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Gauge Hierarchy Problem and Flavor Puzzle
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Rare decays and Higgs physics

The Randall-Sundrum (RS) Model hep-ph/9905221

Solution to the gauge hierarchy problem in 5D spacetime

Hierarchy between the electroweak- and Planck scales
generated through non-factorizable metric

ds2 = e−2L|φ|/πηµνdxµdxν − r2dφ2

AdS5

HHxL
gravity

TeVPlanck

Φ=ΠΦ=0

L = krπ ≈ 37� 1

many observables

enhanced by L

⇐ m = e−Lm0

All fundamental parameters of O(MPL)
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The Standard Model in AdS5

Just the Higgs boson has to be localized at (close to) the TeV
brane in order to solve the hierarchy problem ⇒ Bulk-SM

tR
H0L

uR
H0L

bR
H0L

Higgs

TeVPlanck

Davoudiasl, Hewett, Rizzo, hep-ph/9911262,

Grossman, Neubert, hep-ph/9912408

Non-trivial overlaps + doublet-singlet mixing

⇒ fields with same QN under unbroken symmetry have different
couplings to gauge bosons of broken symmetry ⇒ tree FCNCs
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RS as a Solution to the Flavor Puzzle

RS offers an explanation for the fermion mass hierarchies and
small CKM mixing angles Huber, hep-ph/0303183; Huber, Shafi, hep-ph/0010195

tRuR
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Mq t 1�2 Mq d 1�2
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RS as a Solution to the Flavor Puzzle
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Custodial protection

Implement custodial protection by extending the SM gauge group1

SU(3)c × SU(2)L × SU(2)R × U(1)X × PLR

SU(2)R × U(1)X
UV−−→ U(1)Y

PLR : interchange SU(2)L ↔ SU(2)R

T parameter protected 2

bL ∈ (2, 2)2/3 → ZbLb̄L protected

1
Agashe, Delgado, May, Sundrum, hep-ph/0308036,

Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341
2

alternative option: heavy higgs, Casagrande, FG, Haisch, Neubert, Pfoh, 0807.4937[hep-ph]
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Rare decays t → cZ 0 and t → ch

Expect sizable efects due to IR localization of top quark

Fermion masses generated through Higgs mechanism and
compactification ⇒ Higgs FCNCs
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Higgs production and decay

First complete one-loop calculation in RS
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Figure 5: Examples of Feynman diagrams involving zero-mode fields only that con-
tribute to the production and the decay of the Higgs boson at leading order of pertur-
bation theory. Vertices indicated by a black square can receive sizable shifts in the RS
model relative to the SM couplings. See text for details.

can be parametrized by 1− at,b v2/M2
KK with the coefficients at,b given in Table 3. The quoted

values of at,b have been obtained from the best fits to the shown sample of scatter points.
The suppression of the Yukawa couplings of the third-generation quarks, Reκt,b ≤ 1, as

well as the feature |Imκt,b| # 1 is not difficult to understand. First, one has mq
3/v

(
(Φq)33 +

(ΦQ)33

)
≥ 0 since the diagonal elements of the matrices Φq,Q introduced in (137) are absolute

squares. Second, the third term in (136) can be written in the ZMA as

(∆g̃u
h)33 =

4m2
t

3vM2
KK

3∑

j=1

mu
j

(
U †

u diag
[
F−2(cQi

)
]
Uu

)
j3

(
W †

u diag
[
F−2(cuc

i
)
]
W u

)
3j

. (166)

A similar formula applies to the case of (∆g̃d
h)33. Because the diagonal elements of the matrices

U †
u diag [F−2(cQi

)] Uu and W †
u diag

[
F−2(cuc

i
)
]
W u are absolute squares, the term with j = 3

is obviously positive semi-definite. The terms with j = 1, 2, on the other hand, can have
an arbitrary complex phase. Yet, due to the strong chiral suppression, mc/mt ≈ 1/275 and
mu/mt ≈ 10−5, the imaginary part of (166) turns out to be negligibly small, leaving us with
(∆g̃u

h)33 ≥ 0. The same holds true for (∆g̃d
h)33, although the chiral suppression is weaker in this

case, ms/mb ≈ 1/50 and md/mb ≈ 1/800. Recalling that (∆gq
h)33 = mq

3/v
(
(Φq)33 + (ΦQ)33

)
+

(∆g̃q
h)33 ≥ 0 enters (135) with a minus sign, we conclude that the htt̄ and hbb̄ couplings are

predicted to be suppressed relative to their SM values in both the minimal and the extended
RS models. We believe that this finding is model-independent and holds in a wide class of RS
set-ups. The same conclusion has been drawn in the context of models where the Higgs arises
as a pseudo Nambu-Goldstone boson [52, 53].

The second term in the numerator of (164) represents the contribution to the gg → h
amplitude arising from the virtual exchange of KK quarks. The corresponding Feynman graph
is shown on the very left in Figure 6. In the up-type quark sector the associated coefficient

48
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Figure 6: Examples of one-loop contributions involving KK excitations that contribute
to the production and the decay of the Higgs boson at leading order of perturbation
theory. See text for details.

takes the form

νu = v
∞∑

n=4

(gu
h)nn

mu
n

Ah
q (τ

u
n )

=
2π

εL

∞∑

n=4

&aU†
n CU

n (π−)

(
1− v2

3M2
KK

Ỹ !uȲ
†
!u

)
SU

n (π−)&aU
n

xu
n

Ah
q (τ

u
n ) .

(167)

Similar relations hold in the sector of down-type and λ quarks.15 Since the mass of the first
KK up-type quark is already much larger than the Higgs-boson mass, mu

4/MKK = O(a few) "
mh/MKK, it is an excellent approximation to replace the function Ah

q (τ
u
n ) by its asymptotic

value of 1 obtained for τu
n ≡ 4 (mu

n)2 /m2
h → ∞.

Before presenting our numerical results for these contributions, we would like to add some
comments about the convergence of the sum in (167). In the SM, the top-quark contribution
to the gg → h amplitude is proportional to yt/mt in the decoupling limit. In this limit the
amplitude can be described by the effective operator h/v Ga

µνG
a µν , whose Wilson coefficient

is related to the QCD β-function. This relationship arises through low-energy theorems ap-
propriate to external Higgs bosons with vanishing momentum [53–56], which apply to any
quantum field theory. In the context of the RS framework they imply that the sum in (167)
must be convergent, because the running of αs can be shown to be logarithmic in warped
extra-dimension models [24, 57–63]. While the finiteness of the effective hgg coupling is thus
guaranteed on general grounds, an explicit calculation of (167) in the KK decomposed 4D
theory turns out to be non-trivial. This is due to the fact that the Higgs VEV induces O(1)
mixings between the various modes of a single KK level [21]. For example, in the up-type
quark sector there are five types of fields, namely u, u′, uc, U ′, and U . Each of them exists in
three different flavors, so that there are altogether 15 KK modes of similar mass in each level.
In the down-type quark sector, one instead ends up with nine modes, while in the minimal
RS model one has six states per KK level in both the up- and the down-type quark sectors
(corresponding to SU(2)L doublets and singlets). Finally, in the λ-type quark sector one again
faces nine KK excitations per level. In contrast, exotic matter is not present in the minimal

15With λ quarks we denote all fermionic KK excitations with electric charge 5/3.

49

Higgs couplings to heavy quarks and massive gauge bosons
recieve sizable negative corrections up to −50% (MKK = 2TeV)
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Higgs production

s = 10 TeV

LHCgg ® h

qqH¢L ® qqH¢Lh

MKK = 2 TeV
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Higgs mass bounds could be altered
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Higgs decay

MKK = 2 TeV

gg

tt

bb

ZZ

WW

ΓΓ

ΓZ

500200 300150
10-4

0.001

0.01

0.1

1

mh @GeVD

BH
h
®

fL

above WW threshold: Higgs discovery via golden channel

gg → h→ Z (∗)Z (∗) → l+l−l+l− more difficult

below WW threshold: slightly better potential to discover the Higgs via

gg → h→ Z (∗)Z (∗) → l+l−l+l− for MKK = 2 TeV
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Summary

RS models offer interesting possibility to address unexplained
hierarchies

Custodial protection weakens bounds from electroweak
precision measurements

Couplings involving third generation quarks or the Higgs
boson open a portal for discovery

Thank you for your attention!
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Backup: Electroweak Precision (custodial model)
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blue: PLR protection also for

fermion mixing
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