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Many nice memories of WIN 1999 in Cape Town ... 



Based on recent work by:

• Csaki, Falsowski, Weiler: arXiv:0804.1954

• Casagrande, Goertz, Haisch, MN, Pfoh: arXiv:0807.4937

• Blanke, Buras, Duling, Gori, Weiler: arXiv:0809.1073

• Bauer, Casagrande, Gründer, Haisch, MN: arXiv:0811.3678

• Blanke, Buras, Duling, Gemmler, Gori: arXiv:0812.3803

• Bauer, Casagrande, Haisch, MN: arXiv:0912.1625

Also lots of previous important work, in particular:

• Huber, hep-ph/0303183

• Agashe, Perez, Soni: hep-ph/0406101, 0408134, 0606293

• Burdman, hep-ph/0205329, 0310144

• and more ...

→ due to time restrictions, only cover small fraction of relevant results!
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Main lesson from quark flavor physics

1

Standard Model of particle physics is very successful in describing 
quark flavor mixing:

Compelling evidence from consistency 

of various constraints combined in 

global Cabibbo-Kobayashi-Maskawa 

(CKM) fit ...
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Main lesson from quark flavor physics

1

M. KobayashiN. Cabibbo T. Maskawa

“for the discovery of the origin of the broken 
symmetry which predicts the existence of at 
least three families of quarks in nature”

Nobel Prize in Physics 2008 awarded to 
Kobayashi and Maskawa:

Standard Model of particle physics is very successful in describing 
quark flavor mixing:



Main lesson from quark flavor physics

1

... and from absence of excessive flavor-

changing neutral currents (FCNCs), such 

as D‒D mixing, KL → µ+µ−, B → Xsγ etc., 

which are forbidden at tree level in SM 

sLsL

W+

uL

(VCKM)us

VCKM = CKM
matrix

δ = diagonal 
matrix

qi

δij

γ, Z

qj

—

Upshot: effects of beyond SM physics in 

quark flavor-mixing can only appear as 
corrections to leading CKM mechanism

Standard Model of particle physics is very successful in describing 
quark flavor mixing:

But the SM does not explain the hierarchies in flavor physics!



Beyond SM there is another problem of flavor ...

electroweak symmetry 
breaking

increasing 
energy scaleΛHiggs  < 1 TeV Λflavor > 103 TeV →→

no fine-tuning bounds on flavor mixing

∼ ∼

⇒ ⇒
Higgs mass large FCNCs generic flavor 

structure

⎧ ⎨ ⎩ ⎧ ⎨ ⎩

⇒ ⇒

T

T
h h

∼ g2
T

16π2
Λ2

UV

s

s

d

d

X
∼ g2

X

Λ2
UV

LEFT = Λ2
UVΦ†Φ− λ(Φ†Φ)2 + Lgauge

SM + LYukawa
SM +

L(5)

ΛUV
+
L(6)

Λ2
UV

+ . . .

• Solutions to flavor problem explaining ΛHiggs << Λflavor :

(i)  ΛUV  >> 1 TeV: Higgs fine tuned, new particles too heavy for LHC

(ii)  ΛUV ≈ 1 TeV: quark flavor mixing protected by flavor symmetry



Hierarchies from geometry



The Randall-Sundrum (RS) idea

(Wikipedia)



*Randall and Sundrum, hep-ph/9905221, hep-th/9906064

Hierarchies from geometry: RS model*

Slice of AdS5 with curvature k :

VUV = −

0 πφ

S1/Z2

ds2 = e−2σηµνdxµdxν − r2dφ2 , σ = kr|φ|

VIR =  Λk
Λ
k

ultra-violet (UV) 
brane

infra-red (IR) 
brane

warp factor
(solution to Einstein’s equations)

� =
Mweak

MPlanck
= e−krπ ≈ 10−16 , MKK = k� = few TeV

Λ < 0



infra-red (IR) 
brane

ultra-violet (UV) 
brane

Hierarchies from geometry: RS model

SU(3)C × SU(2)L × U(1)Y

0 πφ

Pattern of gauge-symmetry breaking:

SU(3)C × U(1)EM

Higgs

‣ bulk gauge group SU(2)L × U(1)Y  broken by IR brane-localized Higgs to U(1)EM 

‣ more complicated patterns (custodial symmetry) have also been considered*

SM matter and gauge fields
(+ KK excitations)

*Agashe, Delgado, May, Sundrum, hep-ph/0308036;  Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341



ε

*Davoudiasl et al., hep-ph/9911262; Pomarol, hep-ph/9911294; Chang et al., hep-ph/9912498

RS model: Gauge boson profiles*

W, Z

Profiles of gauge fields:

g

g(1)ultra-violet (UV) 
brane

infra-red (IR) 
brane

Higgs

1

‣ while profiles of photon and gluon are flat, wave functions of heavy gauge 
bosons and KK modes are peaked near IR brane

t = � ekr|φ|



Profiles of fermion fields:

*Grossman and Neubert, hep-ph/9912408; Ghergetta and Pomarol, hep-ph/0003129

RS model: Fermion profiles*

tR
light fermions

⎝
⎛Q3 = 

t
b

⎛
⎝ L

cQ3  > −1/2 

cQ1,2  < −1/2 

Higgs, 
Yukawas

ultra-violet (UV) 
brane

infra-red (IR) 
brane

ε t 1

‣ localization of fermion profiles in extra dimension controlled by bulk mass 
parameters cQ,q = ±MQ,q/k 

‣ wave functions on IR brane: FcA =
�

1 + 2c

1− �1+2c
∼ �−

1
2−c (c < −1

2
)

(� = e−krπ ≈ 10−16)



λ = O(1)
FcQ1

FcQ2

*Huber, hep-ph/0303183 

Quark masses and mixings in RS model*

165 GeV4.21.3100 MeV53 

u d s c b t

• Hierarchy in quark masses and mixings can be naturally generated from 
anarchic complex 3 × 3 matrices Yq = O(1) entering Yq      = FcQi  (Yq)ij  Fcqj

eff

mqi

(+ anarchic Yukawa matrices)

A = O(1)
F 3

cQ2

F 2
cQ1

FcQ3

ρ̄− iη̄ = O(1)

mqi = O(1)
v
√

2
FcQi

Fcqi

Scaling laws:



*Froggatt and Nielsen, Nucl. Phys, B147 (1979) 277; Casagrande et al., arXiv:0807.4537; Blanke et al., arXiv:0809.1073

Warped-space Froggatt-Nielsen mechanism*

Bulk fermions in RS: Froggatt-Nielsen (FN) symmetry:

‣ bulk parameter cQi,qi 

‣ warp factor 

‣ U(1)F  charges

‣ model parameter             set by VEVs

• Models with warped spatial extra dimension provide compelling geometrical 
interpretation of flavor symmetry

(Y eff,FN
q )ij ∝ (Yq)ij �aQi−bqj

�� 1
QF = aQi , bqj

RS is a theory of flavor!
(to a good extent)

� = e−krπ

(Y eff,RS
q )ij ∝ (Yq)ij �cQi−cqj



*Huber, hep-ph/0303183; Burdman, hep-ph/0310144; Agashe et al., hep-ph/0408134; Casagrande et al., arXiv:0807.4537

Sources of flavor violation*

�Φ��Φ�

Z(k)

f

f �
Z

�Y �

�Y �

Z
f �
f (k)

f

g(k)

q

q�

‣ modification of W, Z , and Higgs boson profiles due to electroweak 
symmetry breaking on IR brane: mixing matrices ΔA, ΔA with A=Q,q

‣ non-trivial overlap integrals of KK gauge-boson profiles with SM fermion 
wave functions: mixing matrices ΔA, ΔA 

‣ non-orthonormality of fermion profiles interpreted as mixing of SU(2)L 
singlet and doublets via their KK excitations: mixing matrices δA

Flavor violation arises from:

Z(k) γ(k)
also:        ,

′

′

also: W, h



Mixing matrices: Scaling relations

(∆(�)
Q )ij ∼ FcQi

FcQj
, (δQ)ij ∼

mqimqj

M2
KK

1
Fcqi

Fcqj

∼
v2Y 2

q

M2
KK

Fcqi
Fcqj

,

(∆(�)
q )ij ∼ Fcqi

Fcqj
, (δq)ij ∼

mqimqj

M2
KK

1
FcQi

FcQj

∼
v2Y 2

q

M2
KK

FcQi
FcQj

• In all cases one finds:

Implications of scaling relations:

‣ all effects are proportional to FcAi FcAj 
, so that all flavor-violating vertices 

involving light, UV-localized fermions are suppressed

‣ this suppression of dangerous FCNCs  involving light quarks is called the  
RS-GIM mechanism* 

*Agashe et al., hep-ph/0406101, hep-ph/0408134



Anatomy of tree-level FCNC processes

small contributions to     
ΔF = 1, 2 processes

• Three types of generic contributions to dimension-six operators:

dominant contribution to 
ΔF = 2 processes

• Neutral meson mixing is insensitive to electroweak gauge structure!

• Like in SM, dimension-five perators contributing to B → Xsγ or μ → eγ 
arise first at one-loop level 

dominant contribution to 
ΔF = 1 processes

Z,Z(k)g(k)
γ(k) h

m

n m�

n� m

n m�

m� m n

m�n�

m n

m�m�



Phenomenology



CRS
1 =

4πL

M2
KK

��∆D

�
12
⊗

��∆D

�
12

�αs

3
+ 1.12α

�
,

C̃RS
1 =

4πL

M2
KK

��∆d

�
12
⊗

��∆d

�
12

�αs

3
+ 0.14α

�
,

CRS
4 =

4πL

M2
KK

��∆D

�
12
⊗

��∆d

�
12

[−2αs] ,

CRS
5 =

4πL

M2
KK

��∆D

�
12
⊗

��∆d

�
12

�
2αs

3
− 0.29α

�
,

(�∆A)mn ⊗ (�∆B)m�n� → (∆A)mn (∆B)m�n�

*Csaki, Falkowski, Weiler, arXiv:0804.1954; Blanke et al., arXiv:0809.1073; Bauer et al., arXiv:0811.3678

Q1 = (d̄a
Lγµsa

L)(d̄b
Lγµsb

L) ,

Q2 = (d̄a
Rsa

L)(d̄b
Rsb

L) ,

Q3 = (d̄a
Rsb

L)(d̄b
Rsa

L) ,

Q4 = (d̄a
Rsa

L)(d̄b
Lsb

R) ,

Q5 = (d̄a
Rsb

L)(d̄b
Lsa

R) ,

Q̃1,2,3 : L↔ R

Meson mixing: Effective Hamiltonian*

H
∆S=2
eff =

5�

i=1

CiQi +
3�

i=1

C̃i Q̃i

SM

sL

sL

dL

dL

W

W

c c

CRS
1,K =

4πL

M2
KK

��∆D

�
12
⊗

��∆D

�
12

�αs

3
+ 1.04α

�
,

C̃RS
1,K =

4πL

M2
KK

��∆d

�
12
⊗

��∆d

�
12

�αs

3
+ 0.15α

�
,

CRS
4,K =

4πL

M2
KK

��∆D

�
12
⊗

��∆d

�
12

[−2αs] ,

CRS
5,K =

4πL

M2
KK

��∆D

�
12
⊗

��∆d

�
12

�
2αs

3
+ 0.30α

�

g(k)

RS

dRsL

sRdL



*Csaki, Falkowski, Weiler, arXiv:0804.1954; Bauer et al., arXiv:0811.3678

Meson mixing: Effective Hamiltonian*

• Contribution from Wilson coefficient of Q4  to 
CP-violating quantity εK  strongly enhanced 
through renormalization-group evolution and 
chiral factor (mK/ms)2

  in matrix element:

|�K |RS ∝ Im

�
CRS

1,K + 115

�
CRS

4,K +
CRS

5,K

3

��

Q1 = (d̄a
Lγµsa

L)(d̄b
Lγµsb

L) ,

Q2 = (d̄a
Rsa

L)(d̄b
Rsb

L) ,

Q3 = (d̄a
Rsb

L)(d̄b
Rsa

L) ,

Q4 = (d̄a
Rsa

L)(d̄b
Lsb

R) ,

Q5 = (d̄a
Rsb

L)(d̄b
Lsa

R) ,

Q̃1,2,3 : L↔ R

H
∆S=2
eff =

5�

i=1

CiQi +
3�

i=1

C̃i Q̃i

g(k)

SM RS

dRsL

sRdL

sL

sL

dL

dL

W

W

c c



*Csaki, Falkowski, Weiler, arXiv:0804.1954; Blanke et al., arXiv:0809.1073; Bauer et al., arXiv:0811.3678

Meson mixing: Neutral kaons* (not all is well ...)

2 4 6 8 10

10�5

10�4

10�3

10�2

10�1

1

101

102

MKK �TeV�

�Ε K�
• Generically |εK|/|εK|exp = O(10)  in RS model, where |εK|exp = (2.23 ± 0.01)·10−3. 

But |εK| ≈	 |εK|exp possible even for MKK = 1 TeV  after some fine-tuning

3000 randomly chosen RS points with 
|Yq| < 3 reproducing quark masses and 
CKM parameters with χ2/dof < 11.5/10 
(corresponding to 68% CL)

• with Z → bb constraint at 95% CL
• without Z → bb constraint

• satisfying 95% CL limit 
|εK| ∈ [1.3, 3.3]·10−3 

Upshot:  some fine-tuning kaon 

sector appears to be required!



*Aaltonen et al. [CDF Collaboration], arXiv:0712.2397; Abazov et al. [DØ Collaboration], arXiv:0802.2255 

BSM physics in Bs mixing*

Back to the (φs, ∆Γs) plane

!3 !2 !1 0 1 2 3

Φs

!0.6

!0.4

!0.2

0

0.2

0.4

0.6

#$s

SM

D0

CDF

Τs
FS

cos!Φs" x #$s
SM

all

New Physics in Bs!Bs
&&&&
mixing

excluded area has CL ' 0.95

Capri 2008

C K M

f i t t e r

here τFSs = 1+(τs∆Γs)2

1−(τs∆Γs)2 can be viewed

as an independent measurement of
∆Γs

ϕs = 2|βs| − 2φBs

∆Γs

• Tantalizing hints for new physics phase in Bs −Bs  mixing from flavor-tagged 
analysis of mixing-induced CP violation in Bs → J/ψφ  by CDF and DØ

CKMfitter combination:

‣ CDF data only 2.1σ

‣ DØ data only 1.9σ

‣ CDF and DØ data 2.7σ

‣ full BSM physics fit 2.5σ

Discrepancy of φs = 2|βs| − 2φBs with 

respect to SM value φs ≈	 2  at around 
2σ  level. Issue will be clarified at LHCb

∘



*Blanke et al., arXiv:0809.1073; Bauer et al., arXiv:0912.1625

• Constraint from |εK| does not exclude O(1) effects in width difference 
ΔΓs/Γs  of Bs system, but difficult to account for central values of data

SM: ΔΓs/Γs ≈ 0.13, Sψφ ≈ 0.04

Meson mixing: Neutral Bs mesons*

∆Γs = Γs
L − Γs

S

= 2 |Γs
12| cos(2|βs|− 2φBs)

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x

Figure 7: Predictions for φBs versus CBs (upper left), as well as ∆Γs/Γs (upper right)

and As
SL/(As

SL)SM (lower panel) versus Sψφ. The blue points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at the 95%, 99%, and 95% CL.

The black crosses indicate the SM predictions and the yellow (orange) contours the

experimentally preferred regions of 68% (95%) probability. See text for details.

CL for φBs and ∆Γs obtained from the flavor-tagged analysis of mixing-induced CP violation

in Bs → ψφ [165, 166]. Concerning the remaining observables in the Bs system, we observe

that compared to the SM value (Sψφ)SM ≈ 0.04 the large range [−0.5, 0.5] of Sψφ is attainable

in the RS framework, and that also the semileptonic CP asymmetry As
SL can be enhanced by

more than two orders of magnitude relative to its SM value (As
SL)SM ≈ 2 · 10−5. In particular,

the values Sψφ = 0.63 ± 0.35 and As
SL = −0.0032 ± 0.0020 favored by the existing data can

be obtained. On the other hand, the predicted corrections in ∆Γs/Γs are typically small and

compatible with both the experimentally favored range ∆Γs/Γs = 0.15 ± 0.03 and the SM

expectation (∆Γs/Γs)SM ≈ 0.13.

57
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*Blanke et al., arXiv:0809.1073; Bauer et al., arXiv:0912.1625

• Constraint from |εK| does not exclude significant modifications of the CP 
asymmetry in B→ψ KS, which could relax the |Vub| - sin2β tension

Meson mixing: Neutral Bd mesons*

Figure 6: Predictions for φBd
versus CBd

(upper left), as well as ∆Γd/Γd (upper right)

and Ad
SL/(Ad

SL)SM (lower panel) versus SψKS . The blue points reproduce the measured

values of |�K | and the Z0bb̄ couplings at the 95% and 99% CL, respectively. The black

crosses indicate the SM predictions and the yellow (orange) contours the experimentally

favored regions of 68% (95%) probability. See text for details.

large corrections in φBs are possible in the RS model. For comparison, we show the results

of a model-independent analysis of new-physics contributions to Bs–B̄s mixing employing

the parametrization (30). We obtain two solution for φBs , reflecting the twofold ambiguity

inherent in the measurement of time-dependent tagged angular analysis of Bs → ψφ decays,

i.e., ϕs ↔ 90◦ − ϕs and ∆Γs ↔ −∆Γs. The numerical results of the two solutions are

φBs = (−19.0± 10.8)◦ and φBs = (−69.9± 10.1)◦, which implies a deviation of ϕs = |βs|−φBs

of more than 2.5σ from its SM value (ϕs)SM ≈ 1◦. For the magnitude of the Bs–B̄s mixing

amplitude we find CBs = 0.93± 0.19, in agreement with the SM expectation. Our global fit is

based on the combined CDF and DØ measurement of ∆ms [163, 164] and the two-dimensional

56

SM

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x



(MD
12)

∗ = �D̄|H
∆C=2
eff,RS |D�

= |MD
12| e

2iφD

*Bauer et al., arXiv:0912.1625

Meson mixing: Neutral D mesons*

• Very large effects possible in D −D mixing, including large CP violation; 
prediction might be testable at LHCb

Figure 8: Predictions for |MD
12|RS versus ϕD compared to the experimentally allowed

68% (95%) CL regions shown in yellow (orange), assuming (MD
12)SM = 0 (left) and

allowing for (MD
12)SM ∈ [−0.02, 0.02] ps−1 (right). The blue scatter points reproduce

the measured values of |�K |, the Z0 → bb̄ couplings, and Bd–B̄d mixing at 95%, 99%,
and 95% CL. See text for details.

of the full RS contributions in the custodial relative to the original model are thus 1.3, 1.9,
and −0.3. Compared to Figures 6 and 7, these changes, in combination with the relaxation
of the Z0 → bb̄ constraint due to custodial protection [156], allow for somewhat larger effects
in the Bd,s–B̄d,s mixing observables. The pattern of departures from the SM expectations,
however, remains unchanged. We leave a detailed analysis of neutral-meson mixing in the RS
model with custodial symmetry SU(2)L × SU(2)R × PLR for future work.

5.4.3 Numerical Analysis of D–D̄ Mixing

Short-distance contributions from new physics can also affect the dispersive part of the D–D̄
mixing amplitude MD

12 in a significant way. Similarly to the case of the KL–KS mass difference,
the calculation of |MD

12| is plagued by long-distance contributions [168]. In order to grasp the
impact of non-perturbative effects on the obtained results we proceed in the following way.
We write the full amplitude MD

12 as the sum of the RS amplitude (MD
12)RS = |MD

12|RS e−2iϕD

and the real SM amplitude, (MD
12)SM, containing both short- and long-distance contributions.

We then consider two diametrically opposed cases. In the first case, the SM contribution to
(MD

12)SM is set to zero, and the constraint on |MD
12| and the phase ϕD is directly applied to

the RS contribution. In the second case, we take (MD
12)SM to be flatly distributed in the range

[−0.02, 0.02] ps−1, so that the SM contribution alone can saturate the experimental bound.
We will see that even with the latter conservative treatment of the theoretical uncertainties
entering the SM prediction, the available experimental data on D–D̄ mixing have a non-trivial
impact on the allowed model parameters in the RS framework.

In Figure 8 we show the predictions of the RS model in the ϕD–|MD
12|RS plane obtained

59

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 



*Bauer et al., arXiv:0912.1625

Meson mixing: Neutral D mesons*

• Large CP-violation effects possible, in particular in D→ϕKS mode

Figure 9: Predictions for SD
φKS

versus AD
SL assuming (MD

12)SM = 0 (left) and allowing
for (MD

12)SM ∈ [−0.02, 0.02] ps−1 (right). All the shown scatter points reproduce the
measured values of |�K |, the Z0 → bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and
95% CL. Blue (red) points are obtained for ΓD

12 = +0.020 ps−1 (ΓD
12 = −0.020 ps−1).

They satisfy the constraints arising from the D–D̄ mixing measurements at 95% CL,
while the light gray points do not. See text for details.

Bd,s–B̄d,s oscillations, also in this case electroweak corrections can compete with the correc-
tions due to KK gluon exchange in models with SU(2)L×SU(2)R×PLR gauge symmetry in the
bulk. Numerically, we find that purely electroweak effects in CRS

1 , C̃RS
1 , and CRS

5 are relative
to (24) modified by factors of about 3.4, 2.5, and −0.9. While this feature allows for some-
what larger effects, the pattern of deviations from the SM expectations remains unchanged.
In this context, we also point out that the custodial protection mechanism simultaneously
suppresses corrections to the Z0diLd̄jL as well as the Z0uiRūjR couplings if the quark sector
is implemented as in [11, 19, 170, 171]. The same conclusion has been drawn independently
in [150]. This feature implies, in particular, that the chirality of the Z0tc interactions in this
specific RS variant is predicted not to be right-handed [17] but left-handed. Of course, other
choices of the quantum numbers of the right-handed up-type quarks are possible, so that the
RS framework does not lead to a firm prediction of the chirality of the Z0tc interactions.

5.5 Rare Leptonic Decays of Kaons and B Mesons

This section is devoted to detailed studies of non-standard effects in rare decay modes of
kaons and B mesons arising from the tree-level exchange of neutral gauge bosons, their KK
excitations, and the Higgs boson. In the former case, the special role of the K → πνν̄
and KL → π0l+l− modes is emphasized, which due to their theoretical cleanliness and their
enhanced sensitivity to non-standard flavor and CP violation are unique tools to discover or,
if no deviation is found, to set severe constraints on the parameter space of RS models. In the
latter case, we begin our discussion with Bq → µ+µ− and B → Xqνν̄ and stress the power
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• in addition consistent with D −D 
mixing constraint

SM

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x



*Bauer et al., arXiv:0912.1625

Rare decays: Effective Hamiltonian*
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• KK gluons give dominant contribution to QCD penguins Q3−6. Electroweak 

penguins Q7−10 arise almost entirely from exchange of Z and its KK modes  



Figure 10: Predictions for B(KL → π0νν̄) as a function of MKK (upper panel). The
solid line represents the SM prediction. The lower left (right) panel shows the results
for B(K+ → π+νν̄(γ)) versus B(KL → π0νν̄) in the benchmark scenario S1 (S3).
In both panels the black cross indicates the SM point, the straight dotted black line
and the light gray shaded area shows the GN bound, and the vertical dashed black
line and the yellow band display the experimental central value and 68% CL range
for B(K+ → π+νν̄(γ)). The gray scatter points in the upper panel reproduce the
measured values of the Z0 → bb̄ couplings at 99% CL, while the blue points additionally
reproduce the measured values of |�K | and Bd–B̄d mixing parameters at 95% CL. See
text for details.

64

*Grossman and Nir, hep-ph/9701313; Bauer et al., arXiv:0912.1625

Rare K decays: Golden modes*

• Spectacular corrections in very clean K → πνν decays. Even Grossman-Nir 
bound, B(KL → π0νν) < 4.4 B(K+ → π+νν), can be saturated

central value and 68% CL limit   
B(K+ → π+νν) = (17.3+11.5)·10−11 
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SM: B(K+ → π+νν) ≈ 8.3·10−11 ,       
B(KL → π0νν) ≈ 2.7·10−11

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x



*Bauer et al., arXiv:0912.1625

Rare K decays: Golden modes*

SM: B(KL → π0νν) ≈ 2.7·10−11

• Sensitivity to KK scale extends far beyond LHC reach; K → πνν modes 
offer unique window to BSM physics at and beyond TeV scale

mZ(1) ≈ 2.50 MKK ,

mZ(2) ≈ 5.59 MKK ,

...

Figure 10: Predictions for B(KL → π0νν̄) as a function of MKK (upper panel). The
solid line represents the SM prediction. The lower left (right) panel shows the results
for B(K+ → π+νν̄(γ)) versus B(KL → π0νν̄) in the benchmark scenario S1 (S3).
In both panels the black cross indicates the SM point, the straight dotted black line
and the light gray shaded area shows the GN bound, and the vertical dashed black
line and the yellow band display the experimental central value and 68% CL range
for B(K+ → π+νν̄(γ)). The gray scatter points in the upper panel reproduce the
measured values of the Z0 → bb̄ couplings at 99% CL, while the blue points additionally
reproduce the measured values of |�K | and Bd–B̄d mixing parameters at 95% CL. See
text for details.
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• same, but without |εK| constraint

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 
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Rare K decays: Silver modes*
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B(KL → π0µ+µ−) ≈ 1.4·10−11

for constructive interference

model-independent prediction

e+e−

µ+µ−

• Deviations from SM expectations in KL → π0νν  and KL → π0l+l− follow 
specific pattern, arising from smallness of vector and scalar contributions

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 



Figure 14: Prediction for B(Bd → µ+µ−) versus B(Bs → µ+µ−) (upper left), B(B →
Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)

(lower panel). All panels show results obtained in benchmark scenario S1. The black

crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

We now move onto the rare semileptonic modes. The predictions for B(B → Xdνν̄) versus

B(B → Xsνν̄) corresponding to the benchmark scenario S1 are shown in the upper right

71

minimum of 5.5·10−9  for 5σ  
discovery by LHCb, 2 fb−1

*Bauer et al., arXiv:0912.1625

Rare B decays: Purely leptonic modes*

95% CL upper limit from CDF
B(Bs → µ+µ−) < 5.8·10−8

SM: B(Bd → µ+µ−) ≈ 1.2·10−10 ,
      B(Bs → µ+µ−) ≈ 3.9·10−9        

• Factor ~10 enhancements possible in rare Bd,s → µ+µ− modes without 
violation of Z → bb constraints; effects largely uncorrelated with |εK|

CMFV

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x
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Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)
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crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

We now move onto the rare semileptonic modes. The predictions for B(B → Xdνν̄) versus

B(B → Xsνν̄) corresponding to the benchmark scenario S1 are shown in the upper right
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Rare B decays: Purely leptonic modes*

SM: B(Bs → µ+µ−) ≈ 3.9·10−9 ,
      B(B → Xs νν) ≈ 3.5·10−5        

• Enhancements in Bd,s → µ+µ− strongly correlated with ones in very rare 
decays B → Xd,s νν; pattern again result of axial-vector dominance

*Bauer et al., arXiv:0912.1625

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x



expected sensitivity at LHCb 

Rare B decays: Inclusive semileptonic modes*

• Significant deviations possible in B → Xs µ+µ− branching ratio and forward-
backward asymmetry

Figure 15: Prediction for B(B → Xsl+l−) and q2
0 versus MKK (upper panels) and

B(B → Xsνν̄) versus B(Bs → µ+µ−) (lower panel). The shown results correspond

to benchmark scenario S1. The blue (light gray) points are consistent (inconsistent)

with the measured Z0 → bb̄ couplings at the 99% CL. The solid black lines and the

black cross indicate the SM expectation. For comparison the regions of 68% (yellow)

and 95% (orange) CL are also displayed. In the lower panel the 95% CL exclusion of

B(Bs → µ+µ−) and the minimum of the branching fraction allowing for a discovery

with 5σ at LHCb are indicated by the red band and dashed line. See text for details.

and CA ≈ 0.96 + CRS
A . Since the coefficients C l RS

10 and CRS
A are aligned in flavor space and the

SM contribution has opposite sign, constructive interference in B → Xsl+l− typically implies

destructive interference in Bs → µ+µ− and vice versa.

We now leave behind the sector of inclusive b → sl+l− decay distributions and continue

our survey in the area of exclusive decays. We emphasize that our study will be exploratory

and will focus on B → K∗l+l− observables that can already be accessed at BaBar [139, 140]

74

*Bauer et al., arXiv:0912.1625

SM     

• consistent with quark masses, 
CKM parameters, Z→bb, and 95% 
CL limit |εK| ∈ [1.3, 3.3]·10−3 

x



Conclusions

• LHC is finally there, but LHC discoveries alone unlikely to 
allow for a full understanding of new phenomena observed

• Flavor physics can play a key role in this respect, since it 
offers a unique window to BSM physics at and beyond the 
TeV scale

• Warped extra dimensions offer a compelling geometrical 
explanation of gauge and fermion hierarchy problem, 
mysteries left unexplained in SM 

• Flavor-changing tree-level transitions of K and Bs mesons 
particularly interesting, as their sensitivity to KK scale 
extends beyond LHC reach
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Rare K decays: Golden modes

• Spectacular corrections in very clean K → πνν decays. Even Grossman-Nir 
bound, B(KL → π0νν) < 4.4 B(K+ → π+νν), can be saturated

with custodial protection
(extended gauge symmetry)
orange = moderate fine-tuning for |εK|  

without custodial protection
(minimal model)

green = moderate fine-tuning for |εK| 

Blanke, Buras, Duling, Gemmler, Gori: arXiv:0812.3803



Rare K decays: Silver modes

• Deviations from SM expectations in KL → π0νν  and KL → π0l+l− follow 
specific pattern, arising from smallness of vector and scalar contributions

with custodial protection
(extended gauge symmetry)
orange = moderate fine-tuning for |εK|  

Blanke, Buras, Duling, Gemmler, Gori: arXiv:0812.3803



Figure 20: Predictions for R00 and ∆ACP as a function of γ. The black lines display the
central value of the SM expectation while the yellow bands illustrate the corresponding
experimental 68% CL. The shown blue (light gray) scatter points reproduce the values
of the Z0bb̄ couplings at 99% CL. See text for details.

We now turn our attention to the so-called B̄ → πK̄ puzzle. Our predictions for ∆ACP

are shown in the right panel of Figure 20. The black line represents the central value of the
SM theory prediction as a function of γ. For comparison we also show the 68% CL range
of ∆ACP favored by the updated BaBar and Belle measurements of the CP asymmetries in
B̄0 → π+K− and B− → π0K− decays (yellow band). Obviously the RS corrections in ∆ACP

are typically at the level of a few percent only, i.e., too small to explain the 3.5σ discrepancy
between experiment and SM expectation. We remark that in order to achieve agreement in
∆ACP within 1σ of the combined experimental and theoretical error, the coefficient K9 should
satisfy14

(0.5 + 45 ReK9) · 10−3 � ImK9 � (0.9− 75 ReK9) · 10−3 . (134)

This formula has been obtained by setting CRS
7 = −s2

w/c2
w CRS

9 ≈ −1/3 CRS
9 and neglecting the

matching corrections to the QCD penguins, C3−6, as well as the chirality-flipped operators,
C̃3−10 (which are all good approximations in the considered setup). The relatively weak
dependence on ReK9 implies that ∆ACP essentially measures the imaginary part of K9, which
has to be positive in order to enhance ∆ACP. Assuming now that K9 has the correct phase
to fulfill (134), the relations (17), (44), and (48) can be used to derive the rough bound

MKK �
�

5LF (cQ2)F (cQ3) TeV ≈ 1.7 TeV (135)

on the KK mass scale. Here only the L-enhanced corrections in (44) have been included, and
the quoted numerical result corresponds to the central values for cQ2,3 in our default benchmark

14The given inequality is only a crude approximation that should allow one to gain an understanding of how
low the KK mass scale would have to be in order to reach values for ∆ACP in the ballpark of 15%.
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Non-leptonic B decays: ACP puzzle*

‣ remains a puzzling effect

‣ underestimate of hadronic 
uncertainties?

• New electroweak penguin effects in RS model can affect the difference in 
the direct CP asymmetries in B→πK decays, but they cannot explain the 
large, experimentally observed difference ΔACP between the asymmetries 
for B→π0K- and B→π+K-

*Bauer et al., arXiv:0912.1625


