKs

< 0.05

• EXPERIMENT: ∆Sexp
φKs

= −0.29 ± 0.18



sin 2βs from Bs → K∗K∗
–
–

• Ciuchini, Pierini, Silvestrini ’07



B decays in QCDF: α-coefficients
–
–

α
p
i (M1M2) + + + +

+ + + +

=

+ ⊃
∫ 1

0

dy

ȳ
Φm1(y) = Φm1(1)X

M1
H + finite

X
M1
H −→ Model dependence



B decays in QCDF: β-coefficients
–
–

β
p
i (M1M2) + + +=

⊃
∫ 1

0

dxdy

x̄y
Φm2(x)Φm1(y)

– Divergent subtractions:

∫ 1

0

dy

y
→ X

M1
A ,

∫ 1

0
dy

ln y

y
→ −1

2
(X

M1
A )2

X
M1
A , X

M2
A −→ Model dependence



∆: A solid quantity in QCDF
–
–

• Consider the following quantity:

∆ ≡ T − P

−→ I.R. divergencies XA, XH CANCEL in ∆

• For Bq → K∗K̄∗: 



|∆d
K∗K∗| = Ad,0

K∗K∗
CFαs

4πNc
C1 |ḠK∗(sc) − ḠK∗(0)|

|∆s
K∗K∗| = As,0

K∗K∗
CFαs

4πNc
C1 |ḠK∗(sc) − ḠK∗(0)|

• Including QCDF input uncertainties:

|∆d
K∗K∗| = (1.85 ± 0.79) × 10−7 GeV

|∆s
K∗K∗| = (1.62 ± 0.69) × 10−7 GeV



An application to B → KK
–
–

• Our method was used to predict BR’s and

Asymmetries in Bs → K+K− and Bs → K0K̄0.

(Descotes-Genon, Matias, Virto, Phys.Rev.Lett 97 061801 (2006))

The outcome was quite promising.

• SU(3) methods suffer from large experimental

uncertainties and cannot estimate SU(3)-

breaking.

• QCDF has trouble with chirally enhanced 1/mb

suppressed contributions, which have to be

modelled and introduce huge uncertainties.



Tree and Penguin Contributions
–
–

A = λ
(D)∗
u T + λ

(D)∗
c P , Ā = λ

(D)
u T + λ

(D)
c P



Tree and Penguin Contributions
–
–

A = λ
(D)∗
u T + λ

(D)∗
c P , Ā = λ

(D)
u T + λ

(D)
c P

↓
↓ T = P − ∆

↓

|A|2 = |λ(D)∗
c + λ(D)∗

u |2
∣∣∣∣∣P +

λ(D)∗
u

λ
(D)∗
c + λ

(D)∗
u

∆

∣∣∣∣∣

2

, |Ā|2 = |λ(D)
c + λ(D)

u |2
∣∣∣∣∣P +

λ(D)
u

λ
(D)
c + λ

(D)
u

∆

∣∣∣∣∣

2



Tree and Penguin Contributions
–
–

|A|2 = |λ(D)∗
c + λ(D)∗

u |2
∣∣∣∣∣P +

λ(D)∗
u

λ(D)∗
c + λ(D)∗

u

∆

∣∣∣∣∣

2

, |Ā|2 = |λ(D)
c + λ(D)

u |2
∣∣∣∣∣P +

λ(D)
u

λ(D)
c + λ(D)

u

∆

∣∣∣∣∣

2

– But the amplitudes |A|2, |Ā|2 are related to observables:

|A|2 = BR (1 + Adir)/gPS , |Ā|2 = BR (1 −Adir)/gPS

⋆ gPS −→ phase-space factor: gPS(Bd) ≃ 8.8 × 109 GeV−2

gPS(Bs) ≃ 8.2 × 109 GeV−2



Tree and Penguin Contributions
–
–

BR (1 + Adir)/gPS

|λ(D)
c + λ(D)

u |2
=

∣∣∣∣∣P +
λ(D)∗

u

λ(D)∗
c + λ(D)∗

u

∆

∣∣∣∣∣

2

,
BR (1 −Adir)/gPS

|λ(D)
c + λ(D)

u |2
=

∣∣∣∣∣P +
λ(D)

u

λ(D)
c + λ(D)

u

∆

∣∣∣∣∣

2



Tree and Penguin Contributions
–
–

BR (1 + Adir)/gPS

|λ(D)
c + λ(D)

u |2
=

∣∣∣∣∣P +
λ(D)∗

u

λ(D)∗
c + λ(D)∗

u

∆

∣∣∣∣∣

2

,
BR (1 −Adir)/gPS

|λ(D)
c + λ(D)

u |2
=

∣∣∣∣∣P +
λ(D)

u

λ(D)
c + λ(D)

u

∆

∣∣∣∣∣

2

.

. ↓ ↓ ↓ ↓
R2

1 −C∆
1 R2

2 −C∆
2

R2
1 =

∣∣P − C∆
1

∣∣2 , R2
2 =

∣∣P − C∆
2

∣∣2

– Ri → depend on DATA and CKM’s

– C∆
i → depend on ∆ and CKM’s



Tree and Penguin Contributions
–
–

R2
1 =

∣∣P − C∆
1

∣∣2 , R2
2 =

∣∣P − C∆
2

∣∣2

R1

R2

C∆
1

C∆
2

Im(P)

Re(P)

–Consistency Condition:

|R1−R2| ≤ |C∆
1 −C∆

2 | ≤ |R1+R2|

Which translates into:

|Adir| ≤

√
R2

D∆2

2B̃R

(
2 −

R2
D∆2

2B̃R

)

(
B̃R ≡ BR/gPS ; RD ∼ CKM′s

)



Tree and Penguin Contributions
–
–

R2
1 =

∣∣P − C∆
1

∣∣2 , R2
2 =

∣∣P − C∆
2

∣∣2

Constraint on Bd → K∗0K̄∗0
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–Consistency Condition:

|R1−R2| ≤ |C∆
1 −C∆

2 | ≤ |R1+R2|

Which translates into:

|Adir| ≤

√
R2

D∆2

2B̃R

(
2 −

R2
D∆2

2B̃R

)

(
B̃R ≡ BR/gPS ; RD ∼ CKM′s

)



Tree and Penguin Contributions
–
–

R2
1 =

∣∣P − C∆
1

∣∣2 , R2
2 =

∣∣P − C∆
2

∣∣2

R1

R2

C∆
1

C∆
2

Im(P)

Re(P)

–Hadronic Parameters:

Re[P ] = −c
(D)
1 ∆ ±

√
−Im[P ]2 −

(
c

(D)
0 ∆

c
(D)
2

)2

+ B̃R

c
(D)
2

Im[P ] =
B̃R Adir

2c
(D)
0 ∆

T = P + ∆

(
B̃R ≡ BR/gPS ; c

(D)
i ∼ CKM′s

)



Tree and Penguin Contributions
–
–

—————————— SUMMARY ——————————

• Amplitudes: ASM(Bq → M1M2) = λ(D)∗
u T + λ(D)∗

c P

• IR-safe quantity: ∆ ≡ T − P

• Consistency condition: |Adir| ≤
√

R2
D∆2

2B̃R

(
2 − R2

D∆2

2B̃R

)

• Hadronic Parameters:

.

Re[P ] = −c
(D)
1 ∆ ±

√
−Im[P ]2 −

(
c

(D)
0 ∆

c
(D)
2

)2

+ B̃R

c
(D)
2

Im[P ] =
B̃R Adir

2c
(D)
0 ∆

; T = P + ∆



sin 2β from B → φKs
–
–



sin 2β from B → φKs
–
–
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φs from Bs → V V (Strategy I)
–
–

Along
mix (Bs → K∗0K̄∗0) ≃ sinφs + 2

∣∣∣∣∣∣
λ
(s)
u

λ
(s)
c

∣∣∣∣∣∣
Re

(
T s

K∗K∗

P s
K∗K∗

)
sin γ cosφs

︸ ︷︷ ︸
+ · · ·

∆S(Bs → K∗0K̄∗0)
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0.03

0.035

0.04

0.045

0.05

0.055

0.06

∆
S
(
B

s
→

K
∗0

K̄
∗0

)

BRlong(Bs → K∗0K̄∗0) × 106



φs from Bs → V V (St.I)
–
–

Along
mix (Bs → K∗0K̄∗0) ≃ sinφs + 2

∣∣∣∣∣∣
λ
(s)
u

λ
(s)
c

∣∣∣∣∣∣
Re

(
T s

K∗K∗

P s
K∗K∗

)
sin γ cosφs

︸ ︷︷ ︸
+ · · ·

∆S(Bs → K∗0K̄∗0)

10 20 30 40 50

0.03

0.035

0.04

0.045

0.05

0.055

0.06

∆
S
(
B

s
→

K
∗0

K̄
∗0

)

BRlong(Bs → K∗0K̄∗0) × 106

Example:

For BRlong(Bs → K∗0K̄∗0) ∼ (30 − 40) × 10−6

Then

(
Along

mix − 0.051
)

< sinφs <
(
Along

mix − 0.037
)



Other angles from data & ∆ (St.II)
–
–

In the case of a Bd meson decaying through a b → D process (D = d, s):

sin2 α =
B̃R

2|λ(D)
u |2|∆|2

(
1 −

√
1 − (Adir)

2 − (Amix)
2

)

sin2 β =
B̃R

2|λ(D)
c |2|∆|2

(
1 −

√
1 − (Adir)

2 − (Amix)
2

)

In the case of a Bs meson decaying through a b → D process (D = d, s):

sin2 φs

2
=

B̃R

2|λ(D)
c |2|∆|2

(
1 −

√
1 − (Adir)

2 − (Amix)
2

)

sin2

(
φs

2
+ γ

)
=

B̃R

2|λ(D)
u |2|∆|2

(
1 −

√
1 − (Adir)

2 − (Amix)
2

)



Other angles from data & ∆ (St.II)
–
–

Even better: Measure the time-dependent “untagged” rate

Γlong(Bs(t) → V V ) + Γlong(Bs(t) → V V ) ∝ RHe−Γ(s)

H t + RLe−Γ(s)

L t

Which allows to extract Along
∆Γ :

Along
∆Γ (Bs → V V ) =

RH − RL

RH + RL

sin2 φs

2
=

B̃R (1 −Along
∆Γ )

2|λ(D)
c |2|∆|2

; sin2

(
φs

2
+ γ

)
=

B̃R (1 −Along
∆Γ )

2|λ(D)
u |2|∆|2



Bs → K∗K̄∗ observables (St.III)
–
–

• Assume no NP in Bd → K∗0K̄∗0 .

• Extract P d
K∗K∗, T d

K∗K∗ from BRd, long
K∗K∗ , Ad, long

dir, K∗K∗ and ∆d
K∗K∗.

• Relate Bs → K∗0K̄∗0 to Bd → K∗0K̄∗0 by U-spin:

P s
K∗K∗ = f P d

K∗K∗(1 + δP
K∗K∗)

T s
K∗K∗ = f T d

K∗K∗(1 + δT
K∗K∗)

Factorizable SU(3)/ : (lattice) f =
m2

Bs
ABs→K∗

0

m2
BAB→K∗

0

= 0.88 ± 0.19

Non-Factorizable SU(3)/ : (QCDF) |δP
K∗K∗| ≤ 0.12 , |δT

K∗K∗| ≤ 0.15

• Compute observables for Bs → K∗0K̄∗0 as a function of φs.

Bd

K∗0

K̄∗0

d

b

s

s

d

u, c, t

Bd → K∗0K̄∗0

Bs

K∗0

K̄∗0
s

b

d

d

s

u, c, t

Bs → K∗0K̄∗0



Bs → K∗K̄∗ observables (St.III)
–
–
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Bs → K∗K̄∗ observables (St.III)
–
–
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–Central values

–Input uncertainties

–Error from f

Results within SM, obtained taking

γ = 62 ± 6

φs = −2◦

(
BRlong(Bs → K∗0K̄∗0)

BRlong(Bd → K∗0K̄∗0)

)

SM

= 17 ± 6

Along
dir

(Bs → K∗0K̄∗0)SM = 0.000± 0.014

Along
mix

(Bs → K∗0K̄∗0)SM = 0.004± 0.018



Comparison between the Strategies
–
–



To Summarize...
–
–

⋆ An approach based on the QCDF-inspired quantity ∆ improves preci-

sion of Flavor Symmetries and reliability of QCDF:

- Bs → KK modes

- Bd mixing: sin 2β

..... Waiting for measurements of Amix(Bs → K+K−),

and improved results for Amix(Bd → φKs) .....

⋆ Bs − B̄s mixing: The hope for a clear NP signal in flavor physics.

⋆ Longitudinal observables in penguin-mediated Bs → V V decays allow

for nice ways of extracting φs.

.....Wating for measurements of Along
mix (Bs → V V ) and BRlong(Bd,s → V V ),

with V V = K∗K∗, φK∗, φφ .....



Back up
–
–



B → V V : Polarization Amplitudes
–
–

A(B → V1V2) =

[
4m1m2

m4
B

(ǫ∗1 · pB)(ǫ∗2 · pB)

]
A0

+

[
1

2
(ǫ∗1 · ǫ∗2) −

(pB · ǫ∗1)(pB · ǫ∗2)
m2

B

− iǫµνρσǫ
∗µ
1 ǫ∗ν2 p

ρ
1pσ

2

2p1 · p2

]
A+

+

[
1

2
(ǫ∗1 · ǫ∗2) −

(pB · ǫ∗1)(pB · ǫ∗2)
m2

B

+
iǫµνρσǫ

∗µ
1 ǫ∗ν2 p

ρ
1pσ

2

2p1 · p2

]
A−

. Transversity basis: A‖,⊥ = (A+ ± A−)
√

2

. Polarization fractions: f0,⊥,‖ ≡
|A0,⊥,‖|2

|A0|2 + |A⊥|2 + |A‖|2



B → V V : Transverse Polarizations
–
–

• In naive factorization: 1 − f0 = O(1/m2
b ),

f⊥
f‖

= 1 + O(1/m2
b )

• B → ρρ
√





f0 = 0.941+0.034
−0.040 ± 0.030 −Belle

f0 = 0.977 ± 0.024+0.015
−0.013 −BaBar

• B → φK∗0 ×
{

f0 = 0.45 ± 0.05 ± 0.02 −Belle
f0 = 0.506 ± 0.040 ± 0.015 −BaBar

• Transverse amplitudes don’t factorize at leading order

⇒ B → V V decays are more problematic theoretically

• On the other hand there are some experimental advantages:

Larger BR’s and charged decay products.



B → V V : Longitudinal Observables
–
–

d3Γ

Γd cos θ1d cos θ2dφ
=

9

8π

1

|A0|2 + |A‖|2 + |A⊥|2
×
[
|A0|2 cos2 θ1 cos2 θ2 + |A‖|2

1

2
sin2 θ1 sin2 θ2 cos2 φ

P1

P2

V2

V1

Q2

Q1

ϑ1

2ϑ’

ϕ

+|A⊥|2
1

2
sin2 θ1 sin2 θ2 sin2 φ+Re[A∗

0A‖]
1

2
√

2
sin 2θ1 sin 2θ2 cosφ

+Im[A∗
0A⊥]

−1

2
√

2
sin2θ1 sin 2θ2 sinφ+Im[A∗

‖A⊥]
−1

2
sin2 θ1 sin2 θ2 sin 2φ

]

• Γlong ≡
∫

d3Γ

d cos θ1d cos θ2dφ

(
5

2
cos θ2

1 − 1

2

)
d cos θ1d cos θ2dφ = gPS|A0|2/τB

• Γlong ≡
∫ 1

−1

d cos θ1

∫

T

d cos θ2

∫ 2π

0

dφ
d3Γ

d cos θ1d cos θ2dφ
= gPS|A0|2/τB

with

∫

T

d cos θ2 =

(
11

9

∫ π/3

0

−5

9

∫ 2π/3

π/3

+
11

9

∫ π

2π/3

)
(− sin θ2)dθ2



B → V V : Longitudinal Observables
–
–

• Angular analysis:

BRlong =
τB

2

(
Γlong(B0

q → f) + Γlong(B̄0
q → f)

)
= gPS

|A0|2 + |Ā0|2
2

Along
dir ≡

Γlong(B0
q → f) − Γlong(B̄0

q → f̄)

Γlong(B0
q → f) + Γlong(B̄0

q → f̄)
=

|A0|2 − |Ā0|2
|A0|2 + |Ā0|2

• Time-dependent analysis:

ACP(t) ≡
Γlong(B0

q (t) → f) − Γlong(B̄0
q (t) → f̄)

Γlong(B0
q (t) → f) + Γlong(B̄0

q (t) → f̄)
=

Along
dir cos (∆Mt) + Along

mix sin (∆Mt)

cosh (∆Γt/2) −Along
∆Γ sinh (∆Γt/2)

Along
mix ≡ −2ηf

Im(e−iφMA∗
0Ā0)

|A0|2 + |Ā0|2
; Along

∆Γ ≡ −2ηf
Re(e−iφMA∗

0Ā0)

|A0|2 + |Ā0|2



–

Ass slide


