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The next 13 minutes of your life

Warped flavor at loop level

5D calculation

Flavor phenomenology

Theory remarks
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Warped flavor review

UV IR

Higgs

Gauge Boson

QL, tR

Light fermions

yij = fiYijfj
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Flavor-changing dipole operators

5D ⇒ non-renormalizable theory, loop-level process:

yijH · Q̄iσ
µνDj

In fact: UV finite at loop-level

1. Gauge invariance (Ward identity)

2. Lorentz invariance
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Effective theory with flavor-changing dipoles
..Calculate these in RS

Heff = −GF√
2

V ∗
tqVtb

[ ..

C7(µ)
..

Q7(µ) +
..

C ′
7(µ)

..
Q′

7(µ)
]

+ h.c.

..Q7 = e
4π2 mb(q̄σµνPRb)F µν ..Q′

7 = e
4π2 mb(q̄σµνPLb)F µν

Also analogous C
′
8 terms for gluon penguin.

Significant C7–C8 mixing from RG evolution: MKK → mb

.

.

.
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Structure of the amplitude

..−vR′2

8 mb GF

(V ∗
tqVtb)−1

..Anarchic

∆C7 =
..

pre
∑
ijkℓ

(UDL
qi )†fQd

i

∑
k,ℓ

akℓ

..
Y u†

ik Y u
kℓY

d†
ℓj

+ bij

..
Y d†

ij

 fDj
UDR

jb

..Misalignment

.
Misalignment: fiYijfj ∝ mij wants to be diagonalized

Non-zero contribution from bij (bulk masses)
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Calculation

5D formalism
• position/momentum space
• Sums entire KK tower
• Mass insertion approximation

vs KK reduction
• Avoids ambiguities with 5D

Lorentz-invariant loop integral
• Flavor structure manifest

..

H−

.

D

.
Q

.
Q

.
U

.

U

.Y †
d

.
Yu

. Y †
u

Arrows denote zero-mode

chirality
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Dominant C7 diagrams

.. H�

D Q

Q U

U

Y †
d

Yu

Y †
u

(a) Charged Goldstone loop

G

Q

Q

D

D Q

Y †
d

G

Q

Q

D Q

Y †
d

(b) Gluon (Gµ or G5) loops with a single mass insertion

Figure 1: Leading contributions to the anarchic (a) and misalignment (b) terms of the C
7

Wilson
coe�cient. Arrows indicate SU(2)

L

representation; this is equivalent to labeling the chirality of
the zero mode for SM fields. Here Q, U and D denote the 5D chiral fermion fields containing the
SM left-handed doublets and right-handed up and down singlets, respectively. H� is the charged
component of the Higgs doublet that serves as the Goldstone boson of W� after electroweak
symmetry breaking, and G is the 5D gluon field. Additional diagrams related by exchanging the
order of the mass insertion and photon emission are left implicit.

UDL , UDR are the rotation matrices between the 5D gauge basis and the light down quark mass
basis.

Note that throughout our analysis we use the tree level matching condition for the 5D gauge
couplings and neglect possible brane kinetic terms that may alter this matching. While this a↵ects
the misalignment contribution to C(0)

7

and the calculation for C(0)
8

, the anarchic contribution to

C(0)
7

is independent of this choice. Since the latter contribution dominates the RS contributions
to the observables discussed in section 6 we do not expect this assumption to have a significant
impact on our predictions.

3.3.1 �C7: anarchic contribution

The dominant anarchic contribution is the diagram with one mass insertion and a charged Higgs
(Goldstone) in the loop, Fig. 1a. Note that this diagram is not present in the analogous leptonic
penguin, which has a neutrino in the loop. The next-to-leading diagrams contributing to this
coe�cient are gluon loops with three mass insertions. These diagrams carry an independent
flavor structure (Y †

d YdY
†
d ) and can interfere either constructively or destructively with Fig. 1a.

However, they are only 5% corrections because they have a di↵erent topology, carry two more
mass insertions, and are proportional to Qd = �1/3; these factors compensate for the gauge
coupling enhancement of g2s lnR

0/R ⇡ 36. The value for the a coe�cient in (3.6) coming from the
penguin in Fig. 1a is a dimensionless integral whose explicit form is given in (A.11),

a = QuIC7a , (3.7)

where Qu = 2/3 is the charge of the internal up-type quark.

7

.

Anarchic

.

Misalignment

• H± diagram: not in µ → eγ, no ‘accidental’ cancellations

• Gluon diagrams: enhanced by
(
g2

s ln R′

R

)
≈ 36

Chirality flipped C
′

7 given by Hermitian conjugate
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Dominant C8 diagrams

..

3.3.2 �C7: misalignment contribution

The dominant misalignment contributions come from gluon diagrams with a single mass insertion.
As shown in Fig. 1b, this insertion can either be on an internal or external fermion line. The final
misalignment contribution in (3.6) is

b = Qd
4

3

✓

g2s ln
R0

R

◆

IC7b
. (3.8)

Here Qd is the charge of the internal down-type quark, 4/3 is a color factor, lnR0/R is a warp
factor associated with bulk gauge couplings, and IC7b

is a dimensionless integral defined in (A.12).

3.4 Calculation of �C(0)
8

The gluon penguin operators C
8

and C 0
8

di↵er from their photon counterparts due to additional
QCD vertices available and the magnitude of the QCD coupling, g2

5D/R = g2s lnR
0/R ⇡ 36.

Because of this, the dominant diagrams contributing to b ! qg cannot be obtained from b ! q� by
simply replacing the photon with a gluon in the leading diagrams for C(0)

7

. The general expression
for �C

8

is the same as that for �C
7

in (3.6), with coe�cients a and b coming from the diagrams
shown in Fig. 2.

H�

D Q

Q U

U

Y †
d

Yu

Y †
u

Gµ

Q D

Y †
d

Yd

Y †
d

D Q

(a) Charged Goldstone and three mass insertion gluon loops. Not shown:
gluon loop with two and three internal line mass insertions.

Gµ

D Q

Yu

D Q

(b) One mass insertion gluon loop

Figure 2: Leading contributions to the a and b terms of the C
8

Wilson coe�cient following the
notation of Fig. 1. Gµ refers to only the gluon four-vector.

3.4.1 �C8: anarchic contribution

There are two classes of dominant contributions to the a-coe�cient in C(0)
8

. In addition to the
charged Higgs diagrams analogous to Fig. 1a, there are gluon diagrams with three mass insertions
on the fermion lines, which are now sizable due to the size of the strong coupling constant and
the three-point gauge boson vertex. Of the latter class, one only needs to consider diagrams with
at most one mass insertion on each external leg since sequential insertions on an external leg are
suppressed by factors of mqR0. Note that these two sets of diagrams contribute with di↵erent

8

.

Anarchic

.

Misalignment

• (glue)3 vertex enhanced over quark vertex by Dynkin factors
• Anarchic diagrams come with independent Yukawa structures,

sum with arbitrary phase

Chirality flipped C
′

8 given by Hermitian conjugate
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Large contributions to wrong-chirality dipole

Contributions to ∆C
(′)
7 in the minimal and custodial models; also

the misalignment contribution alone

∆C7(MKK) ∆C ′
7(MKK)

Note scale! C ′
7 ≫ C7 in RS. C ′ corresponds to bL → sR, recall

that bL localized near IR brane. C
(′)
8 plots are similar, O(10) larger.

Scan over parameters that pass quark spectrum and CKM constraints
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Magnetic dipole distribution at µb

Contributions to ∆C
(′)
7 in the minimal and custodial models

∆C7(µb) ∆C ′
7(µb)

Note scale! C ′
7 ≫ C7 in RS.

Scan over parameters that pass quark spectrum and CKM constraints
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Penguin phenomenology in RS

Inclusive B → Xsγ

CP Asym. in B → K∗γ

Semileptonic B → Xsµµ

Semileptonic B → K∗µµ
Forward-backward asymmetry
Transverse asymmetry

Scan over custodial model parameters that pass

∆F = 2 tree-level bounds.

.
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CP Asymmetry in B0(t) → K∗0γ

Γ(B̄ → K̄∗γ) − Γ(B → K∗γ)
Γ(B̄ → K̄∗γ) + Γ(B → K∗γ)

=
..

S sin(∆Mt) − C cos(∆Mt)

..SK∗γ ≃ 2
|C7|2 + |C ′

7|2
Im
(
e−iϕdC7C

′
7

)
.
SK∗γ sensitive to new physics in C ′

7, where we expect large RS
contributions. Current: Sexp

K∗γ = −16% ± 22%
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Transverse Asymmetry in B → K∗µµ

A
(2)
T describes the linear polarization vectors of the K∗ and µµ

relative to one another: F = 2mbmB/q2

= 2 [Re(C ′
10AC∗

10A) + F 2 Re(C ′
7C

∗
7) + F Re(C ′

7C
∗
9V )]

|C10A|2 + |C ′
10A|2 + F 2 (|C7|2 + |C ′

7|2) + |C9V |2 + 2F Re(C7C∗
9V )

Depends only on short-distance physics & C ′
SM ≈ 0 ⇒ A

(2)
T,SM ≈ 0.

Krüger et al. hep-ph/0502060
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Transverse Asymmetry in B → K∗µµ

• Big enhancements possible for small q2

• Weak correlation with SK∗γ due to C ′
7 sensitivity

◦ A
(2)
T is CP conserving while SK∗γ is CP violating

◦ Correlation can be washed out depending on the phase
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Matching 4D and 5D calculations

M ∼ 1
M2

KK

[(
nfMKK

Λ

)2
+ O

(
v2

M2
KK

)]
Leading term vanishes if finite loop cutoff Λ → ∞ without
including all KK modes. Must match Λ with heaviest KK scale.

kz

k4Λn
Λ1

KK
 s

pe
ct

ru
m

Λ

y=R’kE

I(y)

Λ = 5 TeV

Thanks to K. Agashe, G. Perez, L. Randall for ongoing discussions
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Conclusions

• One loop penguin amplitudes are finite and calculable
• Main RS contributions appear in C ′

7: bL → sRγ

• Good agreement with data
◦ B → Xsγ, B → xsµµ, AFB(B → K∗µµ)

• Distinctive signature at flavor factories
◦ Time-dependent CP asymmetry in B → K∗γ
◦ Angular observables in B → K∗µµ

• Theory feature: Matching 4D KK EFT to 5D
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