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Higgs and flavor physics as indirect BSM probes

The hierarchy problem and the origin of flavor are two unsolved 
mysteries of particle physics


• connected to deep questions such as the origin of mass, the 
stability of the electroweak scale, the matter-antimatter 
asymmetry, the origin of fermion generations, and the 
reason for the hierarchies observed in the fermion sector


• we do not understand the SM until we understand these 
puzzles (both rooted in 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

1

→ for a detailed analysis of flavor bounds from dipole operators on 
composite Higgs models, see: König, MN, Straub: 1403.2756 (EPJC)



Hierarchies from geometry
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Randall-Sundrum (RS) models with a warped extra dimension address 
the hierarchy problem and the flavor puzzle by means of the same 
geometrical mechanism Randall, Sundrum (1999)

Higgs sector



Warped extra dimension (RS models)

RS models provide a toolbox to study different variants of 4D composite 
Higgs models, to which they are dual by AdS/CFT


• dual composite Higgs operator Oh has scaling dimension            
Δh = 2+β, implying that the Higgs mass operator Oh†Oh is no longer 
a relevant operator if β ≥ 0


• for AdS geometries β ≥ 0 is required by Breitenlohner-Freedman 
bound


In RS models, β is related to the localization of the 5D scalar field 
along the extra dimension


• limit β→∞ correspond to an IR-brane localized Higgs field 
(composite Higgs)


• limit β→0 corresponds to a broad bulk Higgs field (partially 
composite Higgs)
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Luty, Okui (2004)

Witten (1998)

Breitenlohner, Freedman (1982)



Higgs Properties as an Indirect Probe 
for Extra Dimensions

Malm, MN, Novotny, Schmell: arXiv:1303.5702 (JHEP)
Hahn, Hörner, Malm, MN, Novotny, Schmell: arXiv:1312.5731 (EPJC)

Malm, MN, Schmell: arXiv:1408.4456
Archer, Carena, Carmona, MN: arXiv:1408.5406



Effective Higgs couplings
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containing three dimension six operators in the unbroken electroweak phase [34]

O1 =
1

2

(

H†
↔

DµH
)2

, O2 = (H†i
↔

DµH) Ψ̄fγ
µΨf , O3 = (H†i

↔

DµH) Ψ̄fγ
µγ5Ψf , (37)

where H is the Higgs doublet and Dµ denotes the covariant derivative with the notations

H†
↔

DµH = H†DµH − (DµH)†H . While operator O1 shifts the kinetic term of the Higgs,
operators O2 and O3 emerge from integrating out heavy particles that are exchanged between
the Higgs and two fermions. Turning to the broken electroweak phase the operators give rise
to

O1 ∋ −2m2
Z v hZµZ

µ , O2 ∋ −
g

cW

v

2
hZµΨ̄γµΨ , O3 ∋ −

g

cW

v

2
hZµΨ̄γµγ5Ψ . (38)

that we need to describe the contributions for the decay process. Calculating the amplitude
based on the effective Lagrangian (36) and comparing this with the amplitude in the RS model
(35), we can derive the following coefficients

c1 =
M2

KK

v2

[

κ1/2
Γ

κv
κZ − 1

]

, c2 = −gV
m2

Z

2v2

[

1

2
−

1

2L

]

, (39)

where one has to replace gV with gA to obtain the coefficient c3 from c2. Here gV is the SM
vector coupling of the Z boson to fermions while gA represents the axial coupling in the SM.
[p2-term?]

3 Higgs couplings in RS models

In order to parameterize the RS contributions to the various Higgs couplings, we match them
onto an effective Lagrangian defined at the electroweak scale µ ≈ v. [References!] Thus,
we will not integrate out any of the particles of the Standard Model (SM). For simplicity we
neglect the effects of renormalization-group running from the new physics scale µ ≈ MKK down
to the electroweak scale, as their numerical impact is of minor importance. [Quantify this and
give references!] [true for gluon fusion, also for other operators?] The phenomenologically
most important Higgs couplings can be described using the following Lagrangian in the broken
electroweak phase: [References! Rescale cg5 and cγ5? Rescale Higgs self-couplings such
that ci = 1 in SM?]

Leff = cW
2m2

W

vSM
hW+

µ W−µ + cZ
m2

Z

vSM
hZµZ

µ −
∑

f=t,b,τ

mf

vSM
hf̄ (cf + cf5 iγ5) f

− c3h
h3

6
− c4h

h4

24
+ cg

αs

12πvSM
hGa

µνG
a,µν − cg5

αs

8πvSM
hGa

µνG̃
a,µν (40)

+ cγ
α

6πvSM
hFµνF

µν − cγ5
α

4πvSM
hFµνF̃

µν + . . .

10cW,Z,f = 1 , cf5 = 0 , cg(5),�(5) = 0

Most important Higgs couplings to SM particles can be parameterized by 
the effective Lagrangian:


!

!

• SM: 


• deviations from integrating out new, heavy particles (KK resonances)



Custodial RS model with IR-localized Higgs
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Agashe, Delgado, May, Sundrum (2003)

Csaki, Grojean, Pilo, Terning (2003)

Agashe, Contino, Da Rold, Pomarol (2006)

Extended RS model with custodial symmetry protecting the T parameter, 
the left-handed Zdidj couplings


Bulk symmetry group:


Representations of quark multiplets: 


!

!

!

Tree-level analysis of EWP observables implies

compared with 12.3 TeV in the minimal model 

4 Numerical analysis of Higgs couplings

We now study the structure of new-physics e↵ects to both tree-level and loop-induced Higgs
couplings to fermions and gauge bosons in the context of the RS model with custodial sym-
metry, for which the bounds derived from electroweak precision tests allow for KK masses in
the few TeV range. For example, a recent tree-level analysis of the S and T parameters yields
Mg(1) > 4.8 TeV (at 95% CL) for the mass of the lightest KK gluon and photon resonances
[22], and somewhat lighter masses are possible for the KK fermion resonances [44–46]. We will
see that these bounds still allow for sizable e↵ects in the Higgs sector. On the other hand, the
corresponding bound Mg(1) > 12.3 TeV (at 95% CL) obtained in the minimal RS model is so
high that the resulting corrections to the Higgs couplings are generally below the sensitivity
level of present and planned collider experiments. In our analysis we take mh = 125.6 GeV
for the Higgs mass and mt = 172.6 GeV for the pole mass of the top quark. The parameter
L = ln(MPl/⇤TeV) is chosen to be L = 33.5.

Tree-level Higgs couplings

In the custodial RS model, the corrections to the tree-level Higgs couplings to W and Z bosons
in (26) are identical up to very small corrections not enhanced by L. Introducing the mass
Mg(1) ⇡ 2.45 MKK of the lightest KK gluon instead of the KK scale MKK, which is independent
of the details of the localization of the scalar sector and the choice of the electroweak gauge
group [47], we obtain

cW ⇡ cZ ⇡ 1 � 0.078

✓
5 TeV

Mg(1)

◆2

. (48)

Realistically, with KK masses not in conflict with electroweak precision tests, we might thus
expect corrections of a few up to a maximum of 10%. The corrections to the Higgs self-
couplings in (36) are even smaller; the coe�cients in front of the correction term are 0.026 for
c3h and 0.052 for c4h.

Next we study the corrections to the CP-even and CP-odd Higgs couplings cf and cf5 to
the third-generation fermions, as obtained from (32). In analogy to our previous analyses
in [22, 34], we generate three sets of 5000 random and anarchic 5D Yukawa matrices, whose
entries satisfy |(Yq)ij|  y? with y? = 0.5, 1.5, and 3, and which correctly reproduce the
Wolfenstein parameters ⇢̄ and ⌘̄ of the unitarity triangle. Furthermore, we choose the bulk
mass parameters cQi < 1 and cqi < 1 such that we reproduce the correct values for the SM
quark masses evaluated at the scale µ = 1 TeV. Figure 2 shows the Higgs couplings to top
quarks as a function of the mass of the lightest KK gluon state and for three di↵erent values
of y?. In accordance with (32) and (34) we observe that ct is reduced compared to the SM
value 1 for almost all parameter points, where the depletion increases with larger values of
y?. The corresponding plots for cb and c⌧ would look very similar, with the magnitude of the
corrections somewhat reduced. The main di↵erence is due to the di↵erent values of the "f

parameters in the three cases, but their numerical impact is subleading. The solid lines in the
left plot in the figure show simple polynomial fits of the form cf = 1�af (5 TeV/Mg(1))2 to the
scatter points, with coe�cients af = af (y?) given in Table 1. We like to add a brief comment
concerning the type-II brane Higgs model at this point, in which the three-Yukawa terms must

14

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

Carena, Delgado, Ponton, Tait, Wagner (2003)

Update: Malm, MN, Novotny, Schmell (2013)



“Tree-level” couplings to W & Z bosons
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One finds:


!

where                                       , and the KK mass scale is such that in 
terms of the lowest-lying KK gluon (photon) resonance:


!

Both couplings can be suppressed by up to 8% in view of EWPT bounds

Mg(1) ⇡ 2.45MKK

p
L

MKK

L = ln(MPl/⇤TeV) ⇡ 34

4 Numerical analysis of Higgs couplings

We now study the structure of new-physics effects to both tree-level and loop-induced Higgs
couplings to fermions and gauge bosons in the context of the RS model with custodial sym-
metry, for which the bounds derived from electroweak precision tests allow for KK masses in
the few TeV range. For example, a recent tree-level analysis of the S and T parameters yields
Mg(1) > 4.8TeV (at 95% CL) for the mass of the lightest KK gluon and photon resonances
[22], and somewhat lighter masses are possible for the KK fermion resonances [44–46]. We will
see that these bounds still allow for sizable effects in the Higgs sector. On the other hand, the
corresponding bound Mg(1) > 12.3TeV (at 95% CL) obtained in the minimal RS model is so
high that the resulting corrections to the Higgs couplings are generally below the sensitivity
level of present and planned collider experiments. In our analysis we take mh = 125.6GeV
for the Higgs mass and mt = 172.6GeV for the pole mass of the top quark. The parameter
L = ln(MPl/ΛTeV) is chosen to be L = 33.5.

Tree-level Higgs couplings

In the custodial RS model, the corrections to the tree-level Higgs couplings toW and Z bosons
in (26) are identical up to very small corrections not enhanced by L. Introducing the mass
Mg(1) ≈ 2.45MKK of the lightest KK gluon instead of the KK scale MKK, which is independent
of the details of the localization of the scalar sector and the choice of the electroweak gauge
group [47], we obtain

cW ≈ cZ ≈ 1− 0.078

(

5TeV

Mg(1)

)2

. (48)

Realistically, with KK masses not in conflict with electroweak precision tests, we might thus
expect corrections of a few up to a maximum of 10%. The corrections to the Higgs self-
couplings in (36) are even smaller; the coefficients in front of the correction term are 0.026 for
c3h and 0.052 for c4h.

Next we study the corrections to the CP-even and CP-odd Higgs couplings cf and cf5 to
the third-generation fermions, as obtained from (32). In analogy to our previous analyses
in [22, 34], we generate three sets of 5000 random and anarchic 5D Yukawa matrices, whose
entries satisfy |(Yq)ij| ≤ y⋆ with y⋆ = 0.5, 1.5, and 3, and which correctly reproduce the
Wolfenstein parameters ρ̄ and η̄ of the unitarity triangle. Furthermore, we choose the bulk
mass parameters cQi

< 1 and cqi < 1 such that we reproduce the correct values for the SM
quark masses evaluated at the scale µ = 1TeV. Figure 2 shows the Higgs couplings to top
quarks as a function of the mass of the lightest KK gluon state and for three different values
of y⋆. In accordance with (32) and (34) we observe that ct is reduced compared to the SM
value 1 for almost all parameter points, where the depletion increases with larger values of
y⋆. The corresponding plots for cb and cτ would look very similar, with the magnitude of the
corrections somewhat reduced. The main difference is due to the different values of the εf
parameters in the three cases, but their numerical impact is subleading. The solid lines in the
left plot in the figure show simple polynomial fits of the form cf = 1−af (5 TeV/Mg(1))

2 to the
scatter points, with coefficients af = af(y⋆) given in Table 1. We like to add a brief comment
concerning the type-II brane Higgs model at this point, in which the three-Yukawa terms must
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with

h(x) = �(1 � 4x + 12x2)
p

4x � 1 arccos

✓
3x � 1

2x3/2

◆

� 1

2
(1 � 6x + 36x2) ln x +

1

6
(1 � x)(11 � 61x + 38x2) .

(22)

The analysis of new-physics e↵ects on the h ! ZZ

⇤ decay rate proceeds analogously.
Instead of cW in (14) one finds the correction factor

cZ =
vSM

v

m̃

2
Z

m

2
Z

2⇡
⇥
�

Z
0 (1)

⇤2
= 1 � m

2
Z

2M2
KK

✓
L � 1 +

1

2L

◆
� Lm

2
W

4M2
KK

+ . . . (23)

for the hZZ coupling. Moreover, in the RS model the Zff̄ couplings entering the partial rates
in (9) get replaced by

g

cw
gf,A(s2

w) ! g5p
2⇡r cw

p
2⇡ �

Z
0 (✏) gf,A(s2

w) . (24)

If the weak mixing angle is defined via the structure of the couplings gf,A(s2
w), then the only

di↵erence with regard to the SM is a factor

c

1/2
�Z

⌘ g5p
2⇡rg

p
2⇡ �

Z
0 (✏) = c

1/2
�W


1 +

m

2
Z � m

2
W

4M2
KK

✓
1 � 1

L

◆
+ . . .

�
. (25)

Note that, if mZ and s

2
w are taken as inputs, then the W -boson mass is a derived quantity,

which obeys m

2
W (mZ , s

2
w) = m

2
Zc

2
w

h
1 +

m2
Zs2

w

2M2
KK

�
L � 1 + 1

2L

�
+ . . .

i
. As long as we choose MKK

consistent with the bounds from electroweak precision tests (see Section 4), this value will be
consistent within errors with the measured W mass.

The fact that the L-enhanced terms in the e↵ective couplings cW in (14) and cZ in (23) are
di↵erent is problematic from a phenomenological point of view, as this amounts to a breaking
of custodial symmetry in the e↵ective couplings of the Higgs to electroweak gauge bosons.
Indeed, the di↵erence (cW � cZ) is related to the T parameter, which receives dangerously
large corrections in the minimal RS model [39, 40]. Taming these e↵ects has been the main
motivation for the construction of RS models with a custodial symmetry in the bulk [31–33].
The extension of the above analysis to the RS scenario with a custodial symmetry is discussed
in the Appendix. Here we shall briefly collect the relevant formulas for the various correction
factors. The expressions for the correction factors to the hV V vertices become

cW

��
cust

= 1 � m

2
W

2M2
KK

✓
3L � 1 +

1

2L

◆
+ . . . ,

cZ

��
cust

= 1 � m

2
W

2M2
KK

✓
3L + 1 � 1

2L

◆
+ . . . .

(26)

Note that the custodial protection mechanism ensures that the leading, L-enhanced terms
are now the same for both couplings [19], whereas the subleading terms are di↵erent. The
correction factors c�W,Z to the W ! ff̄

0 and Z ! ff̄ decay rates remain unchanged.
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cZ =
vSM

v

m̃

2
Z

m

2
Z

2⇡
⇥
�

Z
0 (1)

⇤2
= 1 � m

2
Z

2M2
KK

✓
L � 1 +

1

2L

◆
� Lm

2
W

4M2
KK

+ . . . (23)
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g

cw
gf,A(s2

w) ! g5p
2⇡r cw

p
2⇡ �

Z
0 (✏) gf,A(s2

w) . (24)
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w), then the only

di↵erence with regard to the SM is a factor

c

1/2
�Z

⌘ g5p
2⇡rg

p
2⇡ �

Z
0 (✏) = c

1/2
�W


1 +

m

2
Z � m

2
W

4M2
KK

✓
1 � 1

L

◆
+ . . .

�
. (25)

Note that, if mZ and s

2
w are taken as inputs, then the W -boson mass is a derived quantity,

which obeys m

2
W (mZ , s

2
w) = m

2
Zc

2
w

h
1 +

m2
Zs2

w

2M2
KK

�
L � 1 + 1

2L

�
+ . . .

i
. As long as we choose MKK

consistent with the bounds from electroweak precision tests (see Section 4), this value will be
consistent within errors with the measured W mass.

The fact that the L-enhanced terms in the e↵ective couplings cW in (14) and cZ in (23) are
di↵erent is problematic from a phenomenological point of view, as this amounts to a breaking
of custodial symmetry in the e↵ective couplings of the Higgs to electroweak gauge bosons.
Indeed, the di↵erence (cW � cZ) is related to the T parameter, which receives dangerously
large corrections in the minimal RS model [39, 40]. Taming these e↵ects has been the main
motivation for the construction of RS models with a custodial symmetry in the bulk [31–33].
The extension of the above analysis to the RS scenario with a custodial symmetry is discussed
in the Appendix. Here we shall briefly collect the relevant formulas for the various correction
factors. The expressions for the correction factors to the hV V vertices become

cW

��
cust

= 1 � m

2
W

2M2
KK

✓
3L � 1 +

1

2L

◆
+ . . . ,

cZ

��
cust

= 1 � m

2
W

2M2
KK

✓
3L + 1 � 1

2L

◆
+ . . . .

(26)

Note that the custodial protection mechanism ensures that the leading, L-enhanced terms
are now the same for both couplings [19], whereas the subleading terms are di↵erent. The
correction factors c�W,Z to the W ! ff̄

0 and Z ! ff̄ decay rates remain unchanged.

7)

Malm, MN, Schmell: 1408.4456



Different sources of new-physics effects:

Higgs decay rates to WW* and ZZ*
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!
• modification of Higgs coupling to 

gauge-boson pairs:


• modification of W- and Z-boson 
couplings to fermions:


• contribution of heavy KK bosons

(a)

t

t1

t2

k1

k2

(b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

Figure 1: One-loop Feynman diagrams for the process h → γγ. Diagram (a) contains the
fermion loops, while diagrams (b) – (k) show the contributions from the gauge sector in a
general Rξ gauge. Solid lines represent fermion mass eigenstates, wavy lines vector-boson

mass eigenstates W±(n)
µ , dashed lines scalar mass eigenstates ϕ±(n)

W , and dotted lines ghost

mass eigenstates c±(n)
W . The ghost masses and profiles are the same as for the W bosons and

their KK excitations [38].

gauge-invariant superposition of W±
φ and ϕ±. It has been shown in the same reference that

the effect of these heavy scalar particles on the h → γγ amplitude is

Cφ
1γ =

1

8

∞
∑

n=1

vg(n,n)hφφ
(

mφ
n

)2 Aφ(τ
φ
n ) , Cφ

5γ = 0 , (11)

where τφn = 4(mφ
n)

2/m2
h, and the function

Aφ(τ) = 3τ
[

τf(τ)− 1
]

, with f(τ) = arctan2 1√
τ − 1

, (12)

approaches 1 for τ → ∞. In the limit of a very narrow Higgs profile the couplings g(n,n)hφφ

scale like 1/η, while the masses of the heavy scalar particles scale like MKK/η. It follows that
Cφ

1γ = O(η), and hence this contribution decouples in the limit η → 0, as expected. We will
therefore not consider the corresponding Feynman diagrams in our analysis.

3.1 Fermionic contributions to the Wilson coefficients

The one-loop contributions to the h → γγ amplitude due to the exchange of virtual quarks
and leptons can be derived in a straightforward way from analogous results for the quark
contributions to the gg → h amplitude, which were studied in [19–24]. Here we will use
expressions derived in our previous work [24], where a variety of RS models were considered

6
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h f

f̄

W

W ⇤

Expression for the decay rate:


!

Only cw contains L-enhanced terms, so to very good approximation:

relative to the SM.
The Feynman rule for the W+(n)

µ ū(i)
A d(j)A vertex, where A = L,R is a chirality label and i, j

labels the flavors of the SM quarks, is to an excellent approximation given by [10]

i√
2

g5√
2πr

√
2π χW

n (ϵ) V CKM
ij γµPL , (15)

where PL = 1
2(1 − γ5) is a chiral projection operator. Corrections to this result, including

the couplings to right-handed fermions, are strongly chirality suppressed. Note, in particular,
that for the zero mode one encounters a correction factor

c1/2ΓW
≡

g5√
2πrg

√
2π χW

0 (ϵ) = 1−
m2

W

2M2
KK

1

4L
+ . . . (16)

relative to the SM, which will affect all decay amplitudes of the W boson into light fermions.
It follows that, relative to the SM, we must make the following replacements in the SM

decay amplitude for h → W−W+∗ → W−uid̄j:

1

m2
W − s

→
vSM
v

m̃2
W

m2
W

√
2π χW

0 (1)
g5√
2πrg

2πBW (1, ϵ;−s) , (17)

where the quantity

2πBW (t, t′;−p2) =
∑

n≥0

2π χW
n (t)χW

n (t′)

(mW
n )2 − p2

=
c1(t, t′)

m2
W − p2

+
c2(t, t′)

2M2
KK

+ . . . (18)

denotes the 5D gauge-boson propagator of the RS model, which has been calculated in closed
form in [34, 38, 39]. In the last equation we show the first two terms in an expansion in powers
of v2/M2

KK, valid under the assumption that p2 < m2
W , which is appropriate for our analysis.

The numerator structures are given by

c1(t, t
′) = 2π χW

0 (t)χW
0 (t′) ,

c2(t, t
′) = L t2< +

1

2L
+ t2

(

ln t−
1

2

)

+ t′2
(

ln t′ −
1

2

)

,
(19)

with t< = min(t, t′). At subleading order, we can now rewrite the right-hand side of (17) in
the form

1

m2
W − s

→ c1/2ΓW
cW

[

1

m2
W − s

−
1

4M2
KK

(

1−
1

L

)

+ . . .

]

. (20)

This result has an intuitive form. The factor c1/2ΓW
rescales the W -boson decay amplitudes of

the SM in a uniform way, the factor cW rescales the Higgs-boson coupling to a W+W− pair,
and the last term in brackets is the contribution of heavy KK resonances. Substituting the
above expression for the gauge-boson propagator into (4) and performing the integration over
s, we obtain

Γ(h → WW ∗) =
m3

h

16πv2SM

cΓW
ΓSM
W

πmW
c2W

[

g

(

m2
W

m2
h

)

−
m2

h

2M2
KK

(

1−
1

L

)

h

(

m2
W

m2
h

)

+ . . .

]

, (21)

6

c�W

cW

�(h ! V V ⇤) ⇡ c2V �(h ! V V ⇤)SM

Malm, MN, Schmell: 1408.4456



Two important Higgs production processes:

Higgs production in VBF and Higgs-strahlung

8

Analogous analysis shows that, at level of L-enhanced terms:

2.2 Higgs-strahlung

We now move on to study the cross section for the Higgs-strahlung process, in which the Higgs
boson is produced in pp collisions in association with a W or Z boson, see Figure 1(b). Since
the Feynman diagram for Higgs-strahlung is identical to that for the Higgs-boson decay into
a pair of electroweak gauge bosons, it follows that the amplitude at the quark level receives
exactly the same corrections as the Higgs decay amplitude discussed in the previous section.
If we denote the invariant mass squared of the hV pair in the final state by s, we immediately
obtain from (20) (for V = W, Z)

d�(pp ! hV )

ds

= c�V c

2
V


1 +

s � m

2
V

2M2
KK

✓
1 � 1

L

◆
+ . . .

�
d�(pp ! hV )SM

ds

. (27)

Because the s dependence of the SM cross section is sensitive to the shapes of the parton
distribution functions, it is not possible to derive a simple analytic formula for the corrections
to the total Higgs-strahlung cross sections. However, the leading correction terms enhanced
by L are universal and independent of s. When only these terms are kept, one obtains

�(pp ! hV ) ⇡ c

2
V �(pp ! hV )SM . (28)

This approximation has been frequently used in the literature. In RS models it is accurate up
to small corrections not enhanced by L.

2.3 Higgs production in vector-boson fusion

We finally consider the vector-boson fusion process shown in Figure 1(c). It involves two
gauge-boson propagators, whose momenta we denote by p1,2. In analogy with the discussion
in the previous sections, we find that in order to account for new-physics e↵ects one must
replace

1

(m2
V � p

2
1) (m2

V � p

2
2)

! vSM

v

m̃

2
V

m

2
V

✓
g5p
2⇡rg

◆2

(2⇡)2
BV (1, ✏; �p

2
1) BV (1, ✏; �p

2
2)

=
c�V cV

(m2
V � p

2
1) (m2

V � p

2
2)


1 � 2m2

V � p

2
1 � p

2
2

4M2
KK

✓
1 � 1

L

◆
+ . . .

� (29)

in the expression for the scattering amplitude. Once again the integrations over the virtual
momenta flowing through the propagators cannot be performed in closed form, because they
involve convolutions with parton distribution functions. However, the leading correction terms
enhanced by L are universal. When only these terms are kept, one obtains

�(pp ! hqq

0) ⇡ c

2
V �(pp ! hqq

0)SM , (30)

which is an approximation often adopted in the literature.
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(a) h ! WW ⇤, ZZ⇤ decays (b) Higgs-strahlung (c) Vector-boson fusion

Figure 1: Tree-level Feynman diagrams for the o↵-shell Higgs decays to pairs of W

and Z bosons, and Higgs production in the Higgs-strahlung and vector-boson fusion
processes.

Higgs boson into pairs of electroweak gauge bosons. In Section 3 we give a summary of the
main Higgs couplings to fermions and gauge bosons in RS models, including the loop-induced
couplings to two gluons and photons, and present expressions that are exact at first order in
v

2
/M

2
KK. A numerical study of both the CP-even and CP-odd Higgs couplings in the custodial

RS model is performed in Section 4. We comment on the possibility to detect deviations from
the SM values of the Higgs couplings at the LHC operating at

p
s = 14 TeV and with an

integrated luminosity of 300 fb�1, and an ILC operating at
p

s = 1 TeV with an integrated
luminosity of 1000 fb�1. In Section 5 we then compare the predictions for pp ! h ! bb̄, ⌧

+
⌧

�,
WW

⇤, ZZ

⇤, �� obtained in the custodial RS scenario with the current data from the LHC,
which can be used to deduce bounds on the relevant model parameters. Our main results are
summarized in the conclusions.

2 Higgs production and decay via W and Z bosons

In this section we discuss in detail the structure of new-physics e↵ects in the couplings of the
Higgs boson to a pair of electroweak gauge bosons. These couplings are probed in the o↵-shell
Higgs decays h ! WW

⇤ and h ! ZZ

⇤ with subsequent decays into four fermions, as well as in
the production of the Higgs boson in vector-boson fusion or in the Higgs-strahlung process, see
Figure 1. These tree-level processes have in common that they involve the exchange of virtual
vector bosons, which implies that in addition to the SM W and Z bosons we must consider
the e↵ect of the infinite towers of KK resonances. It is often assumed in the literature that
the main e↵ect of new physics on these processes arises from a rescaling of the on-shell hV V

couplings. We show that there are also several other e↵ects that need to be accounted for,
namely a possible rescaling of the Higgs vev, a modification of the couplings of the W and Z

bosons to light fermions, and the exchange of new heavy particles in the o↵-shell propagators.
In RS models all of these e↵ects are indeed present, and accounting for them correctly will
be important for a general definition of the signal strength in terms of the Higgs couplings to
fermions and vector bosons in Section 5. To good approximation, however, we will show that
the main e↵ects can be accounted for by a multiplicative rescaling of the SM decay rates and
production cross sections. For simplicity of presentation, the derivations in this section will be
performed for the case of the minimal RS model. The extension to the case of the custodial
model is presented in the Appendix.
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“Tree-level” couplings to fermions
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One finds:


!

For anarchic 5D Yukawa matrices with                  , we obtain on average:


!

!

For vast majority of points in parameter space, the CP-even couplings cf 
are suppressed compared with the SM, by an amount 

expressions are

κt + iκt5 = 1−
(

ΦU

)

33
−
(

Φu

)

33
−

2v2

3M2
KK

(

YuY
†
u Yu

)

33
(

Yu

)

33

κb + iκb5 = 1−
(

ΦD

)

33
−

2v2

3M2
KK

(

YdY
†
d Yd

)

33
(

Yd

)

33

κτ + iκτ5 = 1−
2v2

3M2
KK

(

YeY
†
e Ye

)

33
(

Ye

)

33

(44)

where ... [Complete!]. The real-valued quantities (δU,D,u)33 and (ΦU,D,u)33 denote overlap
integrals of the “wrong chirality profiles” and are given in [10, 18]. Compared to the minimal
RS model one finds an enhancement factor of 2 in the custodial model due to the mixing of
the zero modes with the enlarged tower of KK states [18]. The CP-odd couplings are solely
due to the “three-Yukawa terms”.

The Higgs couplings to the fermions do not only depend on the KK scale, but also in a
complicated manner on the dimensionless 5D Yukawa matrices Yf (with f = u, d, e). However,
it is possible to simplify the Yukawa-dependent terms in the anarchic approach. [Explain!]
Averaging the complex Yukawa matrix entries with a flat distribution and the constraint
|(Yf)ij | ≤ y⋆, where y⋆ sets the maximal value of each entry, one finds that on average

〈

(

YfY
†
f Yf

)

33
(

Yf

)

33

〉

= (2Ng − 1)
y2⋆
2
, (45)

where Ng = 3 is the number of generations [21]. It follows that the Higgs couplings to
fermions are rather insensitive to the individual entries of the Yukawa matrices, but they do
scale with y2⋆. The overlap integrals (δU,D,u)33 and (ΦU,D,u)33, which exhibit some dependence
on the bulk mass parameters of the third-generation quarks, [Explain!] play only a minor
role compared to the three-Yukawa terms. [We have

(

δU,D
)

33
∼ (v2y2⋆/M

2
KK

)F 2(cQ3) and
(

δu
)

33
∼ (v2y2⋆/M

2
KK

)F 2(cu3). Can we be more precise?] So, we encounter a similar situation
as in the gauge-boson case, where the relevant parameter is now given by MKK/y⋆. A further
comment has to be given to the last term in (??). From (45), which does not depend on the
bulk-mass parameters and therefore on the specific quark flavor, one could assume that the
leading contributions to κf are the same for t, b, and τ . However, one finds numerically that
the expectation value (45) is indeed the largest for the top quark. This is due to the constraint
of reproducing the SM quark masses and Wolfenstein parameters of the CKM matrix, which
implies a slight deviation of the quark Yukawa matrices from being generic 3×3 matrices with
completely anarchical structures. 2

We close this subsection with a comment on a certain class of brane-Higgs models, in which
one uses two different Yukawa matrices Y C

f and Y S
f in the Higgs couplings to the Z2-even

2For y⋆ = 1 we find numerically that the expectation value (45) is equal to 2.5 (as expected) for anarchic
matrices, while it is 2.7 for Yf = Yu and 2.2 for Yf = Yd. Similar relative deviations are found for other values
of y⋆.
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chirality profiles” and are given in [10, 18]. Compared to the minimal RS model one finds an
enhancement factor of 2 in the custodial model due to the mixing of the zero modes with the
enlarged tower of KK states [18]. The CP-odd couplings are solely due to the “three-Yukawa
terms”.
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complicated manner on the dimensionless 5D Yukawa matrices Yf (with f = u, d, e). However,
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where Ng = 3 is the number of generations [21]. It follows that the Higgs couplings to
fermions are rather insensitive to the individual entries of the Yukawa matrices, but they do
scale with y2⋆. The overlap integrals (δU,D,u)33 and (ΦU,D,u)33, which exhibit some dependence
on the bulk mass parameters of the third-generation quarks, [Explain!] play only a minor
role compared to the three-Yukawa terms. [We have
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left-hand side and f = u, d, e on the right-hand side)

cf + icf5 = 1−
2v2

3M2
KK

(

YfY
†
f Yf

)

33
(

Yf

)

33

−
Lm2

W

2M2
KK

− εf + . . . , (32)

where Yf denote the dimensionless, anarchic 5D Yukawa matrices in the up, down and lepton
sectors. Note that the CP-odd couplings in (32) are solely due to the “three-Yukawa terms”.
The real-valued quantities εf arise from overlap integrals of the “wrong-chirality” fermion
profiles. They are given by

εf =

⎧

⎨

⎩

(

δF
)

33
+
(

δf
)

33
; minimal RS model,

(

ΦF

)

33
+
(

Φf

)

33
; custodial RS model.

(33)

Explicit expressions for the matrices δU,D,E and δu,d,e can be found in eq. (5.13) of [10], while
those for the matrices ΦU,D,E and Φu,d,e are given in eqs. (6.19) and (6.20) of [19]. They
depend in a complicated way on the bulk mass parameters of the various 5D fermion fields.
All of the quantities εf are of O(v2/M2

KK), but in addition some of them are strongly chirality
suppressed. For all practical purposes, one can retain εu = (δU)33 + (δu)33 but approximate
εd ≈ (δD)33, εe ≈ 0, and similarly in the custodial model. Numerically, the εf parameters turn
out to play a numerically subleading role compared with the “three-Yukawa terms” in cf .

The Higgs couplings to the fermions do not only depend on the KK mass scale, but also
on the dimensionless 5D Yukawa matrices. It is possible to simplify the Yukawa-dependent
terms in the anarchic approach to flavor physics in RS models, in which the fundamental 5D
Yukawa matrices are assumed to be structureless, and the observed hierarchies in the mass
matrices of the SM fermions are explained in terms of their overlap integrals with the wave
function of the Higgs scalar [4–6]. When scanning over the parameter space of an RS model,
the various entries of the Yukawa matrices are taken to be complex random number subject
to the condition that |(Yf)ij | ≤ y⋆, where the upper bound y⋆ = O(1) is a free parameter. For
an ensemble of sufficiently many random matrices constructed in this manner, one can show
that on average [22, 34]

〈

(

YfY
†
f Yf

)

33
(

Yf

)

33

〉

= (2Ng − 1)
y2⋆
2
, (34)

where Ng = 3 is the number of generations. It follows that the Higgs couplings to fermions
are rather insensitive to the individual entries of the Yukawa matrices, but they do scale with
y2⋆. Hence, we encounter a similar situation as in the gauge-boson case, where the relevant
parameter is now given by MKK/y⋆. We should add at this point that in practice relation
(34) is subject to some flavor-dependent corrections, which arise when the scan over random
Yukawa matrices is performed subject to the constraint that one obtains acceptable values for
the quark and lepton masses and for the CKM matrix in the quark sector. When this is done,
one finds numerically that the expectation value (34) is slightly enhanced for the top quark
and somewhat reduced for the bottom quark.2

2For y⋆ = 1, we find numerically that the expectation value (34) is equal to 2.5 (as expected) for anarchic
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Distribution of imaginary part (CP-odd couplings cf5) is approximately 
Gaussian (with non-Gaussian tails), with standard deviation:


!

!

!

Non-trivial upper bound from electron EDM via Barr-Zee two-loop 
diagrams:

|ct5|eEDM < 0.01 (90% CL)

Brod, Haisch, Zupan (2013)
e e e

t

�

�, Zh

h

t

g

g g

Figure 1. Left: Two-loop Barr-Zee contributions to the EDM of the electron involving a virtual
Higgs boson and a photon or Z boson. Right: Two-loop contribution to the Weinberg operator.

where xt/h ⌘ m2
t /M

2
h and the loop functions f1,2(x) can be written as [28],1

f1(x) =
2xp
1� 4x



Li2

✓

1� 1�p
1� 4x

2x

◆

� Li2

✓

1� 1 +
p
1� 4x

2x

◆�

,

f2(x) = (1� 2x) f1(x) + 2x (lnx + 2) .

(2.3)

Here Li2(x) = � R x
0 du ln(1� u)/u is the usual dilogarithm.

From Eq. (2.2) it is evident that the electron EDM constraint on ̃t vanishes in the
limit that the Higgs does not couple to electrons, e, ̃e ! 0, or by an appropriate tuning
of the ratio ̃e/e. For simplicity we will from here on assume that the Higgs coupling to
the electron is CP conserving, so that ̃e = 0. In this case the top-quark contribution to
the EDM of the electron is (with ↵ ⌘ ↵(0) ' 1/137)

de
e

= 3.26 · 10�27 cm ẽt f1(xt/h) = 9.0 · 10�27 cm ẽt , (2.4)

where in the second equality we used that f1(xt/h) ' 2.76 for mt = 163.3GeV [29] and
Mh = 126GeV. The 90% confidence level (CL) limit [30]

�

�

�

�

de
e

�

�

�

�

< 8.7 · 10�29 cm , (2.5)

then translates into
|̃t| < 0.01 , (2.6)

assuming that the Higgs coupling to the electron is the SM one, e = 1.
Above we have neglect the two-loop diagram, Fig. 1 (left), with the Z boson instead of

the photon in the loop. Due to charge-conjugation invariance only the vector couplings of
the Z boson enter the Barr-Zee expression for the electron EDM. As a result the Z-boson
contribution is strongly suppressed by [27]

✓
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3
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◆�1 e2

s2W c2W

✓

�1

4
+ s2W

◆✓

1

4
� 2

3
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◆

' 1.6% , (2.7)

1
Note that the loop function f1(x) is real and analytic even for x > 1/4. In particular, in the limit

x ! 1, one has f1(x) = lnx+ 2 +O(1/
p
x).
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Figure 2: Predictions for the Higgs couplings to top quarks as a function of the KK
gluon mass Mg(1) in the custodial RS model. The green, red, and blue scatter points
correspond to model points obtained using y⋆ = 0.5, 1.5, and 3, respectively. The
overlaid lines in the left plot show fits to the various distributions as explained in the
text. The gray band in the right plot shows the experimental bound on |ct5| derived
from the electron EDM (at 90% CL).
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aτ 0.030 0.076 0.223

Table 1: Fit coefficients af for different values of y⋆.

be replaced according to (35) and have a vanishing expectation value. While the remaining
terms in (32) still give rise to small negative corrections, the corresponding scatter plots would
show points scattered more or less around the central value ci = 1, and which can become
larger than 1 for not too small values for y⋆ due to the indefinite sign of the three-Yukawa
terms. Although they are not as pronounced as in the conventional brane-Higgs scenarios,
significant effects on the Higgs coupling to the top quark are still possible. For example, with
y⋆ = 3 a modification of ct by 20% is possible for KK excitations as heavy as 7.5TeV.

The CP-odd couplings of the Higgs to two fermions cf5 in the RS model are given by
the second expression in (32). For random complex Yukawa matrices with entries bounded
by |(Yf)ij | ≤ y⋆, we find an approximately Gaussian distribution with zero mean and non-
Gaussian tails, which can be reduced by imposing a lower bound on the magnitude of

∣

∣(Yf )33
∣

∣.
In the vicinity of the peak the distribution is approximately normal, with standard deviation

σcf5 ≈
v2 y2⋆
3M2

KK

≈ 0.044
(y⋆
3

)2
(

5TeV

Mg(1)

)2

. (49)

15
Due to the constraint that we must obtain realistic values of the quark masses and CKM
mixing angles the actual results di↵er slightly from this result. It has been argued in [48] that
present experimental bounds on electric dipole moments (EDMs) of the electron, neutron and
mercury impose non-trivial bounds on the CP-odd Higgs couplings to the third-generation
fermions. The strongest constraint exists for the magnitude on ct5 and comes from the EDM
of the electron, which is sensitive to the htt̄ couplings via two-loop Barr-Zee diagrams. Using
the present 90% CL upper limit de < 8.7 ·10�29

e cm [49] and assuming that the Higgs coupling
to electrons is not changed with respect to its SM value, one obtains |ct5| < 0.01 [48]. In the
RS models considered in this work this assumption is valid to high accuracy, since corrections
to the he

+
e

� coupling are strongly chirality suppressed. This resulting bound is shown by the
gray band in the right plot in Figure 2. Interestingly, we find that for y? & 1 there are many
points in RS parameters space for which ct5 takes values of the same order of magnitude as
the experimental bound. Hence, in the context of RS models it is conceivable that first hints
of a non-zero electron EDM might be seen in the next round of experiments.

Loop-induced Higgs couplings

We now move on to study the loop-induced hgg and h�� couplings in the custodial RS model.
They are of special interest, since they are very sensitive probes of the e↵ects of virtual KK
resonances. We concentrate on the CP-even couplings c

e↵
g and c

e↵
� , since current measurements

are not su�ciently precise to probe the CP-odd couplings.3 Using the explicit expressions
for c

e↵
g and c

e↵
� in (42) and (46), it is straightforward to derive approximate expressions for

these coe�cients which help to understand the interplay of the various contributions. To
this end, we expand the fermion KK tower contributions in (37) and (44) to first order in
v

2
/M

2
KK and employ (34) and (40). We also approximate the top-quark loop function Aq(⌧t)

by its asymptotic value 1 and neglect subleading terms not enhanced by L in the bosonic
contributions. This yields

c
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g ⇡ 1 +

v
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◆
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� |
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�

⇡ 1 +
v
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2M2
KK

⇥
(±21.7 + 0.9) y

2
? � 5.1

⇤
.

(50)

Here the upper sign holds for the brane-Higgs case, while the lower one corresponds to the
narrow bulk-Higgs scenario. We have kept the dependence on the one-loop SM amplitude
C

SM
� = 4

3
� 21

4
AW (⌧W ) ⇡ �4.9 explicit. In each square bracket, the first term is due to

the e↵ects of KK fermion resonances, while the second term accounts for the vev shift and

3There exist proposals for how to probe ce↵
�5 in h ! �� decays in which both photons undergo nuclear

conversion, by measuring certain kinematic distributions of the electron-positron pairs [50]. Unfortunately,
however, the level of sensitivity one can achieve does not allow one to probe the very small e↵ects (47) predicted
in RS models, where the CP-odd htt̄ coupling is the only source of the e↵ect.
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Numerical results with anarchic Yukawa matrices:
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Figure 2: Predictions for the Higgs couplings to top quarks as a function of the KK
gluon mass Mg(1) in the custodial RS model. The green, red, and blue scatter points
correspond to model points obtained using y? = 0.5, 1.5, and 3, respectively. The
overlaid lines in the left plot show fits to the various distributions as explained in the
text. The gray band in the right plot shows the experimental bound on |ct5| derived
from the electron EDM (at 90% CL).
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be replaced according to (35) and have a vanishing expectation value. While the remaining
terms in (32) still give rise to small negative corrections, the corresponding scatter plots would
show points scattered more or less around the central value ci = 1, and which can become
larger than 1 for not too small values for y? due to the indefinite sign of the three-Yukawa
terms. Although they are not as pronounced as in the conventional brane-Higgs scenarios,
significant e↵ects on the Higgs coupling to the top quark are still possible. For example, with
y? = 3 a modification of ct by 20% is possible for KK excitations as heavy as 7.5 TeV.

The CP-odd couplings of the Higgs to two fermions cf5 in the RS model are given by
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overlaid lines in the left plot show fits to the various distributions as explained in the
text. The gray band in the right plot shows the experimental bound on |ct5| derived
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Figure 4: Correlation between the Higgs couplings ct and cb (left) and the e↵ective
Higgs couplings c

e↵
� and c

e↵
g (right) in the custodial RS model. All points obey the

constraint Mg(1) > 4.8 TeV imposed by a tree-level analysis of the S and T parameters
at 95% CL. In the right plot, the orange (red) cross represents the experimental values
(with 1� errors) obtained by ATLAS (CMS).

and c

e↵
g , which is due to the fermion KK contributions as explained above. This implies that

there are no regions of parameter space where both couplings are smaller or larger than 1.
Thus, a precise measurement of such values could rule out all RS scenarios considered in this
work. The orange and red crosses in the right plot indicate the 1� fit values c

e↵,exp
g = 1.08+0.15

�0.13,
c

e↵,exp
� = 1.19+0.15

�0.12 [51] and c

e↵,exp
g = 0.83+0.11

�0.10, c

e↵,exp
� = 0.97+0.17

�0.20 [52] reported by the ATLAS
and CMS Collaborations. Those fit values have a slight tendency to values larger (smaller) than
1 for both couplings in case of ATLAS (CMS), but they are compatible with our predictions
within the error bars. Note that we have to be cautious when comparing our theoretical
predictions with the fit values in question, because they have been obtained by varying c

e↵
g

and c

e↵
� so as to obtain the best fit values to the experimental data assuming that the tree-level

Higgs couplings take their SM values. It would be much preferable – and the clearest way to
test any new-physics model – to compare the theoretical predictions with future results from
model-independent analyses of the Higgs couplings.

Future sensitivities on Higgs couplings of LHC and ILC

In the last part of this section, we wish to illustrate the potential for constraining the relevant
parameters of the RS models by future, model-independent analyses of Higgs couplings. It has
been reported in [26] that the LHC with an integrated luminosity of 300 fb�1 has the potential
to probe deviations of Higgs couplings to fermions in the range of 14%– 46% and to gauge
bosons in the range of 14%– 30%, both at 95% CL. At future lepton colliders like the ILC
[27–30] the sensitivity to deviations can be improved by almost one order of magnitude. In the
following analysis we focus on the LHC operating at

p
s = 14 TeV with 300 fb�1 of integrated

luminosity and the ILC operating at
p

s = 1 TeV with integrated luminosity of 1000 fb�1.
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CP-conserving couplings (e.g. for bottom):


!

!

• similar results obtained for ct and cτ

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Mg(1) [TeV]Mg(1) [TeV]

c bc b

minimal RS model custodial RS model

y⋆ = 0.5y⋆ = 0.5

y⋆ = 1.5y⋆ = 1.5

y⋆ = 3y⋆ = 3

Figure 2: Predictions for κb/κv as a function of the KK gluon mass Mg(1) in the
minimal (left) and the custodial RS model (right). The green, red, and blue scatter
points correspond to model points obtained using y⋆ = 0.5, 1.5, and 3, respectively.
The overlaid lines fit the various distributions according to κb/κv = 1−ab v2/M2

KK with
ab shown in Table 1.

Tree-level Higgs couplings κt, κb, κτ

Figure 2 shows the Higgs coupling to the pair of bottom quarks κb/κv as a function of the
mass Mg(1) of the lightest KK gluon state. The green, red, and blue scatter points refer to
the three different values of y∗ = 0.5, 1.5, and 3. They have been obtained using the formulas
(??). We observe that, in both the minimal and the custodial RS model, the Higgs coupling to
the bottom quark is reduced, where the depletion increases with larger values for the Yukawa
scale y∗. In case of the Higgs coupling to a pair of top (tau) fermions the corresponding plots
look similar with slightly enhanced (depleted) shapes, so that we refrain from showing them.
The differences are due to the chiral contributions coming from the overlap integrals in (??)
and due to the constrained structure of the Yukawa matrices as explained in the text below
(45).

According to (??) and (13) the corrections to the SM value are of order v2/M2
KK and

we can fit a function of the shape κi/κv = 1 − ai v2/M2
KK, where the coefficients ai can be

found in Table 1. We see that for a maximal Yukawa scale y⋆ = 3 and a KK gluon mass of
Mg(1) = 5TeV, which corresponds to a KK scale of MKK = 2.0TeV, the RS corrections for
κt,κb,κτ is around 18%, 11%, 11% in the minimal model and 38%, 24%, 22% in the custodial

parameters and the SM quark masses [10], cannot be translated easily to the custodial RS model for values
exceeding 1/2. This is due to the fact that profiles with twisted boundary conditions give rise to functions
F (−c) at the IR brane, which occur in the denominator of ZMA expressions and can become exponentially
large for values c > 0.5. Obviously, it is then not justified to neglect the additional expressions and the relations
for the Wolfenstein parameters and the SM quark masses depending on the random Yukawa matrices and the
bulk mass parameters do not hold any more. We find that this is only a problem for cQ3

so that we constrain
this parameter by the more restrictive condition cQ3

< 0.5.
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As opposed to the tree-level couplings, the loop-level couplings κg,g5 consist of two parts,

κg ≡
ĉg + cg
cSMg

κv , κg5 ≡
3

2

ĉg5 + cg5
cSMg

κv , (48)

where ĉg,g5 contain the zero-mode contributions. These are not included in the effective La-
grangian (40) since none of the quarks has been integrated out. The only non-negligible
contributions come from the top and bottom quarks,

ĉg ≡
1

κv
[Reκt Aq(τt) + Reκb Aq(τb)] , ĉg5 ≡

1

κv
Im κtB(τt) , (49)

where we do not include the tiny b-quark contribution in the CP-odd coupling. The loop
functions are given by (with τi = 4m2

qi/m
2
h − i0)

Aq(τ) =
3τ

2

[

1 + (1− τ) arctan2[1/
√
τ − 1]

]

, B(τ) = τ arctan2[1/
√
τ − 1] , (50)

and both approach 1 for τ → ∞. For values τ < 1, these functions must be analytically
continued to the complex plane, with τ → τ − i0. The SM value cSMg is given by the left
equation in (49) with κi = 1. The second contribution in (48), cg,g5, stems from the KK quark
tower and is found to be [21]3

cg = Tr g(
√
2Xu) + 3Tr g(

√
2Xd) + (ΦU)33 + (Φu)33 + (ΦD)33

cg5 = 0
(51)

where the matrices δQ,q and ΦQ,q have already been encountered in (??) and can be found in
[10, 18]. The quantities

Xq =
v√

2MKK

√

YqY
†
q , q = u, d (52)

are entirely given by the dimensionless 5D Yukawa matrices of the RS model. The Yukawa
matrices are the same in both the minimal and the custodial RS model, where there is an
additional

√
2 in the argument of the function g(Xq) in the latter case. The function g(Xq)

itself is also of the same for both models, but depends on the two scenarios with a brane-
localized and a narrow bulk-Higgs sector. One finds [21, 22],

g(Xq)
∣

∣

brane Higgs
= −

Xq tanhXq

cosh 2Xq
= −X2

q +O
(

v4

M4
KK

)

, (53)

g(Xq)
∣

∣

narrow bulk Higgs
= Xq tanhXq = X2

q +O
(

v4

M4
KK

)

, (54)

so that the effect from the KK tower is approximately equal but of opposite sign in the two
cases. Due to the additional factors

√
2 and 3 in (51), the quark KK tower contribution in

3Here, we have used the shorthand notation q = u, d implying for SU(2) doublets Q = U,D and for singlets
q = u, d.
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Computing 5D loop graph with KK quarks gives:


where:


Result depends on localization of Higgs profile on or near the IR brane:


!

For anarchic 5D Yukawa matrices with                   , we obtain on average:

p

k1

k2

t

t1

t2

Figure 1: Effective hgg couplings induced by the exchange of 5D quark states. The
positions of the vertices along the extra dimension are denoted by t1,2 and t.

which are diagonal 3 × 3 matrices in generation space. These can be expressed in terms of
combinations of Bessel functions, whose rank depends on the bulk mass parameters cQ =
MQ/k and cu,d = −Mu,d/k of the 5D fermion fields [4, 5]. Without loss of generality, we
work in a basis where the ci matrices are diagonal. The SU(2)L gauge symmetry in the bulk
implies that the SU(2)-doublet quark fields have common cQ parameters. The 3-component

vectors a(A)
n , on the other hand, describe the flavor mixings of the 5D interaction eigenstates

into the 4D mass eigenstates, which are generated by the Yukawa interactions on the IR brane.
Because of electroweak symmetry breaking, these vectors are different for A = U,D, u, d. For
simplicity, from now on we use the generic notation Q for U,D and q for u, d. The 3 × 3
matrices Yq contain the dimensionless Yukawa couplings of the 5D theory, which are obtained
from the dimensionful Yukawa couplings Y 5D

q in the original 5D Lagrangian by the rescaling
Y 5D

q = 2Yq/k [4, 5] (see also the discussion of Yukawa interactions in Appendix B). Contrary
to the SM, these matrices are assumed to have an anarchical structure, meaning that they
are non-hierarchical matrices with O(1) complex elements. The hierarchies of the Yukawa
matrices of the SM quarks in the effective 4D theory are explained in terms of a geometrical
realization of the Froggatt-Nielsen mechanism in RS models [9–11, 49].

The one-loop graph giving rise to the gluon fusion amplitude is shown in Figure 1, where at
each vertex an integral over the fifth coordinate t = ekr(|φ|−π) is implied, which varies between
ϵ = e−krπ ≈ 10−15 on the UV brane and t = 1 on the IR brane. We summarize the results of
the calculation in terms of two coefficients C1 and C5 defined by the decomposition

A(gg → h) = C1
αs

12πv
⟨ 0 |Ga

µν G
µν,a|gg⟩ − C5

αs

8πv
⟨ 0 |Ga

µν G̃
µν,a|gg⟩ , (9)

where G̃µν,a = −1
2ϵ

µναβ Ga
αβ (with ϵ0123 = −1) denotes the dual field-strength tensor. Note

that, contrary to [23], the Wilson coefficients C1 and C5 also include the contributions of the
SM quarks. Throughout this paper, v denotes the value of the Higgs vev in the RS model,
which differs from the SM value vSM ≈ 246GeV by a small amount [18] (see Section 8).

In order to perform the calculation of the gluon fusion amplitude at one-loop order con-
sistently, it is necessary to introduce two different kinds of regulators. For a brane-localized
scalar sector, the fermion profile functions are discontinuous on the IR brane, and hence their
overlap integrals with a δ-function type Higgs profile are ill defined. Before computing these
integrals, it is important to regularize the Higgs profile by giving it a small but finite width

8

As opposed to the tree-level couplings, the loop-level couplings κg,g5 consist of two parts,

κg ≡
ĉg + cg
cSMg

κv , κg5 ≡
3

2

ĉg5 + cg5
cSMg

κv , (48)

where ĉg,g5 contain the zero-mode contributions. These are not included in the effective La-
grangian (40) since none of the quarks has been integrated out. The only non-negligible
contributions come from the top and bottom quarks,

ĉg ≡
1

κv
[Reκt Aq(τt) + Reκb Aq(τb)] , ĉg5 ≡

1

κv
Im κtB(τt) , (49)

where we do not include the tiny b-quark contribution in the CP-odd coupling. The loop
functions are given by (with τi = 4m2

qi/m
2
h − i0)

Aq(τ) =
3τ

2

[

1 + (1− τ) arctan2[1/
√
τ − 1]

]

, B(τ) = τ arctan2[1/
√
τ − 1] , (50)

and both approach 1 for τ → ∞. For values τ < 1, these functions must be analytically
continued to the complex plane, with τ → τ − i0. The SM value cSMg is given by the left
equation in (49) with κi = 1. The second contribution in (48), cg,g5, stems from the KK quark
tower and is found to be [21]3

cg = Tr g(
√
2Xu) + 3Tr g(

√
2Xd) + (ΦU)33 + (Φu)33 + (ΦD)33

cg5 = 0
(51)

where the matrices δQ,q and ΦQ,q have already been encountered in (??) and can be found in
[10, 18]. The quantities

Xq =
v√

2MKK

√

YqY
†
q , q = u, d (52)

are entirely given by the dimensionless 5D Yukawa matrices of the RS model. The Yukawa
matrices are the same in both the minimal and the custodial RS model, where there is an
additional

√
2 in the argument of the function g(Xq) in the latter case. The function g(Xq)

itself is also of the same for both models, but depends on the two scenarios with a brane-
localized and a narrow bulk-Higgs sector. One finds [21, 22],

g(Xq)
∣

∣

brane Higgs
= −

Xq tanhXq

cosh 2Xq
= −X2

q +O
(

v4

M4
KK

)

, (53)

g(Xq)
∣

∣

narrow bulk Higgs
= Xq tanhXq = X2

q +O
(

v4

M4
KK

)

, (54)

so that the effect from the KK tower is approximately equal but of opposite sign in the two
cases. Due to the additional factors

√
2 and 3 in (51), the quark KK tower contribution in

3Here, we have used the shorthand notation q = u, d implying for SU(2) doublets Q = U,D and for singlets
q = u, d.
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Figure 3: Excluded regions of parameter space in the minimal RS model, for the brane-
localized Higgs scenario (left) and the narrow bulk-Higgs model (right). The vertical
dashed line denotes the lower bound on Mg(1) obtained from a tree-level analysis of
electroweak precision observables [61].

21
4 AW (τW ) ≈ −4.9. The third line shows the corrections to the Higgs vev and total width,
as parameterized by κh in (76). The upper sign holds for the brane-localized Higgs scenario,
while the lower sign corresponds to the narrow bulk-Higgs case. Above we have used that for
a large set of random complex matrices on average [24]

〈

TrYfY
†
f

〉

= N2
g

y2⋆
2
,

〈

(

YuY
†
u Yu

)

33

(Yu)33

〉

= (2Ng − 1)
y2⋆
2
, (79)

where Ng = 3 is the number of fermion generations. We explicitly see from the first term on
the right-hand side of (78) that the fermionic contributions to the gg → h production process
dominate over those to the h → γγ decay rate and come with opposite sign. Altogether, we
find

Rγγ ≈ 1−
v2

2M2
KK

[

(±9.7− 0.1) y2⋆ + 4.1
]

. (80)

For the case where y∗ = 3 this result is shown by the dashed lines in the figure. Note also
that due to the contribution of the VBF production process the observable Rγγ is bounded
from below in the brane-Higgs case. This explains the behavior for very small MKK values
seen in the left plot in Figure 2. For y∗ = 3, the gg → h production cross section vanishes for
Mg(1) ≈ 3.5TeV, because the new-physics contribution cancels the SM amplitude. However,
due to the VBF production process a non-zero value of Rγγ remains.

Even at the present level of precision, the existing measurements of the observable Rγγ

already provide some interesting constraints on the parameter space of the RS models under
consideration. In Figure 3 we show the regions in the Mg(1) – y⋆ parameter space that are
excluded by the current data at various confidence levels. For instance, for the particular choice
y⋆ = 3 one finds Mg(1) > 8.5TeV at 95% CL for the brane-Higgs model and Mg(1) > 6.4TeV at

25

expressions are

κt + iκt5 = 1−
(

ΦU

)

33
−
(

Φu

)

33
−

2v2

3M2
KK

(

YuY
†
u Yu

)

33
(

Yu

)

33

κb + iκb5 = 1−
(

ΦD

)

33
−

2v2

3M2
KK

(

YdY
†
d Yd

)

33
(

Yd

)

33

κτ + iκτ5 = 1−
2v2

3M2
KK

(

YeY
†
e Ye

)

33
(

Ye

)

33

(44)

where ... [Complete!]. The real-valued quantities (δU,D,u)33 and (ΦU,D,u)33 denote overlap
integrals of the “wrong chirality profiles” and are given in [10, 18]. Compared to the minimal
RS model one finds an enhancement factor of 2 in the custodial model due to the mixing of
the zero modes with the enlarged tower of KK states [18]. The CP-odd couplings are solely
due to the “three-Yukawa terms”.

The Higgs couplings to the fermions do not only depend on the KK scale, but also in a
complicated manner on the dimensionless 5D Yukawa matrices Yf (with f = u, d, e). However,
it is possible to simplify the Yukawa-dependent terms in the anarchic approach. [Explain!]
Averaging the complex Yukawa matrix entries with a flat distribution and the constraint
|(Yf)ij | ≤ y⋆, where y⋆ sets the maximal value of each entry, one finds that on average

〈

(

YfY
†
f Yf

)

33
(

Yf

)

33

〉

= (2Ng − 1)
y2⋆
2
, (45)

where Ng = 3 is the number of generations [21]. It follows that the Higgs couplings to
fermions are rather insensitive to the individual entries of the Yukawa matrices, but they do
scale with y2⋆. The overlap integrals (δU,D,u)33 and (ΦU,D,u)33, which exhibit some dependence
on the bulk mass parameters of the third-generation quarks, [Explain!] play only a minor
role compared to the three-Yukawa terms. [We have

(

δU,D
)

33
∼ (v2y2⋆/M

2
KK

)F 2(cQ3) and
(

δu
)

33
∼ (v2y2⋆/M

2
KK

)F 2(cu3). Can we be more precise?] So, we encounter a similar situation
as in the gauge-boson case, where the relevant parameter is now given by MKK/y⋆. A further
comment has to be given to the last term in (??). From (45), which does not depend on the
bulk-mass parameters and therefore on the specific quark flavor, one could assume that the
leading contributions to κf are the same for t, b, and τ . However, one finds numerically that
the expectation value (45) is indeed the largest for the top quark. This is due to the constraint
of reproducing the SM quark masses and Wolfenstein parameters of the CKM matrix, which
implies a slight deviation of the quark Yukawa matrices from being generic 3×3 matrices with
completely anarchical structures. 2

We close this subsection with a comment on a certain class of brane-Higgs models, in which
one uses two different Yukawa matrices Y C

f and Y S
f in the Higgs couplings to the Z2-even

2For y⋆ = 1 we find numerically that the expectation value (45) is equal to 2.5 (as expected) for anarchic
matrices, while it is 2.7 for Yf = Yu and 2.2 for Yf = Yd. Similar relative deviations are found for other values
of y⋆.
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where Nc is the number of colors and with the electromagnetic charges Qt =
2
3 , Qb = −1

3 and
Qτ = −1. The correction to the trre-level Higgs coupling to the W boson can be found in
(14) while the W -loop function is given by (with τW = 4m2

W/m2
h)

AW (τ) =
1

7

[

2 + 3τ + 3τ(2− τ) arctan2[1/
√
τ − 1]

]

, (59)

and approaches 1 for τ → ∞. The CP-odd coupling cγ5 does not receive additional KK
contributions from the W -boson loop, but is solely determined by the KK fermion exchange
in the triangle loop, where only the top quark can give size-able contributions. The SM
coupling cSMγ is given by (58) with κi = 1.

The impact of the KK excitations of the quarks, leptons and W bosons are contained in
cγ,γ5 which read [25]

cγ = Nc Q
2
u Tr g(

√
2Xu) +Nc (Q

2
d +Q2

u +Q2
λ) Tr g(

√
2Xd) +Q2

l Tr g(Xl)

+NcQ
2
u

[

(ΦU)33 + (Φu)33
]

+NcQ
2
d (ΦD)33 −

21

4
νW

cγ5 = 0

(60)

with the charges Qu = 2
3 , Qd = −1

3 , Ql = −1 and Qλ = 5
3 and where the function g(Xq,l) is

defined in (53). In case of the RS model with custodial protection, we have assumed in (60) a
minimal embedding of the leptons in the extended gauge group [25] such that the lepton KK
tower contribution has the same form as in the minimal RS model with Q2

l Tr g(Xl). Here Xl

is defined as in (52) with the dimensionless 5D Yukawa matrices Yl in the lepton sector. The
KK excitations of the W boson contribute with [18, 25]

νW =
m2

W

2M2
KK

(

2L− 1 +
1

2L

)

+ . . . (61)

where c2ϑ = 1 in the minimal RS model and c2ϑ = 1/2 in the RS model with custodial and PLR

symmetry.

4 Higgs couplings in the RS model: Numerical results

We now illustrate the RS corrections to both tree-level and loop-induced Higgs couplings to
fermions and gauge bosons in terms of scatter plots. In analogy to the analysis of [21] we
generate three sets of 5000 random and anarchic 5D Yukawa matrices, whose entries satisfy
|(Yq)ij| ≤ y∗ with y∗ = 0.5, 1.5 and 3, and which correctly reproduce the Wolfenstein param-
eters ρ̄ and η̄ of the unitarity triangle. Furthermore, we choose the bulk mass parameters ci
to be in the range ci ≤ 1 and to reproduce, together with the generated Yukawa matrices, the
correct values for the SM quark masses evaluated at the scale µ = 1TeV.4 In our analysis
we take mh = 125.6GeV for the Higgs mass, as well as the pole mass mt = 172.6GeV and
running mass mb = m̄b(mh) = 2.9GeV for the heavy-quark masses. Furthermore, we use the
τ -lepton mass mτ = 1.78GeV.

4However, in case of the third-generation doublet parameter cQ3
, it turns out that the relations in the

zero-mode approximation (ZMA) [10] of the minimal model, which are used to reproduce the Wolfenstein

16

Computing 5D loop graph with KK fermions and gauge fields gives:
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Figure 1: Relevant diagrams for the process h → γγ, while diagrams obtained by exchanging
two photons and by charge conjugation are omitted. While diagram (a) involves the fermion
loop, diagrams (b)-(k) give the contributions from the W -boson sector in general Rξ gauge.

Within the loop, solid lines represent fermions, wavy lines W -bosons W±(n)
µ , dashed lines

Goldstone bosons ϕ(n)
W and dotted lines ghosts c±(n)

W .

3.1 Issue of gauge invariance

In the SM, a recent paper [2] has thoroughly discussed the ξ-independence of the SM ampli-
tude in dimensional regularization, and has shown that the result agrees with the calculation
performed in the unitary gauge ξ → ∞. In case of the RS model, it is convenient to work
in the KK decomposed theory, where 4D Feynman propagators have the same structure as
in the SM. The Feynman rules and the amplitudes of the diagrams shown in Fig. 1 can be
found in Appendix C. It is straightforward to see that the vertices involving SM photon and
vector W±(n)

µ or ghost c±(n)
W lines are diagonal in the number of KK modes, since the photon

zero-mode profile is flat. Concerning the ϕ±(n)
W scalar, we need to add the diagram with the

Goldstone boson ϕ± coming from the Higgs sector to the corresponding contributions stem-
ming from the 5D field W±

5 . For instance, we can consider the Feynman rule coupling two
scalars to two photons (needed for diagram (f) in Fig. 1)

+

A(0)
µ

A(0)
νW±

5

W∓
5 A(0)

µ

A(0)
νϕ±

ϕ∓

−→ iL4D = 2i e2δnm ηµν ,

which becomes diagonal in the number of modes when both diagrams are combined and when
we use the KK decomposition of W±

5 (5) and decompose the Higgs scalar ϕ± =
∑

n b
W
n ϕ±(n)

W

in terms of a basis that is spanned by the ϕ±(n)
W fields with suitable coefficients bWn [12]. The

right-hand side above then defines the 4D Feynman rule for the mass eigenstates ϕ±(n)
W . Thus,

5
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where Nc is the number of colors and with the electromagnetic charges Qt =
2
3 , Qb = −1

3 and
Qτ = −1. The correction to the trre-level Higgs coupling to the W boson can be found in
(14) while the W -loop function is given by (with τW = 4m2

W/m2
h)

AW (τ) =
1

7

[

2 + 3τ + 3τ(2− τ) arctan2[1/
√
τ − 1]

]

, (59)

and approaches 1 for τ → ∞. The CP-odd coupling cγ5 does not receive additional KK
contributions from the W -boson loop, but is solely determined by the KK fermion exchange
in the triangle loop, where only the top quark can give size-able contributions. The SM
coupling cSMγ is given by (58) with κi = 1.

The impact of the KK excitations of the quarks, leptons and W bosons are contained in
cγ,γ5 which read [25]

cγ = Nc Q
2
u Tr g(

√
2Xu) +Nc (Q

2
d +Q2

u +Q2
λ) Tr g(

√
2Xd) +Q2

l Tr g(Xl)

+NcQ
2
u

[

(ΦU)33 + (Φu)33
]

+NcQ
2
d (ΦD)33 −

21

4
νW

cγ5 = 0

(60)

with the charges Qu = 2
3 , Qd = −1

3 , Ql = −1 and Qλ = 5
3 and where the function g(Xq,l) is

defined in (53). In case of the RS model with custodial protection, we have assumed in (60) a
minimal embedding of the leptons in the extended gauge group [25] such that the lepton KK
tower contribution has the same form as in the minimal RS model with Q2

l Tr g(Xl). Here Xl

is defined as in (52) with the dimensionless 5D Yukawa matrices Yl in the lepton sector. The
KK excitations of the W boson contribute with [18, 25]

νW =
m2

W

2M2
KK

(

2L− 1 +
1

2L

)

+ . . . (61)

where c2ϑ = 1 in the minimal RS model and c2ϑ = 1/2 in the RS model with custodial and PLR

symmetry.
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to be in the range ci ≤ 1 and to reproduce, together with the generated Yukawa matrices, the
correct values for the SM quark masses evaluated at the scale µ = 1TeV.4 In our analysis
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Effective couplings relevant for Higgs production in gluon fusion:


Effective couplings relevant for               decay:


!

CP-violating couplings inherited from top quark (ct5), such that the 
electron EDM bound implies:

h ! ��

Too small to be detectable at LHC
For a detailled analysis, see: Bishara, Grossman, Harnik, Robinson, Shu, Zupan (2013)

of the Higgs sector being localized near the IR brane, which has been discussed in several
works [15–25]. As mentioned in the Introduction, the result for the contribution of the infinite
tower of KK resonances exhibits a UV sensitivity in the sense that it is sensitive to the precise
nature of the localization mechanism.

In the limit where we neglect O(v2
/M

2
KK) corrections which in addition are strongly chi-

rality suppressed, the expressions for the induced Higgs couplings to two gluons read

cg + icg5 =

8
<

:
Tr g(Xu) + Tr g(Xd) + "u + "d ; minimal RS model,

Tr g(
p

2Xu) + 3 Tr g(
p

2Xd) + "u + "d ; custodial RS model.
(37)

The quantities

Xf =
vp

2MKK

q
YfY

†
f (38)

are entirely given by the dimensionless 5D Yukawa matrices of the RS model. Note that the
Yukawa matrices are the same in both the minimal and the custodial RS model, but there
is an additional

p
2 in the argument of the function g(Xf ) in the latter case. For the two

scenarios with a brane-localized and a narrow bulk-Higgs sector, one finds [22, 23]

g(Xf )
��
brane Higgs

= �Xf tanh Xf

cosh 2Xf
= � v

2

2M2
KK

YfY
†

f + . . . ,

g(Xf )
��
narrow bulk Higgs

= Xf tanh Xf =
v

2

2M2
KK

YfY
†

f + . . . ,

(39)

so that the e↵ect from the KK tower is approximately equal but of opposite sign in the two
scenarios. For a large ensemble of random matrices, one obtains on average [22, 34]

D
Tr YfY

†
f

E
= N

2
g

y

2
?

2
. (40)

Due to the additional factors
p

2 and 3 in the second case in (37), the quark KK tower
contribution in the custodial RS model is roughly four times larger than in the minimal RS
model. Note that with the hermitian matrices Xf the traces over the matrix-valued functions
g(Xf ) are real, so that

cg5 = 0 , (41)

irrespective of the Higgs localization or the type of RS model (minimal or custodial). For the
type-II brane-Higgs model, the function g(Xf ) in the first line of (39) must be replaced by
� v2

2M2
KK

Y C
f Y C†

f +. . . [22], and hence to leading order there is no di↵erence with the result shown

above. In this model the CP-odd coupling cg5 receives contributions starting at O(v4
/M

4
KK),

which are however too small to be of any phenomenological significance. In the subsequent
sections we will therefore restrict ourselves to a study of the two cases shown in (39).

When the top-quark is integrated out from the e↵ective Lagrangian (31), additional con-
tributions to the e↵ective hgg couplings are induced at one-loop order. They can be accounted
for by introducing the e↵ective coe�cients

c

e↵
g =

cg + Aq(⌧t) ct

Aq(⌧t)
, c

e↵
g5 =

cg5 + Bq(⌧t) ct5

Aq(⌧t)
, (42)
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which we have normalized such that c

e↵
g = 1 in the SM. Explicit expressions for the top-quark

loop functions Aq(⌧t) ⇡ 1.03 and Bq(⌧t) ⇡ 1.05 (with ⌧t = 4m2
t /m

2
h) can be found, e.g.,

in [41, 42]. Both approach 1 for ⌧t ! 1, and it is an excellent approximation to use the
asymptotic values for the small new-physics corrections to the Wilson coe�cients. It then
follows that the terms proportional to "u, which in c

e↵
g combine to "u

⇥
1�Aq(⌧t)

⇤
, can be safely

neglected. Note also that to a very good approximation c

e↵
g5 ⇡ ct5.

Loop-induced Higgs couplings to two photons

We finally turn our attention to the couplings of the Higgs boson to two photons, which play
a crucial role for the h ! �� decay channel, in which the Higgs boson has been discovered
in 2012. Neglecting as before O(v2

/M

2
KK) corrections which in addition are strongly chirality

suppressed, the expressions for the induced Higgs couplings to two photons in the minimal RS
model read [34]

c� + ic�5 = NcQ
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⇤
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d
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while in the custodial model one obtains
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u Tr g(
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Tr g(
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They receive KK contributions from the quark and lepton loops as well as from loops of W

bosons and scalar Goldstone fields. Here Qu,d,e denote the electric charges of the SM fermions,
and Q� = 5

3
is the charge of a new exotic, heavy fermion species encountered in the custodial

RS model. The precise embeddings of the SM quark fields into the extended gauge symmetry
has been discussed in detail in [19, 43]. For the lepton fields two types of embeddings have
been studied in [34]. Here we adopt the simplest assignment, in which the left-handed neutrino
and electron are put into an SU(2)L doublet (as in the SM) and the right-handed electron
along with a new, exotic neutral particle NR into an SU(2)R doublet. The infinite tower of
the KK excitations of the W bosons (including the Goldstone fields) contributes [19, 24, 34]

⌫W =
m

2
W

2M2
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✓
⇠L � 1 +

1

2L

◆
+ . . . . (45)

Like in the case of the gluon-fusion channel gg ! h, we defined e↵ective coe�cients obtained
after the heavy particles t, W and Z of the SM have been integrated out. They are related to
the above coe�cients by

c

e↵
� =

c� + NcQ
2
u Aq(⌧t) ct � 21

4
AW (⌧W ) cW

NcQ
2
u Aq(⌧t) � 21

4
AW (⌧W )

, c

e↵
�5 =

c�5 + NcQ
2
u Bq(⌧t) ct5

NcQ
2
u Aq(⌧t) � 21

4
AW (⌧W )

, (46)

where again we have chosen the normalization such that c

e↵
� = 1 in the SM. The explicit form

of the W -boson loop function AW (⌧W ) ⇡ 1.19 (with ⌧W = 4m2
W /m

2
h), which approaches 1 for

⌧W ! 1, can be found in [41, 42]. From the fact that the coe�cient c�5 in (43) and (44)
vanishes, it follows that to a very good approximation

c

e↵
�5 ⇡ �0.28 ct5 . (47)
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which we have normalized such that c

e↵
g = 1 in the SM. Explicit expressions for the top-quark

loop functions Aq(⌧t) ⇡ 1.03 and Bq(⌧t) ⇡ 1.05 (with ⌧t = 4m2
t /m

2
h) can be found, e.g.,

in [41, 42]. Both approach 1 for ⌧t ! 1, and it is an excellent approximation to use the
asymptotic values for the small new-physics corrections to the Wilson coe�cients. It then
follows that the terms proportional to "u, which in c
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⇥
1�Aq(⌧t)
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We finally turn our attention to the couplings of the Higgs boson to two photons, which play
a crucial role for the h ! �� decay channel, in which the Higgs boson has been discovered
in 2012. Neglecting as before O(v2
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2
KK) corrections which in addition are strongly chirality

suppressed, the expressions for the induced Higgs couplings to two photons in the minimal RS
model read [34]
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They receive KK contributions from the quark and lepton loops as well as from loops of W

bosons and scalar Goldstone fields. Here Qu,d,e denote the electric charges of the SM fermions,
and Q� = 5

3
is the charge of a new exotic, heavy fermion species encountered in the custodial

RS model. The precise embeddings of the SM quark fields into the extended gauge symmetry
has been discussed in detail in [19, 43]. For the lepton fields two types of embeddings have
been studied in [34]. Here we adopt the simplest assignment, in which the left-handed neutrino
and electron are put into an SU(2)L doublet (as in the SM) and the right-handed electron
along with a new, exotic neutral particle NR into an SU(2)R doublet. The infinite tower of
the KK excitations of the W bosons (including the Goldstone fields) contributes [19, 24, 34]
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Like in the case of the gluon-fusion channel gg ! h, we defined e↵ective coe�cients obtained
after the heavy particles t, W and Z of the SM have been integrated out. They are related to
the above coe�cients by

c

e↵
� =

c� + NcQ
2
u Aq(⌧t) ct � 21

4
AW (⌧W ) cW
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4
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where again we have chosen the normalization such that c

e↵
� = 1 in the SM. The explicit form

of the W -boson loop function AW (⌧W ) ⇡ 1.19 (with ⌧W = 4m2
W /m

2
h), which approaches 1 for

⌧W ! 1, can be found in [41, 42]. From the fact that the coe�cient c�5 in (43) and (44)
vanishes, it follows that to a very good approximation

c

e↵
�5 ⇡ �0.28 ct5 . (47)
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|ce↵�5| ⇡ 0.28 |ct5| < 0.003
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CP-conserving couplings:


!

!

!

• strong anti-correlation due to fermion loop contributions!

narrow bulk Higgs

brane Higgs

Malm, MN, Schmell: 1408.4456
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Figure 4: Correlation between the Higgs couplings ct and cb (left) and the effective
Higgs couplings ceffγ and ceffg (right) in the custodial RS model. All points obey the
constraint Mg(1) > 4.8TeV imposed by a tree-level analysis of the S and T parameters
at 95% CL. In the right plot, the orange (red) cross represents the experimental values
(with 1σ errors) obtained by ATLAS (CMS).

and ceffg , which is due to the fermion KK contributions as explained above. This implies that
there are no regions of parameter space where both couplings are smaller or larger than 1.
Thus, a precise measurement of such values could rule out all RS scenarios considered in this
work. The orange and red crosses in the right plot indicate the 1σ fit values ceff,expg = 1.08+0.15

−0.13,
ceff,expγ = 1.19+0.15

−0.12 [51] and ceff,expg = 0.83+0.11
−0.10, c

eff,exp
γ = 0.97+0.17

−0.20 [52] reported by the ATLAS
and CMS Collaborations. Those fit values have a slight tendency to values larger (smaller) than
1 for both couplings in case of ATLAS (CMS), but they are compatible with our predictions
within the error bars. Note that we have to be cautious when comparing our theoretical
predictions with the fit values in question, because they have been obtained by varying ceffg
and ceffγ so as to obtain the best fit values to the experimental data assuming that the tree-level
Higgs couplings take their SM values. It would be much preferable – and the clearest way to
test any new-physics model – to compare the theoretical predictions with future results from
model-independent analyses of the Higgs couplings.

Future sensitivities on Higgs couplings of LHC and ILC

In the last part of this section, we wish to illustrate the potential for constraining the relevant
parameters of the RS models by future, model-independent analyses of Higgs couplings. It has
been reported in [26] that the LHC with an integrated luminosity of 300 fb−1 has the potential
to probe deviations of Higgs couplings to fermions in the range of 14%– 46% and to gauge
bosons in the range of 14%– 30%, both at 95% CL. At future lepton colliders like the ILC
[27–30] the sensitivity to deviations can be improved by almost one order of magnitude. In the
following analysis we focus on the LHC operating at

√
s = 14TeV with 300 fb−1 of integrated

luminosity and the ILC operating at
√
s = 1TeV with integrated luminosity of 1000 fb−1.
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New physics reach in Higgs couplings
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Exclusion bounds derived from a global analysis of all relevant Higgs 
couplings, assuming SM-like measurements:


!

!

!

!

!

!

!

⇒ will be possible to probe mass scales in the 10-40 TeV range!

lower bound from EWPT

2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5 2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5

Mg(1) [TeV]Mg(1) [TeV]

cWcW
cZcZ
ctct
cbcb
cτcτ

ceffg (b.)ceffg (b.)
ceffγ (b.)ceffγ (b.)

ceffg (n.b.)ceffg (n.b.)
ceffγ (n.b.)ceffγ (n.b.)

ctct
cbcb
cτcτ

ceffg (b.)ceffg (b.)
ceffγ (b.)ceffγ (b.)

ceffg (n.b.)ceffg (n.b.)
ceffγ (n.b.)ceffγ (n.b.)

LHC (14TeV, 300 fb−1) ILC (1TeV, 1000 fb−1)

y⋆ = 3y⋆ = 3

y⋆ = 1.5y⋆ = 1.5

Figure 5: Summary of the exclusion limits (at 95% CL) on the mass of the first
KK gluon resonance in the custodial RS model, which could be derived from SM-
like measurements of Higgs couplings at the high-luminosity LHC (left) and the ILC
(right), for two representative values of y⋆. For the loop-induced couplings ceffg and ceffγ ,
we distinguish between the brane (green) and the narrow bulk-Higgs (blue) scenarios.
The dashed vertical lines show the lower bounds on Mg(1) obtained from electroweak
precision measurements.

Our goal is to derive exclusion bounds for the mass of the first KK gluon resonance from
each of the Higgs couplings. To obtain these bounds, we plot each coupling ci as in Figure 2,
fit a Gaussian distribution to the model points for each pair of y⋆ and Mg(1) , and determine
the mean values ci with the standard deviations σci . For the experimental couplings we
assume that they are SM-like, cexpi = 1, with the 1σ errors given in Table 2. These errors are
asymmetric and correspond to the 1σ confidence intervals as they emerge from the combined fit
(subject to certain assumptions) performed in [26]. We then consider the ratio ci/c

exp
i = ci, and

calculate the corresponding standard deviation by combining the theoretical and experimental
errors in quadrature. Finally, we test at which confidence level the coefficient ci is compatible
with 1. The results are compiled in Figure 5 for two representative values of y⋆. The colored
regions are the 95% CL excluded regions for the mass of the lightest KK gluon resonance.
To obtain exclusion bounds for arbitrary values of y⋆, one can make use of the fact that the
exclusion limits depend linearly on y⋆ to good approximation. We see that the strongest bounds
emerge from the loop-induced Higgs couplings, for which we distinguish between the brane-
Higgs (b.) and narrow bulk-Higgs (n.b.) scenarios. Our results imply that the high-luminosity
run at the LHC can probe or exclude KK gluon masses in the rangeMg(1) < 21TeV×(y⋆/3) for
the brane Higgs scenario, and Mg(1) < 13TeV×(y⋆/3) in the narrow bulk-Higgs model. For the
ILC, one expects to probe or rule out KK gluon masses in the range Mg(1) < 43TeV× (y⋆/3)
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Perform poor theorist’s naive averages (no correlations):


!

In any extension of the Standard Model, new-physics contributions can 
affect the measured rates for Higgs production and decay in three ways:

!
• Higgs production cross section 

(~87% gluon fusion, <7% vector-
boson fusion, 5% V+h production)


• Higgs decay rate to the observed 
final state X


• total Higgs width (mainly sensitive 
to h→bb, h→WW, also h→invisible)

(� · BR)(pp ! h ! X) = �(pp ! h)
�(h ! X)

�(h ! anything)

RX bb ·· WW ZZ ““
ATLAS 0.2+0.7

≠0.6 1.4+0.5
≠0.4 1.00+0.32

≠0.29 1.44+0.40
≠0.33 1.17+0.27

≠0.27
CMS 0.93+0.49

≠0.49 0.91+0.27
≠0.27 0.83+0.21

≠0.21 1.00+0.29
≠0.29 1.13+0.24

≠0.24
Average 0.69+0.40

≠0.38 1.02+0.24
≠0.22 0.88+0.18

≠0.17 1.15+0.23
≠0.22 1.15+0.18

≠0.18

Table 1: Experimental values for the signal rates measured by the ATLAS and CMS Collaborations
including the 1‡ errors. The assumed Higgs masses are mh = 125.5 GeV, mh = 125.7 GeV, and
mh = 125 GeV
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Perform poor theorist’s naive averages (no correlations):


!

Theory predictions:


with correction to the total Higgs width:

c(eff)i − 1 W Z g γ

LHC 14TeV, 300 fb−1 (−0.069, 0) (−0.077, 0) (−0.078, 0.10) (−0.096, 0.059)

ILC 1TeV, 1000 fb−1 (−0.004, 0) (−0.006, 0) (−0.014, 0.014) (−0.032, 0.035)

ci − 1 t b τ

LHC 14TeV, 300 fb−1 (−0.154, 0.147) (−0.231, 0.041) (−0.093, 0.132)

ILC 1TeV, 1000 fb−1 (−0.044, 0.035) (−0.003, 0.011) (−0.013, 0.017)

Table 2: Experimental capabilities for model-independent measurements of the Higgs-
boson couplings ci to gauge bosons (top) and third-generation fermions (bottom), ex-
pressed as 1σ confidence intervals derived in [26]. For the case of the hgg and hγγ
couplings we show the effective coefficients ceffg,γ defined in (42) and (46).

in both scenarios.4 Note also that, independently of the realization of the Yukawa sector
(and hence the parameter y⋆), the analysis of the Higgs couplings to W bosons at the ILC is
expected to be sensitive to KK gluon masses of up to 15TeV. In all cases, these limits by far
exceed the mass ranges allowing for a direct discovery of KK resonances.

5 Analysis of signal rates in the custodial RS model

We finally investigate in more detail the Higgs decay rates into pairs of electroweak gauge
bosons and third-generation fermions. In order to directly compare our predictions with ex-
perimental measurements, we study the signal rates RX defined in (1), which can be expressed
in terms of the effective couplings ci and ci5 derived in Section 3 via

RX ≡
(σ · BR)(pp → h → X)RS

(σ · BR)(pp → h → X)SM
=

[(

|ceffg |2 + |ceffg5 |2
)

fGF + c2V fVBF

][

|c(eff)X |2 + |c(eff)X5 |2
]

ch
. (51)

The correction to the total Higgs width relative to the SM total width ΓSM
h = 4.14MeV [53]

(for mh = 125.5GeV) can be accounted for by the parameter

ch =
ΓRS
h

ΓSM
h

≈ 0.57c2b + 0.22c2W + 0.03c2Z + 0.09
(

|ceffg |2 + |ceffg5 |2
)

+ 0.06c2τ + 0.03 . (52)

The corrections to the decay modes h → cc̄, Zγ, . . . have a numerically insignificant effect
and can therefore be neglected; the combined branching fraction of these modes is 3% in the
SM. In (51) we have taken into account the probabilities to produce a Higgs boson via gluon
fusion (GF), or via vector-boson fusion and associated hV production (collectively referred
to as VBF). Concerning the latter production processes, we have implemented the findings
of Section 2.3, showing that the leading corrections proportional to L to the corresponding
cross sections are given by c2V , where in the custodial RS model there is no need to distinguish

4The different limits in the case of the LHC are due to the asymmetric error margins for cg, see Table 2.
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~0.9 ~0.1

c

(e↵)
i � 1 W Z g �

LHC 14 TeV, 300 fb�1 (�0.069, 0) (�0.077, 0) (�0.078, 0.10) (�0.096, 0.059)

ILC 1 TeV, 1000 fb�1 (�0.004, 0) (�0.006, 0) (�0.014, 0.014) (�0.032, 0.035)

ci � 1 t b ⌧

LHC 14 TeV, 300 fb�1 (�0.154, 0.147) (�0.231, 0.041) (�0.093, 0.132)

ILC 1 TeV, 1000 fb�1 (�0.044, 0.035) (�0.003, 0.011) (�0.013, 0.017)

Table 2: Experimental capabilities for model-independent measurements of the Higgs-
boson couplings ci to gauge bosons (top) and third-generation fermions (bottom), ex-
pressed as 1� confidence intervals derived in [26]. For the case of the hgg and h��

couplings we show the e↵ective coe�cients c

e↵
g,� defined in (42) and (46).

in both scenarios.4 Note also that, independently of the realization of the Yukawa sector
(and hence the parameter y?), the analysis of the Higgs couplings to W bosons at the ILC is
expected to be sensitive to KK gluon masses of up to 15 TeV. In all cases, these limits by far
exceed the mass ranges allowing for a direct discovery of KK resonances.

5 Analysis of signal rates in the custodial RS model

We finally investigate in more detail the Higgs decay rates into pairs of electroweak gauge
bosons and third-generation fermions. In order to directly compare our predictions with ex-
perimental measurements, we study the signal rates RX defined in (1), which can be expressed
in terms of the e↵ective couplings ci and ci5 derived in Section 3 via

RX ⌘ (� · BR)(pp ! h ! X)RS

(� · BR)(pp ! h ! X)SM

=

⇥�|ce↵
g |2 + |ce↵

g5 |2
�
fGF + c

2
V fVBF

⇤⇥|c(e↵)
X |2 + |c(e↵)

X5 |2⇤

ch
. (51)

The correction to the total Higgs width relative to the SM total width �SM
h = 4.14 MeV [53]

(for mh = 125.5 GeV) can be accounted for by the parameter [54]

ch =
�RS

h

�SM
h

⇡ 0.57(c2
b +c

2
b5)+0.22c2

W +0.03c2
Z +0.09

�|ce↵
g |2 + |ce↵

g5 |2
�
+0.06(c2

⌧ +c

2
⌧5)+0.03 . (52)

The corrections to the decay modes h ! cc̄, Z�, . . . have a numerically insignificant e↵ect
and can therefore be neglected; the combined branching fraction of these modes is 3% in the
SM. In (51) we have taken into account the probabilities to produce a Higgs boson via gluon
fusion (GF), or via vector-boson fusion and associated hV production (collectively referred
to as VBF). Concerning the latter production processes, we have implemented the findings
of Section 2.3, showing that the leading corrections proportional to L to the corresponding
cross sections are given by c

2
V , where in the custodial RS model there is no need to distinguish

4The di↵erent limits in the case of the LHC are due to the asymmetric error margins for cg, see Table 2.
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Denner, Heinemeyer, Puljak, Rebuzzi, Spira (2011)

RX bb ·· WW ZZ ““
ATLAS 0.2+0.7

≠0.6 1.4+0.5
≠0.4 1.00+0.32

≠0.29 1.44+0.40
≠0.33 1.17+0.27

≠0.27
CMS 0.93+0.49

≠0.49 0.91+0.27
≠0.27 0.83+0.21

≠0.21 1.00+0.29
≠0.29 1.13+0.24

≠0.24
Average 0.69+0.40

≠0.38 1.02+0.24
≠0.22 0.88+0.18

≠0.17 1.15+0.23
≠0.22 1.15+0.18

≠0.18

Table 1: Experimental values for the signal rates measured by the ATLAS and CMS Collaborations
including the 1‡ errors. The assumed Higgs masses are mh = 125.5 GeV, mh = 125.7 GeV, and
mh = 125 GeV
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Figure 4: Predictions for the ratio Rγγ as a function of the KK gluon mass Mg(1) in the
custodial RS model with minimal lepton sector (56), for the cases of a brane-localized
Higgs boson (left) and a narrow bulk-Higgs field (right).

approximation (81) breaks down for large values y∗, as is evident from the discrepancy between
the dashed curve and the blue band of scatter points. A reasonable approximation, shown
by the solid line, is obtained by linearizing the expressions for the various κi parameters
but not further expanding expression (74). It turns out that the negative corrections to the
h → γγ decay rate are so significant in this model that they compensate the large positive
corrections to the gluon-fusion rate in the region of large Mg(1) . For smaller KK masses, these
negative corrections become dominant and drive the ratio Rγγ toward values significantly less
than 1. Eventually, for Mg(1) ≈ 3TeV (for y∗ = 1.5) and 5.5TeV (for y∗ = 3), the di-photon
decay rate even vanishes. It is obvious that in regions of parameter space where such dramatic
cancellations occur our predictions are highly model dependent. Given the preliminary pattern
of Higgs couplings seen in experiment, which within errors agree with the SM predictions, it
appears unlikely (but not impossible) that there could be O(1) corrections to the gg → h and
h → γγ production and decay rates, which cancel each other in the result for the observable
Rγγ . Too large corrections to the gluon-fusion rate are also disfavored by the good agreement
of the pp → ZZ(∗) → 4l rate with its SM value. A detailed discussion of the corresponding
constraints on the RS parameter space has been presented in [24].

Figure 5 shows the excluded regions of RS parameter space derived from the analysis of the
observable Rγγ in the custodial RS model. In the scenario with a brane-localized Higgs sector,
we obtain the exclusion range 5.9TeV < Mg(1) < 13.4TeV and Mg(1) < 3.5TeV for y⋆ = 3,
while in the narrow bulk-Higgs model we can exclude 5.2TeV < Mg(1) < 8.4TeV, both at 95%
CL. Note that there is a small region in the upper left corner (at small Mg(1) and large y⋆) of
the left plot, which is allowed by both Rγγ and the T parameter constraint Mg(1) > 4.7TeV
at 95% CL. However, bounds derived from the analysis of the decay h → ZZ(∗) → 4l exclude
this region [24, 54].

One can also read the exclusion plots in Figures 3 and 5 in a different way. Under the
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Observe a strong correlation 
of the two quantities:


     more precise measurements 
at LHC and ILC will allow one 
to differentiate between 
different variants of RS models

⇒ 

Malm, MN, Novotny, Schmell (2013)

Malm, MN, Schmell: 1408.4456
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Figure 6: Predictions for the ratio RZZ as a function of the KK gluon mass Mg(1) in
the custodial RS model, for the cases of a brane-localized Higgs boson (left) and a
narrow bulk-Higgs field (right). The scatter points with different color correspond to
different values of y⋆. The blue band represents the 1σ experimental error range for
the observable RZZ .

for y⋆ the data already disfavor KK gluon masses in the low TeV range. The tensions between
the theoretical predictions for RZZ (RWW ) and the experimental data are stronger for the
brane-Higgs (narrow bulk-Higgs) model due to the mild tendency of an enhanced (suppressed)
cross section seen in the data, which is in conflict with the suppression (enhancement) of the
predicted cross section.

The shapes of the curves can be explained by the fact that, for not too small Yukawa
couplings, the RS corrections to the gluon-fusion cross section by far dominate over the cor-
rections to the Higgs decay rates. The results then closely resemble those shown in Figure 5
of [22], where only the corrections to the gluon-fusion cross section were taken into account.
The dependance of this production channel on the details of the localization of the Higgs
profile on or near the IR brane explains why the ratios RV V are suppressed (enhanced) in the
brane-localized (narrow bulk-Higgs) scenario. For small values of Mg(1) and y⋆, however, the
loop-induced couplings become subdominant, and the negative corrections to the h → ZZ∗

decay width give rise to a reduction of the signal rate even in the narrow bulk-Higgs scenario.
The peculiar behavior seen for very small KK scales in the left plot in Figure 6 can be under-
stood as follows. For y⋆ = 3, the gg → h production cross section vanishes for Mg(1) ≈ 7.0TeV,
because the new-physics contribution cancels the SM amplitude. However, due to the vector-
boson fusion production process a non-zero value of RZZ remains. For even smaller values of
Mg(1) the new-physics amplitude dominates over the SM one and the cross section rises again.

The new-physics effects on the ratios RZZ and RWW are stronger than those on Rγγ,
since in the latter case there is a partial compensation between the contributions of fermionic
KK resonances to the Higgs production cross section via gluon fusion and to the h → γγ
decay rate [34]. The strong correlation between RZZ and Rγγ resulting from these fermionic
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Figure 7: Correlation of the predictions for the signal ratesRZZ andRγγ in the custodial
RS model under variations ofMg(1) and y⋆. All scatter points fulfill the constraints from
electroweak precision tests. The cross shows the average experimental values with 1σ
errors for the measured signal rates.

corrections is examined in Figure 7. The SM predicts the values RSM
ZZ,γγ = 1 denoted by the

crossing position of the dashed lines. Scatter points below the horizontal dashed line belong
to the brane-localized Higgs scenario, while the points above the line belong to the narrow
bulk-Higgs scenario.6 All scatter points fulfill the bound Mg(1) > 4.8GeV imposed by the
measurements of the oblique parameters S and T . The cross shows the experimental values
given in Table 3, while the green ellipses present the 68%, 95%, and 99% confidence regions of
the combined measurements. We observe a strong correlation between the two ratios, where
for reasons explained above the new-physics effects are larger for RZZ than forRγγ . Notice that
the naively averaged current experimental data slightly favor the narrow bulk-Higgs over the
brane-localized Higgs scenario. It should be noted, however, that using only the measurements
reported by CMS one would obtain the opposite conclusion.

Analysis of the signal rates Rττ , Rbb and the total Higgs width

We now turn to the predictions for Rττ and Rbb in the custodial RS model. The upper plots in
Figure 8 show the observable Rττ as a function of Mg(1) . As in the previous cases, the shapes of
the curves are largely due to the behavior of the Higgs-boson production cross section, which
is dominated by the gluon-fusion process. Particularly for small KK scales, these effects are
quite large and have the potential to compensate and even exceed the SM contribution. For
very small KK scales (Mg(1) ! 3TeV), on the other hand, the negative corrections to the cτ

6We only show scatter points for y⋆ = 1.5 and 3. For y⋆ = 0.5, both RZZ and Rγγ are always reduced, see
Figure 6 and Figure 4 in [34].
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Model predictions compared with LHC data (ATLAS & CMS) on b-quark 
pair production in vector-boson fusion and inclusive τ+τ- production:

V+h only

Malm, MN, Schmell: 1408.4456
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Figure 8: Predictions for the ratios Rττ (upper plots) and Rbb (lower plots) as a function
of the KK gluon mass Mg(1) in the custodial RS model, for the cases of a brane-localized
Higgs boson (left) and a narrow bulk-Higgs field (right). The meaning of the colors is
the same as in Figure 2.

coupling can become so large that the h → τ+τ− decay rate almost vanishes (see Figure 2),
and hence Rττ can drop close to zero. The observable Rbb shown in the lower plots receives
more moderate corrections, since in this case the only production channel included is Higgs-
strahlung. Although there is no need to distinguish between the brane-localized and narrow
bulk-Higgs scenario in the Higgs production cross section and the h → bb̄ decay rate, the two
plots still differ due to the contribution of the h → gg decay rate to the total Higgs width.
This partial rate is reduced in the brane-Higgs scenario and enhanced in bulk-Higgs models.

The present data on Rbb only imply weak constraints on the RS parameter space, because
the experimental accuracy is worse than for all other channels, see Table 3. Nevertheless, the
Higgs coupling to bottom quarks cb is an important quantity, since it gives rise to one of the
most significant corrections to the total Higgs width (52), which enters all of the signal rates
in (1). Figure 9 shows the ratio ch = ΓRS

h /ΓSM
h in the custodial RS model. We see that in the
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Figure 8: Predictions for the ratios Rττ (upper plots) and Rbb (lower plots) as a function
of the KK gluon mass Mg(1) in the custodial RS model, for the cases of a brane-localized
Higgs boson (left) and a narrow bulk-Higgs field (right). The meaning of the colors is
the same as in Figure 2.

coupling can become so large that the h → τ+τ− decay rate almost vanishes (see Figure 2),
and hence Rττ can drop close to zero. The observable Rbb shown in the lower plots receives
more moderate corrections, since in this case the only production channel included is Higgs-
strahlung. Although there is no need to distinguish between the brane-localized and narrow
bulk-Higgs scenario in the Higgs production cross section and the h → bb̄ decay rate, the two
plots still differ due to the contribution of the h → gg decay rate to the total Higgs width.
This partial rate is reduced in the brane-Higgs scenario and enhanced in bulk-Higgs models.

The present data on Rbb only imply weak constraints on the RS parameter space, because
the experimental accuracy is worse than for all other channels, see Table 3. Nevertheless, the
Higgs coupling to bottom quarks cb is an important quantity, since it gives rise to one of the
most significant corrections to the total Higgs width (52), which enters all of the signal rates
in (1). Figure 9 shows the ratio ch = ΓRS

h /ΓSM
h in the custodial RS model. We see that in the
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Exclusion regions (95% CL) for the lightest KK gluon mass and     :


!

!

!

⇒ some bounds are much stronger than those from EWPT

y⇤

: narrow bulk Higgs : brane-localized Higgs

Malm, MN, Schmell: 1408.4456
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Figure 10: Summary of the bounds on the mass of the lightest KK gluon (left) and the
parameter y⋆ (right) obtained from the exclusion plots in the custodial RS model for
the brane-localized (green) and narrow bulk-Higgs scenario (blue). The shaded regions
are excluded at 95% CL for each corresponding decay channel. The vertical dashed line
shows the bound obtained from a tree-level analysis of electroweak precision observables.

on the mass of the first KK gluon resonance. We stress that, since these bounds derived from
Higgs physics are much stronger than those stemming from electroweak precision measure-
ments, from a phenomenological point of view there is not much gained by implementing the
custodial protection mechanism. While this mechanism can tame the large tree-level effects
on the T parameter and the Zbb̄ couplings in RS models, we still find very large contributions
to loop-induced processes in the Higgs sector. A similar observation has been made in the con-
text of loop-induced flavor-changing neutral current processes such as b → sγ [57]. However,
the effects found here are far more pronounced. A possible way out (aside from gauge-Higgs
unification models [58, 59], where the Higgs is identified with the fifth component of a 5D
gauge field) is to lower y⋆. The right plot in Figure 10 summarizes the exclusion regions on
y⋆ obtained for two different values of the lightest KK gluon mass. The analysis has been
restricted to values for y⋆ below the perturbativity bound y⋆ ≤ ymax ≈ 3 [9, 22]. Again, the
most stringent bounds come from the processes pp → h → ZZ∗,WW ∗ and can be combined
to give the constraints (at 95% CL)

y⋆
∣

∣

custodial RS

brane Higgs
< 0.4 and y⋆

∣

∣

custodial RS

narrow bulk Higgs
< 1.1 , (54)

valid for Mg(1) = 4.8TeV. We see that in particular in the brane-Higgs scenario small values
are preferred. However, too small Yukawa couplings would give rise to enhanced corrections
to ϵK [9] and hence they would reinforce the RS flavor problem. Also, for y⋆ < 1 it becomes
difficult to reproduce the physical value of the top-quark mass.
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Moving the Higgs into the bulk



RS models with a bulk Higgs

No compelling reason why the Higgs field should be the only brane-
localized field in an RS models 


Models with the Higgs in the bulk can still solve the hierarchy problem 
(dual to 4D partially composite Higgs models) 

Setup:


!

!

!

• Higgs scaling dimension                 given     by the ratio of two Planck-
scale parameters


• limit β→∞ is unnatural as it requires a large hierarchy between the 5D 
scalar mass μ and the AdS curvature k
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and analogously for T−(p2E). In the case of one generation, the above expression reduces to
formula (42), once we identify k1(p̂E) = 1 + Zq(p2E) coth

2 Sq. For the general case of three
generations, the result (A.11) simplifies if we take the limit η → 0, in which we recover the
results shown in (51). Note that in this case the dependence on t inside the square brackets in
(A.11) disappears, due to the identity C2(t)− S2(t) = 1. Therefore, as already mentioned in
Section 5.5, we would have obtained the same result by setting t = t′ = 1−, as shown in (56).

Generalizations for the model with custodial symmetry

The derivation of the propagator functions in the RS model with custodial symmetry proceeds
in an analogous way. In fact, the only difference arises in the equations in (A.1), where DQ

1,2

and Dq
2,1 must be replaced by

(
DQ

1,2(p̂E , t) 0

0 DQ
3,4(p̂E , t)

)

and

⎛

⎜
⎝

Duc

2,1(p̂E , t) 0 0

0 Dτ1
4,3(p̂E, t) 0

0 0 Dτ2
4,3(p̂E, t)

⎞

⎟
⎠ (A.12)

for up-type quarks, and analogously for down- and λ-type quarks, with patterns that can be
read off from (98). The appearance of the functions

DA
3 (p̂E, t) = I−cA+ 1

2
(ϵp̂E) IcA− 1

2
(p̂Et)− I

cA− 1
2
(ϵp̂E) I−cA+ 1

2
(p̂Et) ,

DA
4 (p̂E, t) = I−cA+ 1

2
(ϵp̂E) IcA+ 1

2
(p̂Et)− I

cA− 1
2
(ϵp̂E) I−cA− 1

2
(p̂Et)

(A.13)

gives rise to the ratios R(−)
A (p̂E) = DA

3 (p̂E, 1)/D
A
4 (p̂E , 1) defined in (95).

B Case of a bulk-Higgs field

This section intents to relate an RS model with a scalar sector in the bulk, in which the Higgs
field and its vev have profiles that are strongly peaked near the IR brane, to the RS model
with a brane-localized Higgs sector. Our discussion will follow the expositions given in [38, 57],
but we will generalize these results in some aspects.

Definition of the model

Using the orbifold coordinate x5 ≡ rφ, the action for the Higgs sector reads

Sh =

∫
d4x

∫ rπ

−rπ

dx5 e
−4σ(φ)

[
gMNDMΦ†DNΦ− µ2 |Φ|2 − VUV(Φ) δ(x5)− VIR(Φ) δ(|x5|− rπ)

]
,

(B.1)
where µ provides a bulk mass for the scalar field, which can be tachyonic (see below). The
potentials localized on the UV and IR branes determine the boundary conditions of the scalar
fields and induce electroweak symmetry breaking. They are chosen to be

VUV(Φ) = MUV |Φ|2 , VIR(Φ) = −MIR |Φ|2 + λIR |Φ|4 , (B.2)
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where µ provides a bulk mass for the scalar field, which can be tachyonic (see below). The
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fields and induce electroweak symmetry breaking. They are chosen to be
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with mass dimensions [MUV] = [MIR] = 1 and [λIR] = −2. The dimensionful parameters in the
5D action naturally scale with appropriate powers of MPl, and we find it useful to introduce
dimensionless O(1) parameters by the rescalings

mUV ≡
MUV

2k
, mIR ≡

MIR

2k
, λ ≡

λIR k

4r
. (B.3)

We now change variables from φ to t = ϵ eσ(φ) and express the scalar doublet Φ in the form

Φ(x, t) =
t

ϵ
√
r

(
−iϕ+(x, t)

1√
2
[v(t) + h(x, t) + iϕ3(x, t)]

)

, (B.4)

where v(t) denotes the profile of the Higgs vev along the extra dimension, h(x, t) is the
5D physical Higgs scalar after electroweak symmetry breaking, and ϕ+(x, t), ϕ3(x, t) are 5D
Goldstone bosons. For the following analysis we do not consider the Goldstone fields any
further (unitary gauge). Integrating by parts, the Lagrangian corresponding to the action
Sh =

∫
d4xLh(x) in (B.1) can be rewritten in the form

Lh(x) =
2π

L

∫ 1

ϵ

dt

t

{
1

2
∂µh(x, t) ∂

µh(x, t)

+
M2

KK

2

[
v(t) + 2h(x, t)

t

(
t2∂2

t + t∂t − β2
) v(t)

t
+

h(x, t)

t

(
t2∂2

t + t∂t − β2
) h(x, t)

t

]}

−
πM2

KK

L

{[
v(t) + 2h(x, t)

t2
∂t [t v(t)] +

h(x, t)

t2
∂t [t h(x, t)]

]1−

t=ϵ+
+

mUV

ϵ2
[
v(ϵ) + h(x, ϵ)

]2

−mIR

[
v(1) + h(x, 1)

]2
+

λ

M2
KK

[
v(1) + h(x, 1)

]4
}
,

(B.5)
where β =

√
4 + µ2/k2. Requiring that the terms linear or quadratic in h(x, t) cancel on the

UV and IR branes yields the boundary conditions13

∂t [t v(t)]t=ϵ+ = mUV v(ϵ) , ∂t [t v(t)]t=1− = mIR v(1)−
2λ

M2
KK

v3(1) ,

∂t [t h(x, t)]t=ϵ+ = mUV h(x, ϵ) , ∂t [t h(x, t)]t=1− = mIR h(x, 1)−
6λ

M2
KK

v2(1) h(x, 1) .

(B.6)

The notation ϵ+ and 1− indicates that the orbifold fixed points must be approached from the
appropriate sides.

Profile of the Higgs vacuum expectation value

By means of the variational principle with respect to v(t), one obtains the equation

(
t2∂2

t + t∂t − β2
) v(t)

t
= 0 , with β2 = 4 +

µ2

k2
(B.7)

13These conditions can also be derived by integrating the field equations over infinitesimal intervals about
the branes.
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RS models with a bulk Higgs

Profile functions of scalar VEV and Higgs field are still IR localized: 


!

!

Advantages:
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and similarly for the W bosons, and using that the zero-mode profiles are flat, χZ
n (t) = 1/

√
2π

up to higher-order terms in v2/M2
KK [54], we can identify

v24 ≡
2π

L

∫ 1

ϵ

dt

t
v2(t) =

π

L

v2(1)

1 + β
, (B.15)

where once again we neglect terms suppressed by powers of ϵ. It follows that

v(t) = v4

√
L

π
(1 + β) t1+β . (B.16)

The parameter v4 coincides with the parameter v used elsewhere in this paper. At lowest order
in an expansion in powers of v2/M2

KK, it coincides with the SM parameter vSM as defined, e.g.,
via the value of the Fermi constant. Higher-order corrections to the relation vSM = v4 could be
calculated by solving the differential equations for the profiles of the gauge-boson zero modes
in the presence of the Higgs vev.

Profiles for the Higgs boson and its KK excitations

We now proceed to study the eigenvalue problem for the physical Higgs boson and its KK
excitations. We write the KK decomposition of the 5D Higgs field as

h(x, t) =
∞∑

n=0

hn(x)χn(t) , (B.17)

where the zero mode h(x) ≡ h0(x) corresponds to the SM Higgs boson. The profile functions
obey the orthonormality condition

2π

L

∫ 1

ϵ

dt

t
χm(t)χn(t) = δmn , (B.18)

which ensures that the kinetic terms in the effective 4D Lagrangian are canonically normalized.
In order to obtain canonical mass terms from the Lagrangian (B.8), we must impose the
equation of motion

(
t2∂2

t + t∂t + t2x2
n − β2

) χn(t)

t
= 0 , (B.19)

where xn = mn/MKK denote the masses of the KK scalar bosons in units of MKK. The general
solution to this equation is a linear combination of Bessel functions,

χn(t) = Nn t
[
Jβ(xnt)− rnYβ(xnt)

]
, (B.20)

where the boundary condition on the UV brane in (B.6) once again implies that rn ∝ ϵ2β is
extremely small and can be set to zero for all practical purposes, since we are not interested
in the region where t ∼ ϵ. We then obtain

χn(t) =

√
L

π

t Jβ(xnt)√
J2
β(xn)− Jβ+1(xn) Jβ−1(xn)

. (B.21)
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Figure 4. 68% and 95% confidence-level contours in the S–T plane derived from a recent fit to
electroweak precision data using mH = 126 GeV and mt = 173 GeV [59]. The blue ellipses show the
result of a three-parameter fit with floating U , while the red ellipses are obtain with the constraint
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and when combined with the profile of the Higgs VEV from (4.7) one obtains
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This expression has two interesting features. Firstly, when the fermion profiles are heavily
peaked towards the UV brane (i.e. 1 ≠ ci

Q + cj
q π 0), the fermion zero modes acquire

a minimum Dirac mass of order ṽ �≠1≠—. As has been discussed in [11–13], this might
provide a natural framework for explaining the scale of neutrinos masses. More relevant
for our discussion is the situation where the bulk mass parameters are not too far away
from the values ci

Q ¥ 1
2 and cj

q ¥ ≠1
2 required to reproduce a realistic spectrum of quark

masses. In this case we may approximate
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This result may be compared with the corresponding expression
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• β = O(1) more natural

• tames constraints from EWPTs 

(correction to the T parameter 
can be reduced by factor 3)


• can consider a more minimal 
model without custodial 
symmetry


MKK > 2.5TeV
(Mg(1) > 6.1TeV)



RS models with a bulk Higgs

Profile functions of scalar VEV and Higgs field are still IR localized: 


!

!

Advantages:
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and similarly for the W bosons, and using that the zero-mode profiles are flat, χZ
n (t) = 1/

√
2π

up to higher-order terms in v2/M2
KK [54], we can identify

v24 ≡
2π

L

∫ 1

ϵ

dt

t
v2(t) =

π

L

v2(1)

1 + β
, (B.15)

where once again we neglect terms suppressed by powers of ϵ. It follows that

v(t) = v4

√
L

π
(1 + β) t1+β . (B.16)

The parameter v4 coincides with the parameter v used elsewhere in this paper. At lowest order
in an expansion in powers of v2/M2

KK, it coincides with the SM parameter vSM as defined, e.g.,
via the value of the Fermi constant. Higher-order corrections to the relation vSM = v4 could be
calculated by solving the differential equations for the profiles of the gauge-boson zero modes
in the presence of the Higgs vev.

Profiles for the Higgs boson and its KK excitations

We now proceed to study the eigenvalue problem for the physical Higgs boson and its KK
excitations. We write the KK decomposition of the 5D Higgs field as

h(x, t) =
∞∑

n=0

hn(x)χn(t) , (B.17)

where the zero mode h(x) ≡ h0(x) corresponds to the SM Higgs boson. The profile functions
obey the orthonormality condition

2π

L

∫ 1

ϵ

dt

t
χm(t)χn(t) = δmn , (B.18)

which ensures that the kinetic terms in the effective 4D Lagrangian are canonically normalized.
In order to obtain canonical mass terms from the Lagrangian (B.8), we must impose the
equation of motion

(
t2∂2

t + t∂t + t2x2
n − β2

) χn(t)

t
= 0 , (B.19)

where xn = mn/MKK denote the masses of the KK scalar bosons in units of MKK. The general
solution to this equation is a linear combination of Bessel functions,

χn(t) = Nn t
[
Jβ(xnt)− rnYβ(xnt)

]
, (B.20)

where the boundary condition on the UV brane in (B.6) once again implies that rn ∝ ϵ2β is
extremely small and can be set to zero for all practical purposes, since we are not interested
in the region where t ∼ ϵ. We then obtain

χn(t) =

√
L

π

t Jβ(xnt)√
J2
β(xn)− Jβ+1(xn) Jβ−1(xn)

. (B.21)
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• softens perturbativity bound on dimensionless 5D Yukawa couplings 
(from NDA), thus allowing for larger values


!

!

• help to alleviate flavor constraints

!

On the other hand, if yú is too large, we will loose perturbative control of the theory
at energy scales below MKK. Following [43], one can use naive dimensional analysis to
estimate when this occurs. To this end, one estimates the size of the one-loop correction
to the Yukawa couplings. In RS models where the scalar sector is localised on (or very
near) the IR brane, one finds that the relevant one-loop graphs diverge quadratically in
the e�ective UV cuto� near the IR brane, �TeV © �UV(RÕ). The masses of the KK modes
are given by multiples of MKK; for example, the low-lying KK gluon states have masses
2.45 MKK, 5.57 MKK, 8.70 MKK, etc. [3, 64]. We shall assume somewhat arbitrarily that
at least three KK levels lie below the cuto�, such that �TeV & 8.7MKK. In RS model with
a bulk Higgs, on the other hand, the divergence is only linear. Accounting carefully for
phase-space factors and the number of fermion generations, one obtains the perturbativity
bounds yú < ymax with [26]

ymax ≥

Y
____]

____[

6fi2
Ô

5
MKK
�TeV

≥ 3.0 ; brane Higgs,
Û

96fi3

5

Û
MKK

(1 + —)�TeV
≥ 8.3Ô

1 + —
; bulk Higgs.

(4.40)

The transition between the two regimes occurs at — ≥ �TeV/MKK.
In most of our phenomenological analysis we shall assume that yú in an O(1) parameter,

which lies below the perturbativity bound and is independent of —, as suggested by the
structure of (4.35). In particular, we will consider the three representative values yú = 1,
2 and 3. We emphasise that there is no firm theoretical reason why yú should be near
the perturbativity bound in (4.40). However, for values of yú . 1 it becomes increasingly
di�cult to fit to the top-quark mass.

5 Phenomenology

We now bring together many of the results of the previous sections in order to numerically
evaluate the size of any new physics e�ects in the Higgs sector arising in warped extra-
dimension models based on AdS5. The main observables measured at the LHC are the
Higgs signal strengths into various final states X, defined as

‡ppæH BRHæX = ‡ppæH
�HæX

�H, tot
. (5.1)

In the production process, one distinguishes between Higgs production in gluon fusion on
the one hand (plus a tiny contribution from Higgs production in association with a tt̄ pair,
which we shall neglect), and Higgs production in weak vector-boson fusion or in associated
production with a W or Z boson on the other. New physics e�ects can enter in any one of
the three quantities on the right-hand side of (5.1). The resulting corrections to the gg æ H

production process will be discussed in detail in section 5.4. For the weak vector-boson
fusion and associated production processes, we shall assume that the leading corrections
to the cross section are those to the HWW coupling, and hence (see [44] for a detailed
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RS models with a bulk Higgs

Moving the Higgs into the bulk also eliminates the UV sensitivity of the 
gg→h and h→γγ (as well as b→sγ) amplitudes to the precise localization 
mechanism of the Higgs field on or near the IR brane:
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Figure 2. Gluon-fusion cross section ‡ggæH/‡
(SM)
ggæH (left) and KK contribution

q
q=u,d Ÿq

KK
(right) as a function of — for the AdS5 case with one fermion generation. In blue we show the e�ect
of including all KK resonances, while red points correspond to summing over just the first three
levels of physical KK modes. We use c3

Q œ [0, 0.47], MKK = 1.5 TeV and Y 5D
u = Y 5D

d =


R(1 + —).

O(1) sensitivity to the precise way in which the Higgs is localised on or near the IR brane
[21–26]. The results depend on whether the e�ective UV cuto� �TeV near the IR brane
is larger or smaller than the inverse width �H ≥ —ṽ of the Higgs profile [26, 40]. For
�TeV ∫ �H high-momentum virtual particles can resolve the “bulky nature” of the Higgs
profile, and this gives rise to an unsuppressed contribution. In [26], these models are
therefore referred to as “narrow bulk-Higgs scenarios”. For �TeV π �H , on the other
hand, the Higgs looks like a field that is strictly localised on the IR orbifold fixed point,
and it is thus referred to as a “brane Higgs”.

If we naively take the limit — æ Œ in our analysis of the gluon fusion amplitude (and
likewise for the fermionic contribution to the H æ ““ decay amplitude to be discussed in
the following section), then our results converge toward the “narrow bulk-Higgs scenario”
studied in [22, 25, 26, 40]. The numerical results in section 5 indicate that the asymptotic
regime is reached for values — & 10. If on the other hand we implement a fixed UV
cuto�, e.g. by only summing over a finite number of KK levels, then for — æ Œ our
results converge toward the “brane Higgs scenario” studied in [21, 23, 24, 26, 40]. This
can be seen from figure 2, where we show the gluon-fusion cross section ‡ggæH/‡

(SM)
ggæH

and the KK contribution
q

q=u,d Ÿq
KK to the gg æ H amplitude from (3.24) as a function

of —, for the case of an AdS5 geometry and one fermion generation (for simplicity). We
use fixed values MKK = 1.5 TeV and Y 5D

u = Y 5D
d =


R(1 + —) and vary the bulk mass

parameter c3
Q œ [0, 0.47]. The other two relevant parameters c3

u and c3
d are then fixed by

the requirement that we reproduce the correct values for the masses of the top and bottom
quarks. The blue scatter points are obtained when one sums over the infinite tower of KK
resonances, while the red points refer to the case where the sum is truncated after the first
three levels of physical KK states. Using the analytic formulas valid for — ∫ 1 derived in
[24, 26], one finds

q
q=u,d Ÿq

KK œ [0.075, 0.11] (narrow bulk Higgs) and [≠0.03, 0.01] (brane
Higgs) for the two cases, in excellent agreement with our numerical results.
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Higgs production in gluon fusion
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Moving the Higgs field further into the bulk reduces the magnitude of 
the corrections significantly, while at the same time allowing for lighter 
KK resonances

(a)

(b)

Figure 8. Predictions for the gluon-fusion cross section (top) and the H æ ““ decay rate (bottom)
normalised to their SM values, as functions of MKK and for di�erent values of yú. The left plots
correspond to a broad bulk Higgs with — = 1, the right ones to a narrow bulk Higgs with — = 10.
The grey-shaded are excluded by a leading-order analysis of electroweak precision observables.

Once again, to good approximation the new physics e�ects scale like y2
ú/M2

KK, and for a
given value of this ratio the corrections are significantly larger for the case of a very narrow
Higgs profile than for a wide one. When the constraints on MKK imposed by electroweak
precision tests are taken into account, we find that for yú = 3 the gluon-fusion cross section
can be enhanced by up to about 16% for — = 1 and 24% for — = 10. Likewise, the H æ ““

decay rate can be reduced by up to about 7% for — = 1 and up to 10% for — = 10.

5.5 Total Higgs Decay Width

Having studied the individual Higgs decay rates into pairs of gauge bosons and fermions,
we now consider the total Higgs decay width given in (5.5). With all the H æ ff̄ and
H æ WW ú, ZZú decay rates suppressed and only the H æ gg decay rate enhanced, we
find that also the total decay width in our model is suppressed with regard to its value in
the SM, but by a more modest amount than the dominant H æ bb̄ decay rate. This is
shown in figure 9. Notice the peculiar behavior that increasing the value of yú only mildly
enlarges the magnitude of the e�ects but mainly increases the spread of the scatter points.
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Higgs decays to WW* and ZZ*
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Moving the Higgs field further into the bulk reduces the magnitude of 
the corrections significantly, while at the same time allowing for lighter 
KK resonances
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Figure 6. Predictions for the ratio of the H æ WW ú decay rate normalised to its SM value, for
di�erent values of the KK mass scale. The lightest KK gluon state has mass Mg(1) ¥ 2.45 MKK.
The analogous plot for H æ ZZú decay looks very similar. The region in grey is excluded by the
tree-level analysis of electroweak precision tests with U not constrained to be zero.

5.3 Higgs Decays to Fermions

The previous discussion has shown that the Higgs couplings to W and Z bosons only
receive moderate modifications in RS models. On the other hand, we find that for sizeable
values of yú significant corrections to the Higgs couplings to fermions can arise as a result
of the mixing of the zero modes with the tower of KK resonances. For almost all choices of
model parameters this results in a suppression of the e�ective Yukawa couplings and hence
a reduction of the decay rates of the Higgs boson to two fermions relative to the rates in
the SM. For the third-generation fermions, one finds the relation

�Hæff̄

�(SM)
Hæff̄

=
--!Ỹ mass

f

"
33

--2

y2
f

, (5.8)

where on the right-hand side f = u, d, e in the numerator and f = t, b, · in the denominator.
Once again, we find that the size of this suppression is only mildly dependent on the degree
of compositeness of the fermions. This is a consequence of assuming anarchic 5D Yukawa
matrices of the same magnitude in the quark and lepton sectors. (We note in passing
that the Higgs coupling to top quarks is reduced in a similar way, but the dependence on
the degree of compositeness of the left-handed and right-handed top quarks plays a more
relevant role in this case [44].)

In figure 7 we show the suppression of H æ bb̄ decay rate as a function of the KK
mass scale for di�erent values of yú and —. The corresponding plots for the H æ ·+·≠

decay rate would look almost indistinguishable from the ones shown here. The left plot
refers to — = 1, the right one to — = 10. The areas shaded in grey indicate the regions
of parameter space excluded by the tree-level analysis of electroweak precision tests, as
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Higgs decays to γγ

29

Moving the Higgs field further into the bulk reduces the magnitude of 
the corrections significantly, while at the same time allowing for lighter 
KK resonances

(a)

(b)

Figure 8. Predictions for the gluon-fusion cross section (top) and the H æ ““ decay rate (bottom)
normalised to their SM values, as functions of MKK and for di�erent values of yú. The left plots
correspond to a broad bulk Higgs with — = 1, the right ones to a narrow bulk Higgs with — = 10.
The grey-shaded are excluded by a leading-order analysis of electroweak precision observables.

Once again, to good approximation the new physics e�ects scale like y2
ú/M2

KK, and for a
given value of this ratio the corrections are significantly larger for the case of a very narrow
Higgs profile than for a wide one. When the constraints on MKK imposed by electroweak
precision tests are taken into account, we find that for yú = 3 the gluon-fusion cross section
can be enhanced by up to about 16% for — = 1 and 24% for — = 10. Likewise, the H æ ““

decay rate can be reduced by up to about 7% for — = 1 and up to 10% for — = 10.

5.5 Total Higgs Decay Width

Having studied the individual Higgs decay rates into pairs of gauge bosons and fermions,
we now consider the total Higgs decay width given in (5.5). With all the H æ ff̄ and
H æ WW ú, ZZú decay rates suppressed and only the H æ gg decay rate enhanced, we
find that also the total decay width in our model is suppressed with regard to its value in
the SM, but by a more modest amount than the dominant H æ bb̄ decay rate. This is
shown in figure 9. Notice the peculiar behavior that increasing the value of yú only mildly
enlarges the magnitude of the e�ects but mainly increases the spread of the scatter points.
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Higgs decays to bb and τ+τ-

30

Moving the Higgs field further into the bulk reduces the magnitude of 
the corrections significantly, while at the same time allowing for lighter 
KK resonances

β = 1 β = 10

Figure 7. Predictions for the H æ bb̄ decay rate normalised to its SM value, as a function of
MKK and for di�erent values of yú. The left plot corresponds to a broad bulk Higgs with — = 1,
the right one to a narrow bulk Higgs with — = 10. The grey-shaded are excluded by a leading-order
analysis of electroweak precision observables.

described in section 4.2. The colored sets of scatter points belong to three di�erent values
of yú. To very good approximation the new physics e�ects scale like y2

ú/M2
KK. For a given

value of this ratio, the corrections are significantly larger for the case of a very narrow
Higgs profile (— ∫ 1) than for a wide one (— = O(1)). However, one must also take into
account that in the latter case significantly lower values of the KK mass scale are allowed
by electroweak precision tests. When this is taken into account, we find that for yú = 3
the H æ bb̄ decay rate can be reduced by up to about 5% for — = 1 and 8% for — = 10.

5.4 Higgs Production in Gluon Fusion and H æ ““ Decay

The multitude of KK fermion resonances has a more profound impact on the loop ampli-
tudes giving rise to Higgs production in gluon fusion and Higgs decay into two photons.
Virtual KK resonances enter in these processes via the Feynman diagrams shown in fig-
ures 1 and 3(a). Their e�ects are two-fold in nature. Firstly, the top-quark zero mode
mixes with the tower of KK resonances, and as mentioned earlier this results in a sup-
pression in the e�ective top Yukawa coupling to the Higgs boson. Secondly, the full tower
of KK fermion resonances also contributes in the loop and results in an enhancement of
the amplitude. These two e�ects are of a similar order of magnitude (≥ y2

ú ṽ2/M2
KK), but

the second one is generally more important. Indeed, according to (4.39) the contribution
of the tower scales like N2

g (with Ng = 3 the number of fermion generations), while the
modification of the zero-mode contribution scales like Ng [26, 40]. As a result, we find an
enhancement of the gluon-fusion amplitude. In the case of the H æ ““ decay amplitude
the dominant contribution still comes from the W -boson loops (diagrams 3(b) to 3(k)),
which interfere destructively with the fermion contribution. Hence an enhancement in the
amplitude associated with diagram 3(a) results in a suppression of the H æ ““ decay rate.
This suppression, as well as the correlated enhancement of the gluon-fusion cross section,
is seen in figure 8, where we show the behaviour of these two observables (normalised to
their SM values) as functions of the KK mass scale and for di�erent values of yú and —.
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Correlated h→γγ signal strengths in GF and VBF
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(a) MKK = 4 TeV (left) and MKK = 8 TeV (right) with — = 1 (orange-brown) and — = 10 (white-blue).
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(b) yú = 1 (left) and yú = 3 (right) with — = 1 (orange-brown) and — = 10 (white-blue).

Figure 10. H æ ““ signal strength in the GF vs. VFB production channels for a broad bulk
Higgs with — = 1 (orange-brown color shading) and a narrow bulk Higgs with — = 10 (white-blue
color shading). Figure 10(a) shows the signal strength for fixed values MKK = 4 TeV and 8 TeV,
with yú varied between 0 and 3. Figure 10(b) shows results for fixed values yú = 1 and 3, with MKK
varied between 3.3 TeV and 8 TeV for — = 1, and 4.3 TeV and 8 TeV for — = 10. Here the lower
bounds correspond to the tree-level analysis of electroweak precision observables in section 4.2.

With these assumptions, the relevant signal strengths for the H æ ““, H æ WW ú

and H æ ·+·≠ decay modes, relative to the ones in the SM, are shown in figures 10, 11,
12 and 13, respectively. In these plots we consider two representative values of —, which
as discussed in section 5.1 correspond to a broad and a narrow bulk Higgs profile. We also
distinguish two di�erent sets of production mechanisms: Higgs production in gluon fusion
and the associated production with a tt̄ pair on the one hand (labeled “ggF + tt̄H” in the
plots and abbreviated as “GF” in our discussion), and Higgs production in weak vector-
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Conclusions

• Higgs phenomenology provides a superb laboratory for probing new 
physics in the EWSB sector at the quantum level 

• Much like rare FCNC processes, Higgs production in gluon fusion and 
Higgs decays into two photons are loop-suppressed processes, which 
are sensitive to new heavy particles 

• Warped extra-dimension models provide an appealing framework for 
addressing the hierarchy problem and the flavor puzzle within the 
same geometrical approach 

• They also provide a toolbox  for studying different variants of 4D 
composite Higgs models 

• These models can be probed at LHC & ILC well into the 10 TeV region, 
and different variants can be disentangled with precision data
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Backup slide



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 as an external particle, the 
warped Planck scale is in the several TeV range (since z≈R’) 

• two physically different variants of the RS model can be defined, 
depending on whether the structure of the Higgs boson as a 5D bulk 
field can be resolved by the high-momentum modes of the theory, i.e., 
whether the inverse 5D Higgs width                            is larger or 
smaller than the cutoff scale:

Brane-localized vs. narrow bulk Higgs

⇤UV(z) ⇠ MPl
R

z
= ⇤TeV

R0

z

Carena, Casagrande, Goertz, Haisch, MN (2012)

Delaunay, Kamenik, Perez, Randall (2012)

Malm, MN, Novotny, Schmell (2013)

v� � ⇤TeV (brane-localized Higgs) MKK ⌧ v� ⌧ ⇤TeV (narrow bulk Higgs)

v� (with � � 1)


