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Setup

Slice of AdS5 in interval ([1/k, 1/T] in confor-
mal coordinates)

ds2 =

(
1
kz

)2

(ηµνdxµdxν − d2z)

M4d
Pl

2 ≈ M5d
Pl

3

k

ε ≡ T
k
≈ 10−16 ≈ 1 TeV

M4d
Pl

proper distance between branes (= boundaries):
1/k × ln(k/T)

IR localized Higgs to address the gauge-gravity hierarchy [Randall, Sundrum 1999]

geometric interpretation of flavour [Huber, Shafi 2000,2001]
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Models & Particle Content

minimal RS: only SM fields (promoted to 5D) + Higgs localised near IR branes

custodially protected RS: extended gauge group SU(3)c×SU(2)L×SU(2)R×U(1)X× Z2

↪→ custodial symmetry only broken by UV brane BC
↪→ extended fermion sector (but NO unique choice for fermion reps.)

models where the Higgs ’leaks’ into the bulk

. . .
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Dipoles and Loops

Exhaustive phenomenology of tree-level processes (electroweak, flavour )

From direct production MKK ∼ 2.7TeV
higher from EWPO without custodial protection [e.g. Agashe et al., 2003; Duling et al., 2009; Casagrande et

al., 2010]

from gluon FCNCs ∼ 20 TeV without extra flavour structure [e.g. Csaki, Falkowski, Weiler, 2008]

Higgs production/decay [Casagrande et al., 2010; Azatov et al.,2010; Carena et al.,2012; Malm et al.,2013; Hahn et

al.,2013]

Dipoles and Penguin loops
I we are after the coefficients of the operators

Cij f̄iσ
µν fj Fµν

i,j flavour indices
• Flavour-changing radiative transitions related to µ→ eγ [Agashe et al., 2006; Csaki et al.,

2010], b→ sγ,b→ sg,[Gedelia, Isidori, Perez 2009; Blanke et al.,2012], and c→ ug [Delaunay et al.,2012]

• Flavour-preserving; (anomalous) dipole moments [g− 2, electric dipole moments, . . . ]
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Strategy

5D Lagrangians are quite involved at first glance

distinct scale hierarchy

5d scales︷ ︸︸ ︷
k� T︸ ︷︷ ︸

UV

�
SM scales︷ ︸︸ ︷
v� m`︸ ︷︷ ︸

IR

matching scale µ

strategy:

1. Step (in symmetric phase→ no vev):
integrate out the “bulk”→ match onto an SU(2)L × U(1)Y symmetric effective theory

LRS → Leff = LSM +
1

T2

∑
i

CiOi [Buchmüller & Wyler]

2. Step: change into the “broken” phase

3. Step: compute the final dipole coefficient in the effective theory
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After 1. Step: EFT before EWSB

Operators that contribute in the lepton sector∑
i

CiOi ⊃ aB,ij L̄iΦσµνEjBµν + aW,ij L̄iτ
aΦσµνEj Wa,µν + h.c.

+ bij (L̄iγ
µLi)(ĒjγµEj) + c1,i (ĒiγµEi)(Φ

†iDµΦ)

+ c2,i (L̄iγµLi)(Φ
†iDµΦ) + c3,i (L̄iγ

µτ aLi)(Φ
†←−−→iτ aDµΦ) + . . .

changing to the ’broken’ phase

Φ→
(

φ+

1√
2
(v + H + iG)

)
Ei → VijPRψj, Li → UijPL

(
νj

ψj

)
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2. Step: EFT after EWSB

Operators that contribute in the lepton sector∑
i

CiOi ⊃ aB,ij L̄iΦσµνEjBµν + aW,ij L̄iτ
aΦσµνEj Wa,µν + h.c.

+ bij (L̄iγ
µLi)(ĒjγµEj) + c1,i (ĒiγµEi)(Φ

†iDµΦ)

+ c2,i (L̄iγµLi)(Φ
†iDµΦ) + c3,i (L̄iγ

µτ aLi)(Φ
†←−−→iτ aDµΦ) + . . .

changing to the ’broken’ phase gives∑
i

CiOi →
αij + α?ij

2
v√
2
ψ̄iσµνψjFµν +

αij − α?ij
2i

v√
2
ψ̄iσµν iγ5ψjFµν

+ βijkl (ψ̄iγ
µPLψj)(ψ̄kγµPRψl)

+ γ1,ij
v
2

(ψ̄iPLγµψj)(i∂µH) + [γ2,ij + γ3,ij]
v
2

(ψ̄iPRγµψi)(i∂µH)

+ γ3,ij
v√
2

(ψ̄iPRγ
µνi)(−i∂µφ−) + γ3,ij

v√
2

(ψ̄iPRγ
µνi)(eAµφ−)

+ h.c. of previous line + . . .

the Greek Wilson coefficients are Latin ones dressed with flavour rotation matrices
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3. Step: loops in the effective theory
g− 2 & µ→ eγ correspond to the flavour conserving and violating part of

γ3 γx

UV and IR divergences require regularisation

BUT finite due to
1
ε
× ε

Scheme dependent→ dependence must cancel with the dependence of the 5D loop in α
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3. Step: loops in the effective theory

g− 2 & µ→ eγ correspond to the flavour conserving and violating part of .

γ3 γx

∆aµ = −
4m2

µ

T2

 Re[α22]

yµe
+

∑
k

1

16π

mlk

mµ
Re[β2kk2] +

1

3(4π)2
Re

γ22
2 −

3

2
γ

22
1 −

3

2
γ

22
3 + sin2

ΘW

3∑
i=1

γ
22
i


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Back to step 1: 5D formalism

work in a 5D QFT
no KK sums; vertices and propagators are five-dimensional [Randall, Schwartz, 2001]

zero-mode (∼ SM fields) must be separated explicitly [Grossman, Neubert 1999]

f (0)
L (z) =

√
1− 2cL

1− ε1−2cL

√
T(kz)2(Tz)−cL g(0)

E (z) =

√
1 + 2cE

1− ε1+2cE

√
T(kz)2(Tz)cE

use mixed coordinate-momentum representation for propagators in the unbroken theory
[Randall, Schwartz, 2001]

∆µν(p, x, y, ξ) = ∆⊥(p, x, y)

(
ηµν −

pµpν

p2

)
+

pµpν

p2
∆⊥(p/

√
ξ, x, y)

∆⊥(p, x, y) = Θ(x− y)
ikxy(I1(px)K0(p/T)− K1(px)I0(p/T))(I1(py)K0(p/k)− K1(py)I0(p/k))

I0(p/T)K0(p/k)− K0(p/T)I0(p/k)

+ {x↔ y}
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Tree-level coefficients are ’for free’

q L̄

L

Ē

E

x y

bij = −i(−g′5)
2 YLYE

4
T2
∫ 1/T

1/k
dx dy

f (0)
Li

2
(x)

(kx)4

g(0)
Ej

2
(y)

(ky)4 ∆⊥(q = 0, x, y)

the hypercharge boson zero-momentum propagator is

all integrals are elementary
very similar to computation of ∆F = 2 tree-level processes

↪→ agrees with KK sum calculation [Casagrande et al. 2008]
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Genuine 5D Loops
custodially prot. RS model:
15 topologies

evaluate à la expansion by regions
Beneke, Smirnov 1997

1PR diagram contribute to short distan-
ce coefficients

crucial for gauge invariance
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Phenomenology and Results
agauge

ij relative to the mass matrix

agauge
ij = Const× Loop(cLi , cEj ) ·Mij

↪→ suppressed FCNCs
(in full analogy to GIM mechanism)

Higgs contributions

aHiggs
ij is technically less challenging, e.g.,

aHiggs
ij = (iQµe)× H

6
× 1

16π2

1
T2 × f (0)

Li
(1/T)[YY†Y]ij g(0)

Ej
(1/T)

T3

k4 + . . .

BUT result depends subtly on the Higgs localization [see also Carena 2012, Delaunay 2012]
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Phenomenology and Results
Flavour violation
naive estimate: GIM mechanism suppresses gauge contributions to µ→ eγ

↪→ Br(µ→ eγ) ≈ 3
2
|a|2αem

4π
〈Y〉4

G2
FT4

me

mµ
, a ≈ H

6
MEG bound is violated unless MKK > 15 TeV for 〈Y〉 = 1 and H = 1

Flavour preserving (gµ − 2 and del)

with above estimate gµ − 2 has the very simple form:

∆aµ = 26.7 · 10−11 1 TeV2

T2

(independent of all 5D parameters but T) compared to

aexp
µ − athe

µ = 287(63)(49)× 10−11

and

dgauge
el < few× 10−29e m

1TeV2

T2

(current bound 10−30e m)
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Phenomenology and Results
Flavour violation [assuming ∼ 5 TeV resonances and O(1) Yukawas]
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Summary

complete 5D calculation of leptonic dipole operators

results usually depend on the details of the Higgs treatment

g− 2 is model independent but numerically too small to be observable

flavour-changing transitions are strongly dependent on the 5D parameters; very large
effects possible

correlations with other LFV processes (not dipole dominated)?
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