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Higgs and flavor physics as indirect BSM probes

The hierarchy problem (mechanism of EWSB) and the origin of 
flavor are two big, unsolved mysteries of fundamental physics

• connected to deep questions such as the origin of mass of 
elementary particles, the stability of the electroweak scale, 
the matter-antimatter asymmetry in the Universe, the origin 
of fermion generations, and the reason for the hierarchies 
observed in the spectrum of fermion masses and mixing angles

• in SM, flavor physics is connected to EWSB via the Higgs 
Yukawa interactions

Higgs and flavor physics provide unique opportunities to probe the 
structure of electroweak interactions at the quantum level, 
thereby offering sensitive probes of physics beyond the SM
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Higgs and flavor physics as indirect BSM probes

electroweak symmetry 
breaking

ΛHiggs  < 1 TeV Λflavor > 103 TeV 

no fine-tuning bounds on flavor mixing
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Possible 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 a flavor symmetry
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Higgs and flavor physics as indirect BSM probes
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Hierarchies from geometry



Flavor structure in RS models

R’R

ultraviolet 
(UV) brane

infrared 
(IR) brane

z
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�µ⇥dxµdx⇥ � dz2

⇥

Randall, Sundrum (1999)

Randall-Sundrum (RS) models with a warped extra dimension address, at 
the same time, the gauge hierarchy problem and the flavor problem 
(hierarchies in the spectrum of quark masses and mixing angles) 
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37

UV brane IR brane

F(tR)

F(Q3L)

Higgs,
Yukawas

F(dR)
7 14 21 280

light quarks  heavy quarks

Flavor structure in RS models

Grossman, Neubert (1999); Ghergetta, Pomarol (2000)

Localization of fermions in extra dimension depends exponentially on O(1) 
parameters related to the 5D bulk masses. Overlap integrals F(QL), F(qR) with 
Higgs profile are exponentially small for light quarks, while O(1) for top quark:  
effective Yukawa couplings exhibit realistic hierarchies
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warped extra dimension
AdS5 geometry

Kaluza-Klein (KK) excitations of SM particles live close to the IR brane

37
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Kaluza-Klein (KK) 
modes

light quarks  heavy quarks

warped extra dimension
AdS5 geometry

Flavor structure in RS models

Davoudiasl, Hewett, Rizzo (1999); Pomarol (1999)
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RS-GIM protection of FCNCs

• Tree-level quark FCNCs induced by virtual exchange of Kaluza-Klein (KK) 
gauge bosons (including gluons!)

• Resulting FCNC couplings depend on same exponentially small overlap 
integrals F(QL), F(qR) that generate fermion masses

• FCNCs involving light quarks are strongly suppressed: RS-GIM mechanism                                    
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This mechanism suffices to suppress all but one 
of the dangerous FCNC couplings!

Huber (2003); Burdman (2003); Agashe et al. (2004); 
Casagrande et al. (2008)

Agashe et al. (2004)
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RS-GIM protection of FCNCs
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RS-GIM protection of FCNCs
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RS-GIM protection with KK masses of order few TeV
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effects
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small 
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effects requires fine-tuning of O(1%) or addl. model building

Csaki, Falkowski, Weiler (2008); Blanke et al. (2008); 
Bauer et al. (2008, 2009)

M. Bauer, R. Malm, MN
arXiv: 1110.0471 (PRL)

SU(3)L ⊗ SU(3)R → SU(3)C 
broken by boundary conditions
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Figure 14: Prediction for B(Bd � µ+µ�) versus B(Bs � µ+µ�) (upper left), B(B �
Xd⇤⇤̄) versus B(B � Xs⇤⇤̄) (upper right), and B(B � Xs⇤⇤̄) 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 5⌅ 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.

This relation is indicated by the orange dotted curve in the lower panel of Figure 14. Deviation
from the behavior (59) measure the strength of the Z0bRs̄R relative to the Z0bLs̄L coupling.
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Example:  Rare leptonic Bs/d→μ+μ- decays

Bauer, Casagrande, Haisch, MN (2009);
see also: Blanke et al. (2008)

LHCb upper bounds (95% CL)
@ Moriond EW 2012

• Recent LHC(b) results on Bs→μ+μ- begin cutting into the interesting parameter space

Rare decays Bd,s→μ+μ- could be significantly affected, but RS-GIM protection is 
sufficient to prevent too large deviations from SM are not generic:
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Higgs Properties as an Indirect Probe 
for New Physics



Higgs physics as an indirect BSM probe

Higgs discovery will mark the birth of 
the hierarchy problem:
• one of the main motivations for 

physics beyond the SM
• detailed study of Higgs properties 

(mass, width, cross section, 
branching fractions) will help to 
probe whether the Higgs sector is 
as simple as predicted by the SM

• Higgs couplings to photons and 
gluons are loop-suppressed in the 
SM and hence are particularly 
sensitive to the presence of new 
particles
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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.
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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.
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Much like flavor physics, precision Higgs physics
probes quantum effects of new particles!

In RS models, large number of bulk 
fermionic fields in 5D theory gives 
rise to large loop effects, which change 
the effective hγγ and hgg couplings

• KK towers of light quarks contribute 
as much as those of heavy quarks

• effect even more pronounced in 
models with custodial protection

10

Casagrande, Goertz, Haisch, 
MN, Pfoh (2010);
Azatov, Toharia, Zhu (2010)



Higgs physics as an indirect BSM probe

• Have recently obtained closed, analytic expressions for the Higgs 
production cross section as well as the main Higgs decay rates in 
minimal RS model, obtained by summing the infinite towers of KK states

• Work with a IR brane-localized Higgs sector, but regularize the Higgs 
profile carefully in an intermediate step:

• Despite of the fact that the sum over KK modes converges (and is   
well approximated by the sum over the first few modes), it is important 
to implement the (physical) UV cutoff inherent in RS models

11

UV IR

Higgs profile
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UV IR
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Azatov, Toharia, Zhu (2009)
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RS model is an effective theory defined with a physical, 5D position-
dependent cutoff, the warped Planck scale:

• for loop graphs including a Higgs boson, the                                  
cutoff lies in the several TeV range

UV regularization needed for: 

• gauge invariance (even in 4D )
• regularization of KK sum (superficially logarithmic divergence)
• eliminating UV contributions from super-massive KK states ~MKK/η

Have explored dimensional regularization & hard momentum cutoff, both 
in 4D picture (KK sum) and 5D loop calculation 

• find same results in all cases!
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†
!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 physics as an indirect BSM probe
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Phenomenology
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Implications of recent LHC data

ATLAS: Update of SM Higgs searches, 13/12/2011 34 

The observed excess is slightly larger (2±0.8) than expected in the Hγγ channel  
and compatible within 1σ for the other channels and the combined result  

Total 

H  γγ  

H  4l  

H  lνlν 

Compatibility of the observation with the  
expected strength of a SM Higgs signal  

ATLAS: Update of SM Higgs searches, 13/12/2011 34 

The observed excess is slightly larger (2±0.8) than expected in the Hγγ channel  
and compatible within 1σ for the other channels and the combined result  

Total 

H  γγ  

H  4l  

H  lνlν 

Compatibility of the observation with the  
expected strength of a SM Higgs signal  

Decays to di-bosons particularly interesting:
• clean signatures, good mass resolution (Z,γ)
• tree-dominated (h→ZZ, h→WW) vs. loop-

dominated modes (h→γγ)

Fitted signal strength σ/σSM 

March&7,&2012& Marco&Pieri&UC&San&Diego& 29&

Comparison)of)channels)
for)MH=125)GeV)

•  The&fibed&σ&of&the&excess&near&125&GeV&is&consistent&with&the&SM&
scalar&boson&expecta9on&

•  At&low&mass&several&channels&show&some&excess&&
–  At&125&GeV&all&sensi9ve&channels&show&an&excess&consistent&with&signal&

expecta9ons&
•  More&data&are&needed&to&inves9gate&this&excess&
&

NEW)
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Higgs phenomenology in RS:  production

Higgs production cross section:

modified top contribution: reduced!

• Modifications due to top Yukawa and Kaluza-Klein tower of quark states:

2

propriate results for RS models addressing the hierarchy
problem, which must be considered as e↵ective theories
with a natural ultra-violet cuto↵ [33].

In order to interpret the LHC data in the context of a
specific RS model, it is desirable to have available approx-
imate analytical expressions connecting the Higgs-boson
production and decay rates with fundamental parameters
of the underlying five-dimensional (5D) theory. Such for-
mulae will be derived in [33]. Here we present the most
important results of this analysis, sometimes making ap-
proximations which help to better illustrate the struc-
ture of the results. The most important model param-
eters entering our analysis are the KK scale M

KK

= k✏

(with k the AdS curvature and ✏ = ⇤
IR

/⇤
UV

⇡ 10�16)
and the 5D Yukawa matrices Yu and Yd in the up and
down sectors (these matrices were called Ỹu,d in [31]).
We recall that the flavor hierarchies observed in the
mass spectrum and mixing angles of the SM quarks can
be explained naturally in terms of anarchic 5D Yukawa
couplings, i.e. complex-valued matrices with random el-
ements, and wave-function overlap integrals. The KK
scale determines the masses of the low-lying KK excita-
tions. For instance, the mass of the lightest KK gluon is
approximately 2.45M

KK

. We also define the “volume”
L = ln (1/✏) ⇡ 37 of the extra dimension. For simplic-
ity we will study the minimal RS model with matter and
gauge fields propagating in the bulk, making use of many
results derived in [34]. We will later comment on an ex-
tended model with a custodial protection of electroweak
precision observables [35, 36], which was the basis of our
previous study of Higgs physics in a warped extra dimen-
sion [31].

Higgs-boson production

The Higgs-boson production cross section in gluon-
gluon fusion at the LHC can be written as
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represents the modifications to the loop-induced ggh cou-
pling [33]. We neglect the contribution of the bottom

quark, which is strongly suppressed, and replace the top-
quark loop function by its asymptotic value 1, which
is an excellent approximation for a light Higgs boson.
The sum accounts for the one-loop contributions of KK
quarks, which in our previous work [31] has only been
evaluated numerically. Remarkably, the infinite sum over
these modes converges and its value depends only on the
KK scale M

KK

and the fundamental Yukawa matrices of
the 5D theory, via the variable

Xq =
v

RSp
2M

KK

q
Yq Y

†
q . (4)

The hermitian matrices Yq Y †
q can be diagonalized by

means of a unitary transformation. After taking the trace
in generation space, we obtain

Tr f(Xq) =
X

i

f

✓
v

RS

y

(i)
qp

2M
KK

◆
, (5)

where y

(i)
q are the square roots of the eigenvalues of

YqY †
q . Since the 5D Yukawa matrices are assumed to be

non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
e↵ective ggh vertex, irrespective of the mass of the cor-
responding SM quark. Importantly, this feature is not
present in other extra-dimensional extensions of the SM,
such as minimal universal extra dimensions [38] or models
in which the Higgs is a pseudo-Goldstone boson [39, 40].
In these new-physics scenarios, only the top quark and its
heavy partners contribute to the ggh vertex, while Higgs-
boson production is independent of the masses and cou-
plings of the KK excitations corresponding to light SM
quarks.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This e↵ect is accounted
for by the parameter t in (3), whose real part is always
less than 1. We obtain
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Expressions for the matrices �U,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , ��, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor
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evaluated numerically. Remarkably, the infinite sum over
these modes converges and its value depends only on the
KK scale M

KK

and the fundamental Yukawa matrices of
the 5D theory, via the variable

Xq =
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The hermitian matrices Yq Y †
q can be diagonalized by

means of a unitary transformation. After taking the trace
in generation space, we obtain
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where y

(i)
q are the square roots of the eigenvalues of

YqY †
q . Since the 5D Yukawa matrices are assumed to be

non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
e↵ective ggh vertex, irrespective of the mass of the cor-
responding SM quark. Importantly, this feature is not
present in other extra-dimensional extensions of the SM,
such as minimal universal extra dimensions [38] or models
in which the Higgs is a pseudo-Goldstone boson [39, 40].
In these new-physics scenarios, only the top quark and its
heavy partners contribute to the ggh vertex, while Higgs-
boson production is independent of the masses and cou-
plings of the KK excitations corresponding to light SM
quarks.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This e↵ect is accounted
for by the parameter t in (3), whose real part is always
less than 1. We obtain

t ⇡ 1� v
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Expressions for the matrices �U,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , ��, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor
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In order to interpret the LHC data in the context of a
specific RS model, it is desirable to have available approx-
imate analytical expressions connecting the Higgs-boson
production and decay rates with fundamental parameters
of the underlying five-dimensional (5D) theory. Such for-
mulae will be derived in [33]. Here we present the most
important results of this analysis, sometimes making ap-
proximations which help to better illustrate the struc-
ture of the results. The most important model param-
eters entering our analysis are the KK scale MKK = kε
(with k the AdS curvature and ε = ΛIR/ΛUV ≈ 10−16)
and the 5D Yukawa matrices Yu and Yd in the up and
down sectors (these matrices were called Ỹu,d in [31]).
We recall that the flavor hierarchies observed in the
mass spectrum and mixing angles of the SM quarks can
be explained naturally in terms of anarchic 5D Yukawa
couplings, i.e. complex-valued matrices with random el-
ements, and wave-function overlap integrals. The KK
scale determines the masses of the low-lying KK excita-
tions. For instance, the mass of the lightest KK gluon is
approximately 2.45MKK. We also define the “volume”
L = ln(1/ε) ≈ 37 of the extra dimension. For simplic-
ity we will study the minimal RS model with matter and
gauge fields propagating in the bulk, making use of many
results derived in [34]. We will later comment on an ex-
tended model with a custodial protection of electroweak
precision observables [35, 36], which was the basis of our
previous study of Higgs physics in a warped extra dimen-
sion [31].

Higgs-boson production

The Higgs-boson production cross section in gluon-
gluon fusion at the LHC can be written as

Rh =
σ(gg → h)RS

σ(gg → h)SM
=

κ2
g

κ2
v

, (1)

where

κv =
vRS

vSM
≈ 1 +

m2
W

4M2
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(L− 1) (2)

is a small correction factor accounting for the difference of
the Higgs vacuum expectation value vRS in the minimal
RS model from its value in the SM [37]. For a KK scale
of 2TeV, we find κv ≈ 1.014. Furthermore,

κg ≈ Re(κt)−
∑

q=u,d

Tr f(Xq) ,

f(x) =
x(1− x2)

1 + x2
tanh−1 x = x2 −

5x4

3
± . . .

(3)

represents the modifications to the loop-induced ggh cou-
pling [33]. We neglect the contribution of the bottom
quark, which is strongly suppressed, and replace the top-
quark loop function by its asymptotic value 1, which is an

excellent approximation for a light Higgs boson. The sum
accounts for the one-loop contributions of KK quarks.
Remarkably, the infinite sum over these modes converges
and its value depends only on the KK scale MKK and the
fundamental Yukawa matrices of the 5D theory, via the
variable

Xq =
vRS√
2MKK

√

Yq Y
†
q . (4)

The hermitian matrices Yq Y
†
q can be diagonalized by

means of a unitary transformation. After taking the trace
in generation space, we obtain

Tr f(Xq) =
∑

i

f

(
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)

, (5)

where y(i)q are the eigenvalues of the Yukawa matri-
ces. Since the 5D Yukawa matrices are assumed to be
non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
effective ggh vertex, irrespective of the mass of the cor-
responding SM quark.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This effect is accounted
for by the parameter κt in (3), whose real part is always
less than 1. We obtain
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33
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Expressions for the matrices δU,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , γγ, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor
m2

Z/m
2
W . We define corrections factors (V = Z,W )

Γ(h → V V )RS

Γ(h → V V )SM
= κ2

v κ
2
V ,

Γ(h → γγ)RS
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=
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(7)

where to a good approximation [31]

κV ≈ 1−
m2

V

M2
KK

(L− 1) , (8)

anarchical 5D Yukawa matrices

➡ equal contributions for KK modes 
of all SM fermions !

2

propriate results for RS models addressing the hierarchy
problem, which must be considered as e↵ective theories
with a natural ultra-violet cuto↵ [33].

In order to interpret the LHC data in the context of a
specific RS model, it is desirable to have available approx-
imate analytical expressions connecting the Higgs-boson
production and decay rates with fundamental parameters
of the underlying five-dimensional (5D) theory. Such for-
mulae will be derived in [33]. Here we present the most
important results of this analysis, sometimes making ap-
proximations which help to better illustrate the struc-
ture of the results. The most important model param-
eters entering our analysis are the KK scale M
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⇡ 10�16)
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down sectors (these matrices were called Ỹu,d in [31]).
We recall that the flavor hierarchies observed in the
mass spectrum and mixing angles of the SM quarks can
be explained naturally in terms of anarchic 5D Yukawa
couplings, i.e. complex-valued matrices with random el-
ements, and wave-function overlap integrals. The KK
scale determines the masses of the low-lying KK excita-
tions. For instance, the mass of the lightest KK gluon is
approximately 2.45M

KK

. We also define the “volume”
L = ln (1/✏) ⇡ 37 of the extra dimension. For simplic-
ity we will study the minimal RS model with matter and
gauge fields propagating in the bulk, making use of many
results derived in [34]. We will later comment on an ex-
tended model with a custodial protection of electroweak
precision observables [35, 36], which was the basis of our
previous study of Higgs physics in a warped extra dimen-
sion [31].

Higgs-boson production

The Higgs-boson production cross section in gluon-
gluon fusion at the LHC can be written as
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the Higgs vacuum expectation value v

RS
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represents the modifications to the loop-induced ggh cou-
pling [33]. We neglect the contribution of the bottom

quark, which is strongly suppressed, and replace the top-
quark loop function by its asymptotic value 1, which
is an excellent approximation for a light Higgs boson.
The sum accounts for the one-loop contributions of KK
quarks, which in our previous work [31] has only been
evaluated numerically. Remarkably, the infinite sum over
these modes converges and its value depends only on the
KK scale M

KK

and the fundamental Yukawa matrices of
the 5D theory, via the variable

Xq =
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RSp
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KK
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The hermitian matrices Yq Y †
q can be diagonalized by

means of a unitary transformation. After taking the trace
in generation space, we obtain
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where y

(i)
q are the square roots of the eigenvalues of

YqY †
q . Since the 5D Yukawa matrices are assumed to be

non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
e↵ective ggh vertex, irrespective of the mass of the cor-
responding SM quark. Importantly, this feature is not
present in other extra-dimensional extensions of the SM,
such as minimal universal extra dimensions [38] or models
in which the Higgs is a pseudo-Goldstone boson [39, 40].
In these new-physics scenarios, only the top quark and its
heavy partners contribute to the ggh vertex, while Higgs-
boson production is independent of the masses and cou-
plings of the KK excitations corresponding to light SM
quarks.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This e↵ect is accounted
for by the parameter t in (3), whose real part is always
less than 1. We obtain
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Expressions for the matrices �U,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , ��, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor
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problem, which must be considered as e↵ective theories
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In order to interpret the LHC data in the context of a
specific RS model, it is desirable to have available approx-
imate analytical expressions connecting the Higgs-boson
production and decay rates with fundamental parameters
of the underlying five-dimensional (5D) theory. Such for-
mulae will be derived in [33]. Here we present the most
important results of this analysis, sometimes making ap-
proximations which help to better illustrate the struc-
ture of the results. The most important model param-
eters entering our analysis are the KK scale M
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We recall that the flavor hierarchies observed in the
mass spectrum and mixing angles of the SM quarks can
be explained naturally in terms of anarchic 5D Yukawa
couplings, i.e. complex-valued matrices with random el-
ements, and wave-function overlap integrals. The KK
scale determines the masses of the low-lying KK excita-
tions. For instance, the mass of the lightest KK gluon is
approximately 2.45M
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. We also define the “volume”
L = ln (1/✏) ⇡ 37 of the extra dimension. For simplic-
ity we will study the minimal RS model with matter and
gauge fields propagating in the bulk, making use of many
results derived in [34]. We will later comment on an ex-
tended model with a custodial protection of electroweak
precision observables [35, 36], which was the basis of our
previous study of Higgs physics in a warped extra dimen-
sion [31].

Higgs-boson production

The Higgs-boson production cross section in gluon-
gluon fusion at the LHC can be written as
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represents the modifications to the loop-induced ggh cou-
pling [33]. We neglect the contribution of the bottom

quark, which is strongly suppressed, and replace the top-
quark loop function by its asymptotic value 1, which
is an excellent approximation for a light Higgs boson.
The sum accounts for the one-loop contributions of KK
quarks, which in our previous work [31] has only been
evaluated numerically. Remarkably, the infinite sum over
these modes converges and its value depends only on the
KK scale M
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and the fundamental Yukawa matrices of
the 5D theory, via the variable

Xq =
v

RSp
2M

KK

q
Yq Y

†
q . (4)

The hermitian matrices Yq Y †
q can be diagonalized by

means of a unitary transformation. After taking the trace
in generation space, we obtain
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where y

(i)
q are the square roots of the eigenvalues of

YqY †
q . Since the 5D Yukawa matrices are assumed to be

non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
e↵ective ggh vertex, irrespective of the mass of the cor-
responding SM quark. Importantly, this feature is not
present in other extra-dimensional extensions of the SM,
such as minimal universal extra dimensions [38] or models
in which the Higgs is a pseudo-Goldstone boson [39, 40].
In these new-physics scenarios, only the top quark and its
heavy partners contribute to the ggh vertex, while Higgs-
boson production is independent of the masses and cou-
plings of the KK excitations corresponding to light SM
quarks.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This e↵ect is accounted
for by the parameter t in (3), whose real part is always
less than 1. We obtain
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Expressions for the matrices �U,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , ��, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor

➡ dominant effect described by 
5D Yukawa matrices!
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8 Phenomenology

We now study the implications of our results for Higgs-boson production in gluon-gluon fusion
at the LHC. The master formula for the cross section has been given in (22), where the
expressions for 

v

and 

g

can be found in (11) and (23), respectively, while to an excellent
approximation we can set 

g5 = 0. For the calculation of the Wilson coe�cient C

KK
1 we

use our central result (57) and assume that the parametrically-suppressed threshold e↵ects
appearing in (66) can be neglected. Note that the trace over a function f(X

q

) of the matrix

defined in (18) is determined by the non-negative, real square roots y

(i)
q

of the eigenvalues of
the hermitian matrices Y

q

Y †
q

, i.e.

Tr f(X
q

) =
X

i

f

✓
v y

(i)
qp

2MKK

◆
. (67)

Since in the RS model with anarchic 5D Yukawa couplings these matrices are structureless,
the above result is proportional to the rank of the Yukawa matrices, which in the case of the
minimal RS scenario is equal to the number of fermion generations. In other words, the KK
towers of all six quarks give comparable contributions to the e↵ective hgg vertex, irrespective
of the mass of the corresponding SM fermion. We emphasize that this feature is not present in
many other extra-dimensional extensions of the SM. For instance, in models based on universal
extra dimensions the 5D Yukawa couplings are hierarchical, like in the SM, and hence the
Higgs-boson couplings to light fermions and their KK excitations are strongly suppressed [36].
More interestingly, in several gauge-Higgs unification models, in which the Higgs appears as a
pseudo-Goldstone boson, one finds that the contribution to the hgg amplitude from the KK
excitations of the SM quarks exactly cancels the dominant e↵ect due to the corrections to the
Yukawa couplings of the SM quarks, leaving only chirally-suppressed corrections, which are
very small for all quarks other than the top quark [30].3 Hence, in these new-physics scenarios
only the top quark and its heavy partners contribute to the e↵ective hgg couplings, while
Higgs-boson production is independent of the masses and couplings of the KK excitations of
light SM quarks.

By randomly generating a large set of 5D Yukawa matrices, which are required to satisfy
|(Y

q

)
ij

|  ymax and to correctly reproduce the Wolfenstein parameters ⇢ and ⌘ of the unitarity
triangle, we have found that to a good approximation the average result for the trace appearing
in (67) can be parametrized as4

Tr f(X
q

) ⇡ 3
�
1 � 1.3 x

2
max

�
f(xmax) ; with f(x) =

x tanh x

cosh 2x
, (68)

and xmax ⌘ v ymax/(
p

2MKK). Likewise, the parameter 

t

entering (23) can be approximated

3The authors of [37] argue, however, that this cancellation is model dependent and depends on the embed-
ding of the fermions in the composite multiplets.

4In [25], we preferred to use the associated Yukawa matrices Ỹq, which enter in the relations for the SM
quark masses, instead of the original 5D Yukawa matrices Yq. The relation between the two sets of matrices

is such that X̃q = tanhXq [14], where X̃q is obtained from (18) by replacing Yq with Ỹq. In practice, it turns

out to be immaterial whether one considers Yq or Ỹq as random complex matrices.
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We recall that the flavor hierarchies observed in the
mass spectrum and mixing angles of the SM quarks can
be explained naturally in terms of anarchic 5D Yukawa
couplings, i.e. complex-valued matrices with random el-
ements, and wave-function overlap integrals. The KK
scale determines the masses of the low-lying KK excita-
tions. For instance, the mass of the lightest KK gluon is
approximately 2.45M
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. We also define the “volume”
L = ln (1/✏) ⇡ 37 of the extra dimension. For simplic-
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gauge fields propagating in the bulk, making use of many
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tended model with a custodial protection of electroweak
precision observables [35, 36], which was the basis of our
previous study of Higgs physics in a warped extra dimen-
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represents the modifications to the loop-induced ggh cou-
pling [33]. We neglect the contribution of the bottom

quark, which is strongly suppressed, and replace the top-
quark loop function by its asymptotic value 1, which
is an excellent approximation for a light Higgs boson.
The sum accounts for the one-loop contributions of KK
quarks, which in our previous work [31] has only been
evaluated numerically. Remarkably, the infinite sum over
these modes converges and its value depends only on the
KK scale M
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where y
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q are the square roots of the eigenvalues of

YqY †
q . Since the 5D Yukawa matrices are assumed to be

non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
e↵ective ggh vertex, irrespective of the mass of the cor-
responding SM quark. Importantly, this feature is not
present in other extra-dimensional extensions of the SM,
such as minimal universal extra dimensions [38] or models
in which the Higgs is a pseudo-Goldstone boson [39, 40].
In these new-physics scenarios, only the top quark and its
heavy partners contribute to the ggh vertex, while Higgs-
boson production is independent of the masses and cou-
plings of the KK excitations corresponding to light SM
quarks.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This e↵ect is accounted
for by the parameter t in (3), whose real part is always
less than 1. We obtain
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Expressions for the matrices �U,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , ��, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor

• Both effects described in terms of fundamental 5D parameters

• For random Yukawa matrices, the matrix-valued functions are to a good 
approximation determined by the maximum value allowed for the random 
variables 0 < |(Yq)ij| < ymax  (most previous analyses assumed ymax=3)

• Results can therefore be displayed as functions of ymax and the mass of the 
lightest Kaluza-Klein gluon (                            )mg(1) ⇡ 2.45MKK
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Figure 3: Left: Predictions for the ratio R

h

in the minimal RS model with bulk matter
fields and an IR-localized Higgs sector. The red, green, and blue density bands cor-
respond to ymax = 3, 1.5, and 0.5, respectively. The overlaid solid lines are obtained
using the approximate parameterizations given in (68) and (69) for the same values of
ymax. Right: Contour plot for the ratio R

h

obtained using the latter parameterizations.

as


t

⇡ 1 � 1.1 x

2
max � "

u

, (69)

where to an excellent approximation the contribution proportional to "

u

cancels in the sum
C

KK
1 (m

h

)+Re (
t

) A(⌧
t

) appearing in the numerator of the expression for 

g

in (23). Further-
more, the very small e↵ects due to 

b

and "

d

can be neglected for all practical purposes.
In the left plot in Figure 3, we show our results for the Higgs-boson production cross section

in gluon-gluon fusion relative to the SM cross section,

R

h

=
�(gg ! h)RS

�(gg ! h)SM

, (70)

as a function of the mass of the lightest KK gluon state, M

g

(1) ⇡ 2.45 MKK. We use the
lightest KK gluon mass as a reference, because its value is a model-independent prediction of
the RS scenario. The masses of the lightest KK fermions have very similar values but depend
to some extent on the bulk mass parameters. Here and below we employ a Higgs-boson mass
of 125 GeV. The solid red, green, and light blue lines show the approximate results obtained
from (68) and (69) employing the values ymax = 3, 1.5, and 0.5, respectively. The underlaid
density plots indicate the distribution of the predictions for a large number of anarchic Yukawa
matrices Y

q

, subject only to the constraint that their elements are smaller in magnitude than
a given value ymax. The fact that the regions of highest density in the scatter plots nicely
reproduce the results obtained directly from (68) and (69) shows that the requirement to
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Find a significant suppression of the cross section:

• If a strong suppression is observed, then this can be interpreted as a hint for 
existence of WEDs and translated into parameter space of such models

• If σ(gg➝h) is close to SM prediction, this would imply tight bounds on model 
parameters, perhaps moving KK masses out of LHC reach for direct production

minimal RS model
SUc(3)⊗SUL(2)⊗UY(1)
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• Modification for massive vector bosons (V = Z,W) is a small effect:

• Modification for photons can be significant (AW = 6.27 is a loop function):

Higgs phenomenology in RS:  decays

Higgs decays:

modified W contribution
effect of KK 
modes W(n) 

effect of SM quarks and KK 
fermions (quarks and leptons) 

2

In order to interpret the LHC data in the context of a
specific RS model, it is desirable to have available approx-
imate analytical expressions connecting the Higgs-boson
production and decay rates with fundamental parameters
of the underlying five-dimensional (5D) theory. Such for-
mulae will be derived in [33]. Here we present the most
important results of this analysis, sometimes making ap-
proximations which help to better illustrate the struc-
ture of the results. The most important model param-
eters entering our analysis are the KK scale MKK = kε
(with k the AdS curvature and ε = ΛIR/ΛUV ≈ 10−16)
and the 5D Yukawa matrices Yu and Yd in the up and
down sectors (these matrices were called Ỹu,d in [31]).
We recall that the flavor hierarchies observed in the
mass spectrum and mixing angles of the SM quarks can
be explained naturally in terms of anarchic 5D Yukawa
couplings, i.e. complex-valued matrices with random el-
ements, and wave-function overlap integrals. The KK
scale determines the masses of the low-lying KK excita-
tions. For instance, the mass of the lightest KK gluon is
approximately 2.45MKK. We also define the “volume”
L = ln(1/ε) ≈ 37 of the extra dimension. For simplic-
ity we will study the minimal RS model with matter and
gauge fields propagating in the bulk, making use of many
results derived in [34]. We will later comment on an ex-
tended model with a custodial protection of electroweak
precision observables [35, 36], which was the basis of our
previous study of Higgs physics in a warped extra dimen-
sion [31].

Higgs-boson production

The Higgs-boson production cross section in gluon-
gluon fusion at the LHC can be written as

Rh =
σ(gg → h)RS

σ(gg → h)SM
=

κ2
g

κ2
v

, (1)

where

κv =
vRS

vSM
≈ 1 +

m2
W

4M2
KK

(L− 1) (2)

is a small correction factor accounting for the difference of
the Higgs vacuum expectation value vRS in the minimal
RS model from its value in the SM [37]. For a KK scale
of 2TeV, we find κv ≈ 1.014. Furthermore,

κg ≈ Re(κt)−
∑

q=u,d

Tr f(Xq) ,

f(x) =
x(1− x2)

1 + x2
tanh−1 x = x2 −

5x4

3
± . . .

(3)

represents the modifications to the loop-induced ggh cou-
pling [33]. We neglect the contribution of the bottom
quark, which is strongly suppressed, and replace the top-
quark loop function by its asymptotic value 1, which is an

excellent approximation for a light Higgs boson. The sum
accounts for the one-loop contributions of KK quarks.
Remarkably, the infinite sum over these modes converges
and its value depends only on the KK scale MKK and the
fundamental Yukawa matrices of the 5D theory, via the
variable

Xq =
vRS√
2MKK

√

Yq Y
†
q . (4)

The hermitian matrices Yq Y
†
q can be diagonalized by

means of a unitary transformation. After taking the trace
in generation space, we obtain

Tr f(Xq) =
∑

i

f

(

vRS |y(i)q |√
2MKK

)

, (5)

where y(i)q are the eigenvalues of the Yukawa matri-
ces. Since the 5D Yukawa matrices are assumed to be
non-hierarchical with O(1) complex elements, it follows
that the result is proportional to the number of fermion
species running in the loop. In other words, the KK tow-
ers of all quarks give comparable contributions to the
effective ggh vertex, irrespective of the mass of the cor-
responding SM quark.
In RS models the Higgs-boson coupling to top quarks is

modified with respect to its SM value, since the top quark
mixes with its KK excitations. This effect is accounted
for by the parameter κt in (3), whose real part is always
less than 1. We obtain

κt ≈ 1−
v2RS

3M2
KK

(

YuY
†
uYu

)

33
(

Yu

)

33

−
(

δU
)

33
−
(

δu
)

33
. (6)

Expressions for the matrices δU,u can be found in [34].

Higgs-boson decays

We focus on the decays of the Higgs boson into the
di-boson final states f = ZZ, WW , γγ, which for a light
Higgs boson will be measured with good precision at the
LHC. In the minimal RS model the corrections to the
ZZ and WW final states are identical up to a factor
m2

Z/m
2
W . We define corrections factors (V = Z,W )

Γ(h → V V )RS

Γ(h → V V )SM
= κ2

v κ
2
V ,

Γ(h → γγ)RS

Γ(h → γγ)SM
=

κ2
γ

κ2
v

,

(7)

where to a good approximation [31]

κV ≈ 1−
m2

V

M2
KK

(L− 1) , (8)

3

which yields κZ ≈ 0.925 and κW ≈ 0.942 for MKK =
2TeV. The correction for the di-photon final state has a
richer structure. We obtain

κγ ≈
1

AW − 4Nc

9

[

κWAW +
21

8

m2
W

M2
KK

(L− 1)

−Nc

(

4

9
κg +

1

3
Tr f(Xd)−

1

Nc
Tr f(Xl)

)

]

,

(9)

where AW ≈ 6.27 is the absolute value of the W -boson
loop function for mh = 126GeV, and Nc = 3 is the
number of colors. The first two terms inside the bracket
correspond to the contributions of the W boson and its
KK tower, while the last term accounts for the contri-
butions of the top quark as well as the KK quarks and
charged leptons. Since in anarchic RS models the 5D
Yukawa matrices are random matrices with elements of
the same magnitude, the last two terms in parenthesis
tend to cancel each other, so that we obtain numerically

κγ ≈ 1 + 0.27 (1− κg)− 0.74 (1− κW ) . (10)

This result is interesting, because it shows that for certain
choices of parameters the h → γγ decay rate can be
enhanced relative to its SM value.
When converting these results into branching fractions,

one must take into account that the total decay rate Γ(h)
of a light Higgs boson is dominated by its decay into bot-
tom quarks. For a SM Higgs with mass mh = 126GeV,
one finds Br(h → bb̄) ≈ 0.59, Br(h → WW ) ≈ 0.23,
Br(h → gg) ≈ 0.07, and Br(h → ZZ) ≈ 0.03. Hence

RΓ =
Γ(h)RS

Γ(h)SM

≈ 0.59
[

Re(κb)
]2

+ 0.26 κ2
W + 0.07 κ2

g + 0.09 .

(11)

The correction factor κb is approximately given by [31]

κb ≈ 1−
v2RS

3M2
KK

(

YdY
†
d Yd

)

33
(

Yd

)

33

. (12)

We are now in a position to work out the products
of the production cross section times branching ratios for
the various decay channels. These are the key observables
that will be affected by new-physics contributions in RS
scenarios. Defining the ratios

Rf =

[

σ(pp → h) Br(h → f)
]

RS
[

σ(pp → h) Br(h → f)
]

SM

, (13)

we obtain

RV V =
κ2
g κ

2
V

RΓ
, Rγγ =

κ2
g κ

2
γ

κ4
v RΓ

, (14)

from which it follows that Rγγ/RV V = κ2
γ/(κ

4
v κ

2
V ).

Phenomenological implications

The most significant corrections are likely to arise from
the terms involving the Yukawa matrices, i.e. κg in (3), as
well as κt and κb in (6) and (12). By randomly generat-
ing a large set of 5D Yukawa matrices, whose individual
entries are restricted to have absolute values below ymax

and are required to reproduce the masses and mixing an-
gles observed in the quark sector, we find that on average

TrX2
q ≈

v2RS

2M2
KK

3.1 y2max ,

κt ≈ 1−
v2RS

2M2
KK

1.4 y2max ,

κb ≈ 1−
v2RS

2M2
KK

1.0 y2max .

(15)

We remark that the mass and mixing constraints have
only a minor impact on the obtained numerical coeffi-
cients. Considering purely anarchic matrices Yq of rank 3
and subject to the constraint |(Yq)ij | ≤ ymax, the numer-
ical factors in front of ymax in the above relations would
be 3.0 in the case of TrX2

q and 1.1 in the case of κt,b.
Our predictions for the ratios RZZ and Rγγ/RZZ in

the minimal RS model are shown in Figure 1 as func-
tions of ymax and the mass of the lightest KK gluon,
Mg(1) ≈ 2.45MKK. From the upper plot, we see that
RZZ is strictly smaller than 1 and decreases (increases)
with increasing ymax (MKK). In the region where the
O(v2RS/M

2
KK) terms are smaller than 1, we find the ap-

proximate result

RZZ ≈ 1−
v2RS

2M2
KK

(

15.6 + 12.9 y2max

)

. (16)

The modifications of the tree-level ZZh coupling (8) and
of the effective ggh vertex (3) both suppress RZZ . The
deviation of RZZ from 1 can be particularly large if the
Yukawa couplings are allowed to take values near the per-
turbativity bound ymax = 3, which was estimated in [38]
by means of naive dimensional analysis. Note that in
the upper left corner of the upper plot the corrections
to RZZ become so large that they cancel the SM contri-
bution or even overcompensate it. The lower plot shows
that Rγγ/RZZ is always larger than 1 and increases with
increasing ymax and decreasing MKK. In other words,
RS models predict an enhancement of the h → γγ rate
relative to the h → ZZ rate in comparison with the pre-
dictions of the SM. However, the deviation of Rγγ/RZZ

from 1 is much smaller than for RZZ . Approximately, we
obtain

Rγγ

RZZ
≈ 1 +

v2RS

2M2
KK

(

0.7 + 4.1 y2max

)

, (17)

which implies that this observable is dominated by the ef-
fects of KK fermion loops contributing to h → γγ. Com-
bining (16) and (17) indicates that the ratio Rγγ itself is
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Production cross section times branching fraction:

3

which yields κZ ≈ 0.925 and κW ≈ 0.942 for MKK =
2TeV. The correction for the di-photon final state has a
richer structure. We obtain

κγ ≈
1

AW − 4Nc

9

[

κWAW +
21

8

m2
W

M2
KK

(L− 1)

−Nc

(

4

9
κg +

1

3
Tr f(Xd)−

1

Nc
Tr f(Xl)

)

]

,

(9)

where AW ≈ 6.27 is the absolute value of the W -boson
loop function for mh = 126GeV, and Nc = 3 is the
number of colors. The first two terms inside the bracket
correspond to the contributions of the W boson and its
KK tower, while the last term accounts for the contri-
butions of the top quark as well as the KK quarks and
charged leptons. Since in anarchic RS models the 5D
Yukawa matrices are random matrices with elements of
the same magnitude, the last two terms in parenthesis
tend to cancel each other, so that we obtain numerically

κγ ≈ 1 + 0.27 (1− κg)− 0.74 (1− κW ) . (10)

This result is interesting, because it shows that for certain
choices of parameters the h → γγ decay rate can be
enhanced relative to its SM value.
When converting these results into branching fractions,

one must take into account that the total decay rate Γ(h)
of a light Higgs boson is dominated by its decay into bot-
tom quarks. For a SM Higgs with mass mh = 126GeV,
one finds Br(h → bb̄) ≈ 0.59, Br(h → WW ) ≈ 0.23,
Br(h → gg) ≈ 0.07, and Br(h → ZZ) ≈ 0.03. Hence

RΓ =
Γ(h)RS

Γ(h)SM

≈ 0.59
[

Re(κb)
]2

+ 0.26 κ2
W + 0.07 κ2

g + 0.09 .

(11)

The correction factor κb is approximately given by [31]

κb ≈ 1−
v2RS

3M2
KK

(

YdY
†
d Yd

)

33
(

Yd

)

33

. (12)

We are now in a position to work out the products
of the production cross section times branching ratios for
the various decay channels. These are the key observables
that will be affected by new-physics contributions in RS
scenarios. Defining the ratios

Rf =

[

σ(pp → h) Br(h → f)
]

RS
[

σ(pp → h) Br(h → f)
]

SM

, (13)

we obtain

RV V =
κ2
g κ

2
V

RΓ
, Rγγ =

κ2
g κ

2
γ

κ4
v RΓ

, (14)

from which it follows that Rγγ/RV V = κ2
γ/(κ

4
v κ

2
V ).

Phenomenological implications

The most significant corrections are likely to arise from
the terms involving the Yukawa matrices, i.e. κg in (3), as
well as κt and κb in (6) and (12). By randomly generat-
ing a large set of 5D Yukawa matrices, whose individual
entries are restricted to have absolute values below ymax

and are required to reproduce the masses and mixing an-
gles observed in the quark sector, we find that on average

TrX2
q ≈

v2RS

2M2
KK

3.1 y2max ,

κt ≈ 1−
v2RS

2M2
KK

1.4 y2max ,

κb ≈ 1−
v2RS

2M2
KK

1.0 y2max .

(15)

We remark that the mass and mixing constraints have
only a minor impact on the obtained numerical coeffi-
cients. Considering purely anarchic matrices Yq of rank 3
and subject to the constraint |(Yq)ij | ≤ ymax, the numer-
ical factors in front of ymax in the above relations would
be 3.0 in the case of TrX2

q and 1.1 in the case of κt,b.
Our predictions for the ratios RZZ and Rγγ/RZZ in

the minimal RS model are shown in Figure 1 as func-
tions of ymax and the mass of the lightest KK gluon,
Mg(1) ≈ 2.45MKK. From the upper plot, we see that
RZZ is strictly smaller than 1 and decreases (increases)
with increasing ymax (MKK). In the region where the
O(v2RS/M

2
KK) terms are smaller than 1, we find the ap-

proximate result

RZZ ≈ 1−
v2RS

2M2
KK

(

15.6 + 12.9 y2max

)

. (16)

The modifications of the tree-level ZZh coupling (8) and
of the effective ggh vertex (3) both suppress RZZ . The
deviation of RZZ from 1 can be particularly large if the
Yukawa couplings are allowed to take values near the per-
turbativity bound ymax = 3, which was estimated in [38]
by means of naive dimensional analysis. Note that in
the upper left corner of the upper plot the corrections
to RZZ become so large that they cancel the SM contri-
bution or even overcompensate it. The lower plot shows
that Rγγ/RZZ is always larger than 1 and increases with
increasing ymax and decreasing MKK. In other words,
RS models predict an enhancement of the h → γγ rate
relative to the h → ZZ rate in comparison with the pre-
dictions of the SM. However, the deviation of Rγγ/RZZ

from 1 is much smaller than for RZZ . Approximately, we
obtain

Rγγ

RZZ
≈ 1 +

v2RS

2M2
KK

(

0.7 + 4.1 y2max

)

, (17)

which implies that this observable is dominated by the ef-
fects of KK fermion loops contributing to h → γγ. Com-
bining (16) and (17) indicates that the ratio Rγγ itself is

• Phenomenologically, the most interesting ratios are                     and their ratio 
(experimentally clean signatures, good mass resolution)

• ZZ mode probes loop effects via Higgs production, while di-photon mode is 
sensitive to loop effects in both production and decay

• Preliminary LHC data (if interpreted invoking a Higgs hypothesis) may indicate 
that                 , while 

R�� , RZZ

R��/RZZ > 1RZZ . 1

Caveat:  Discussion below is illustrative -- serious analysis must 
await Higgs discovery and reliable rate measurements!
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Minimal RS model with bulk fermions and gauge fields:

• Assuming ymax=3, a measurement RZZ ≈ 0.7 along with a slight enhancement of the 
di-photon over the ZZ channel would then imply KK masses ≈ 8 TeV, far outside 
reach for direct production at the LHC (a lower bound RZZ > 0.7 would imply very 
strong bounds) 
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Higgs phenomenology in RS:  rate ratios

Extended RS model with custodial symmetry:

• Even with reduced ymax=2, a measurement RZZ ≈ 0.7 along with a slight enhancement 
of the di-photon over the ZZ channel would then imply KK masses ≈ 10 TeV, far 
outside reach for direct production at the LHC (a lower bound RZZ > 0.7 would imply 
very strong bounds) 
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Figure 1: Cross sections at the Tevatron for
√
s = 1.96 TeV and the LHC for

√
s = 7, 10,

14 TeV. Bands indicate scale uncertainties. Light, medium and dark bands represent LO
(NLL), NLO (NNLL) and NNLO (N3LL) in RG-improved perturbation theory, respectively.

for download1.
In [28], the authors have also updated their predictions for Higgs production via gluon

fusion combining soft gluon resummation and two-loop electroweak corrections. Our results
differ in several important aspects from theirs:

• We work at N3LL accuracy rather than NNLL.

• We resum the enhanced contributions arising from the analytic continuation of the gluon
form factor. This has been demonstrated to greatly improve the perturbative conver-
gence.

• We work directly in momentum space rather than in Mellin moment space, which avoids
the Landau pole ambiguity.

1http://projects.hepforge.org/rghiggs/
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differ in several important aspects from theirs:

• We work at N3LL accuracy rather than NNLL.

• We resum the enhanced contributions arising from the analytic continuation of the gluon
form factor. This has been demonstrated to greatly improve the perturbative conver-
gence.

• We work directly in momentum space rather than in Mellin moment space, which avoids
the Landau pole ambiguity.
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Conclusions
• Warped extra-dimension models provide an appealing framework for 

addressing the hierarchy problem and the flavor puzzle within the 
same geometrical approach 

• Much like rare FCNC processes, Higgs production in gluon-gluon   
fusion and Higgs decays into the di-photon final state are loop-
suppressed processes, which are sensitive to new heavy particles and 
probe EWSB sector at the quantum level

• Find that the contribution of the Kaluza-Klein towers of SM quarks is 
independent of the quark mass and given in terms of fundamental      
5D Yukawa matrices

• Effects are enhanced by the large multiplicity of 5D fermion states and 
probe regions of parameter space not accessible to direct searches

• Interesting to study other WED models:  bulk Higgs, gauge-Higgs 
unification, generalized Yukawa couplings ... → model dependence?


