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FCNCs in the SM and beyond

I n the SM, FCNCs are

suppressed

Loop factor

Hierarchy of CKM

GIM mechanism

Chiral ity suppression

O(m2
c −m2

u) � m2
W
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FCNCs in the SM and beyond

I n the SM, FCNCs are

suppressed

Loop factor

Hierarchy of CKM

GIM mechanism

Chiral ity suppression

In the presence of NP,

suppression can be l ifted

O(m2
c −m2

u) � m2
W O(m2

c̃ −m2
ũ) > m2

W

Rare FCNC decays are highly sensitive to short-d istance physics
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Q7 ∼ mb(s̄LσµνbR)Fµν

Q8 ∼ mb(s̄LσµνT
abR)Gµν a

Q9 ∼ (s̄b)V−A(¯̀̀ )V

Q10 ∼ (s̄b)V−A(¯̀̀ )A

QS ∼ (s̄b)S+P(¯̀̀ )S

QP ∼ (s̄b)S+P(¯̀̀ )P

QL ∼ (s̄b)V−A(ν̄ν)V−A

Effective Hamiltonian for di → dj transitions

H∆F=1
eff =

4GF√
2
VtbV

∗
ts

∑
(CiQi + C ′i Q

′
i )

Operators most sensitive to new physics
in ∆F = 1 transitions.

Analogous for b → d and s → d .
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SM: “penguin-box expansion”

Inami-Lim functions:

f
(

m2
t

m2
W

)
(GIM)

flavour independent!

X = C + Bνν̄

Y = C + B`
¯̀

Z = C + D/4
e.g.

Q7 ∼ mb(s̄LσµνbR)Fµν

Q8 ∼ mb(s̄LσµνT
abR)Gµν a

Q9 ∼ (s̄b)V−A(¯̀̀ )V

Q10 ∼ (s̄b)V−A(¯̀̀ )A

QS ∼ (s̄b)S+P(¯̀̀ )S

QP ∼ (s̄b)S+P(¯̀̀ )P

QL ∼ (s̄b)V−A(ν̄ν)V−A

Effective Hamiltonian for di → dj transitions

H∆F=1
eff =

4GF√
2
VtbV

∗
ts

∑
(CiQi + C ′i Q

′
i )

C7 ∼ D ′

C8 ∼ E ′

C9 ∼ Y
s2w

− 4Z + ...

C10 ∼ Y

CS ≈ 0

CP ≈ 0

CL ∼ X
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sti l l flavour independent!

Constrained Minimal Flavour Violation (CMFV)
X = C + Bνν̄

Y = C + B`
¯̀

Z = C + D/4

• All flavour violation governed by the CKM matrix
• No new sources of CP violation
• No operators beyond the SM ones

CMFV master functions

f (θCMFV)

Effective Hamiltonian for di → dj transitions

Q7 ∼ mb(s̄LσµνbR)Fµν

Q8 ∼ mb(s̄LσµνT
abR)Gµν a

Q9 ∼ (s̄b)V−A(¯̀̀ )V

Q10 ∼ (s̄b)V−A(¯̀̀ )A

QS ∼ (s̄b)S+P(¯̀̀ )S

QP ∼ (s̄b)S+P(¯̀̀ )P

QL ∼ (s̄b)V−A(ν̄ν)V−A

C7 ∼ D ′

C8 ∼ E ′

C9 ∼ Y
s2w

− 4Z + ...

C10 ∼ Y

CS ≈ 0

CP ≈ 0

CL ∼ X

H∆F=1
eff =

4GF√
2
VtbV

∗
ts

∑
(CiQi + C ′i Q

′
i )

[Buras et al . (2001)]
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New operators!

WCs flavour independent.

Minimal Flavour Violation (MFV)

• All flavour violation governed by the CKM matrix
• No new sources of CP violation
• No operators beyond the SM ones

Effective Hamiltonian for di → dj transitions

Q7 ∼ mb(s̄LσµνbR)Fµν

Q8 ∼ mb(s̄LσµνT
abR)Gµν a

Q9 ∼ (s̄b)V−A(¯̀̀ )V

Q10 ∼ (s̄b)V−A(¯̀̀ )A

QS ∼ (s̄b)S+P(¯̀̀ )S

QP ∼ (s̄b)S+P(¯̀̀ )P

QL ∼ (s̄b)V−A(ν̄ν)V−A

C7 ∼ D ′

C8 ∼ E ′

C9 ∼ Y
s2w
− 4Z + ...

C10 ∼ Y

CS 6= 0

CP 6= 0

CL ∼ X

H∆F=1
eff =

4GF√
2
VtbV

∗
ts

∑
(CiQi + C ′i Q

′
i )

[D'Ambrosio et al . (2002)]
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Al l WCs independent of

each other and flavour

dependent:

Generic Flavour Violation

• All flavour violation governed by the CKM matrix
• No new sources of CP violation
• No operators beyond the SM ones

C b→s
i 6= C b→d

i 6= C s→d
i !

+ chiral ity-fl ipped

operators

Effective Hamiltonian for di → dj transitions

Q
(′)
7 ∼ mb(s̄L,RσµνbR,L)Fµν

Q
(′)
8 ∼ mb(s̄L,RσµνT

abR,L)Gµν a

Q
(′)
9 ∼ (s̄b)V∓A(¯̀̀ )V

Q
(′)
10 ∼ (s̄b)V∓A(¯̀̀ )A

Q
(′)
S ∼ (s̄b)S±P(¯̀̀ )S

Q
(′)
P ∼ (s̄b)S±P(¯̀̀ )P

QL,R ∼ (s̄b)V∓A(ν̄ν)V−A

C7,C
′
7

C7,C
′
7

C7,C
′
7

C10,C
′
10

CS ,C
′
S

CP ,C
′
P

CL,CR

H∆F=1
eff =

4GF√
2
VtbV

∗
ts

∑
(CiQi + C ′i Q

′
i )
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(universal ity of

master functions)
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b → s
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b → d
(∝ λ3)

s → d
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KL → π`+`−

KL → `+`−
KL → π0νν̄
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100% correlated

in MFV

(universal ity of

master functions)

I f magnetic penguin

dominates

I f Z penguin

dominates
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The flavour matrix

2HDM at low tanβ
Littlest Higgs without T-parity
Universal Extra Dimensions

MSSM with MFV
2HDM at large tanβ

Littlest Higgs with T-parity
SM with 4 generations

General MSSM
Warped Extra Dimensions

CMFV MFV

Beyond MFVBeyond CMFV

Only SM operators Also new operators

F
la
vo
u
r
vi
ol
at
io
n

go
ve
n
ed

b
y
C
K
M

N
on

-C
K
M

fl
av
ou

r
vi
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.

[A. Buras]
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Outline

1. K+ → π+νν̄ vs. KL → π0νν̄

2. Bs → µ+µ− vs. Bd → µ+µ−

1. Angular observables in B → K∗µ+µ−

2. B → K∗νν̄ vs. B → Kνν̄

Correlations in concrete NP models

Model-independent correlations

SM with 4th generation

[Buras et al . 1002.2126]

RS model with custodial protection

[Blanke et al . 0812.3803]

Littlest Higgs with T-parity

[Blanke et al . 0906.5454]

MSSM flavour models

[Altmannshofer et al . 0909.1333]

SM4: see talk by T. Heidsieck

Thursday, 18:05
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See also talk by E. Stamou

Thursday, 10:00

BR(K+ → π+νν̄) ∝
∣∣∣CL + CR + εSM(u,c)

∣∣∣2
BR(KL → π0νν̄) ∝ Im (CL + CR)2

The “golden modes”

mode SM exp.

BR(K+ → π+νν̄) (8.5± 0.7)× 10−11 17.3+11.5
−10.5 × 10−11

BR(KL → π0νν̄) (2.8± 0.6)× 10−11 < 6.7× 10−8

K → πνν̄ decays

Governed by Qs→d
L,R ∼ (s̄b)V∓A(ν̄ν)V−A

purely CP violating

[E949]

[E391a]
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K+ → π+νν̄ vs. KL → π0νν̄
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K+ → π+νν̄ vs. KL → π0νν̄

for a simi lar plot, see http://www. lnf. infn. it/wg/vus/content/Krare.html (Mescia & Smith)
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K+ → π+νν̄ vs. KL → π0νν̄
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Bq → µ+µ− decays

BR(Bq → µ+µ−) ∝

[
|S |2

(
1−

4m2
µ

m2
Bq

)
+ |P|2

]

S =
m2

Bq

2
(CS − C ′S) P =

m2
Bq

2
(CP − C ′P) +mµ(C10 − C ′10)

See also talk by S. Jäger

Thursday, 13:45

mode SM exp. 95% C.L.

BR(Bs → µ+µ−) (3.2± 0.2)× 10−9 < 43× 10−9

BR(Bd → µ+µ−) (0.10± 0.01)× 10−9 < 7.6× 10−9

large contributions to CS,PMSSM & 2HDM:

[CDF]
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Bs → µ+µ− vs. Bd → µ+µ−
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SUSY flavour models

A representative set of SUSY flavour models with non-minimal FV in the

down-type squark sector:

model symm. ref.δLLd δRRd

AC U(1) CKM-l ike O(1) [Agashe, Carone (2003)]

AKM SU(3) - CKM-l ike [Antusch et al . (2007)]

RVV SU(3) CKM-l ike CKM-l ike [Ross et al . (2004)]

LL (S
3
)3 CKM-l ike - [Hal l , Murayama (1995)]

[Altmannshofer, Buras, Gori , Paradisi , Straub (2009)]

See also talk by P. Paradisi
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Bs → µ+µ− vs. Bd → µ+µ−
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Bs → µ+µ− vs. Bd → µ+µ−
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Bs → µ+µ− vs. Bd → µ+µ−
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Bs → µ+µ− vs. Bd → µ+µ−
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Bs → µ+µ− vs. Bd → µ+µ−
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d4Γ

dq2 d cos θl d cos θK∗ dφ
=

∑
i ,a

I
(a)
i (q2)f (θl , θK∗ ,φ)

Angular observables in B → K ∗µ+µ−

A
(a)
i (q2) =

(
I
(a)
i (q2) − Ī

(a)
i (q2)

)/
d(Γ + Γ̄)

dq2

S
(a)
i (q2) =

(
I
(a)
i (q2) + Ī

(a)
i (q2)

)/
d(Γ + Γ̄)

dq2

See also talk by J. Matias

Normal ized CP-averaged

angular coefficients

Normal ized CP asymmetries

[Altmannshofer, Bal l , Bharucha, Buras, Straub, DS (2008)]



David Straub (TUM) CKM2010, Warwick

Motivation

• Complex effects in C7 arise in the MSSM with
MFV but additional sources of CP violation

• Complex effects in C ′
7 arise in the MSSM with

complex (δd)LR32 mass insertion

Main constraint

BR(B → Xsγ) ∝ |C eff
7 (mb)|2 + |C ′

7(mb)|2

A simple scenario:

Complex NP contributions to C7 and C ′
7 only

Magnetic penguins in B → K ∗`+`−

Q
(′)
7 ∼ mb(s̄L,RσµνbR,L)Fµν
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CP averaged observables in B → K ∗µ+µ−

Observables integrated in the low q2 region:

〈Si 〉 =

∫ 6 GeV2

1 GeV2 (Ii (q
2) + Īi (q

2))∫ 6 GeV2

1 GeV2 d(Γ + Γ̄)/q2

〈S s
6〉 is the integrated, CP-

averaged FB asymmetry:

S s
6 =

4

3
AFB
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CP asymmetries in B → K ∗µ+µ−

Note: A9 can be extracted from 1-dimensional
angular distribution:

d(Γ + Γ̄)

dφ dq2
∝ 1 + S3 cos(2φ) + A9 sin(2φ)
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CP asymmetries in B → K ∗µ+µ−

RH currents only

LH currents only

d(Γ + Γ̄)

dφ dq2
∝ 1 + S3 cos(2φ) + A9 sin(2φ)

Note: A9 can be extracted from 1-dimensional
angular distribution:
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CP asymmetries in B → K ∗µ+µ− vs. B → Xsγ

CP asymmetry in b → sγ is
an additional constraint on
complex C

(′)
7 .

B → K∗`+`− angular observables can be used to determine the magni-
tude, phase and chirality structure of the magnetic penguin coefficients
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mode SM exp.

BR(B → K∗νν̄) (6.8± 1.1)× 10−6 < 80× 10−6

BR(B → Kνν̄) (3.6± 0.5)× 10−6 < 14× 10−6

BR(B → Xsνν̄) (2.7± 0.2)× 10−5 < 64× 10−5

b → sνν̄ decays

Governed by Qb→s
L,R ∼ (s̄b)V∓A(ν̄ν)V−A

See also talk by J. Kamenik

[ALEPH]

[Bel le]

[BaBar]
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Why can there be no sizable effects in b → sνν̄, in constrast to s → dνν̄,
in the MSSM without MFV?

MSSM: s → dνν̄ vs. b → sνν̄

A

ASM
∝ (δLRu )23(δ

LR
u )33

VtsV ∗
tb

∼ δ2

λ2

A

ASM
∝ (δLRu )23(δ

LR
u )31

VtsV ∗
td

∼ δ2

λ5

∼

�

Strongly constrained by Bs → µ+µ−Also: Higgs-mediated contributions
[I sidori , Paradisi (2006)]

→
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mode SM exp.

BR(B → K∗νν̄) (6.8± 1.1)× 10−6 < 80× 10−6

BR(B → Kνν̄) (3.6± 0.5)× 10−6 < 14× 10−6

BR(B → Xsνν̄) (2.7± 0.2)× 10−5 < 64× 10−5

b → sνν̄ decays

Governed by Qb→s
L,R ∼ (s̄b)V∓A(ν̄ν)V−A

Observables depend on two real combinations of CL,R :

ε =

√
|CL|2 + |CR |2
|(CL)SM|

η =
−Re (CLC

∗
R )

|CL|2 + |CR |2
(ε, η)SM = (1, 0)

BR(B → K∗νν̄) = BR(B → K∗νν̄)SM × (1 + 1.31 η)ε2

BR(B → Kνν̄) = BR(B → Kνν̄)SM × (1− 2 η)ε2

[ALEPH]

[Bel le]

[BaBar]

[Altmannshofer, Buras, DS, Wick (2009)]
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B → K ∗νν̄ vs. B → Kνν̄
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B → K ∗νν̄ vs. B → Kνν̄

RH currents only

LH currents only

See talk by K. Gemmler

Thursday, 17:45
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B → K ∗νν̄ vs. B → Kνν̄

Assuming dominance of Z penguin
in b → s`+`− ⇒ strong constraint
from BR(B → Xs`

+`−)



David Straub (TUM) CKM2010, Warwick

B → K ∗νν̄ vs. B → Kνν̄

• Dipole operator contributions
to b → s`+`−

• non-universal Z ′ penguins
• neutrinoless decays with miss-

ing energy

Can be relaxed by, e.g.

Assuming dominance of Z penguin
in b → s`+`− ⇒ strong constraint
from BR(B → Xs`

+`−)
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Complementary to high p
T
searches!

1.

Conclusions

al low to distinguish different models of New Physics

give us model-independent information about short-d istance

interactions (including chiral ity, phases)

Decays that may seem less promising in MFV can be important in

many concrete models!

Thanks for support to:
Wolfgang Altmannshofer, Andrzej Buras, Christoph Promberger

Correlations between rare K and B decays

2.
PS (At least) equally interesting correlations with ∆F = 2!

(Bd → µ+µ−, B → K∗νν̄, . . . )




