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Sundrum model with bulk SM fields and compare brane and bulk Higgs scenarios. The
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the electroweak precision observables and argue that incalculable contributions to these,
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the 5 TeV range, making them detectable at the LHC. In a second part, we compute the
misalignment between fermion masses and Yukawa couplings caused by vector-like Kaluza-
Klein fermions in this setup. The misalignment of the top Yukawa can easily reach 10%,
making it observable at the high-luminosity LHC. Corrections to the bottom and tau
Yukawa couplings can be at the percent level and detectable at ILC, CLIC or TLEP.
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1 Introduction

Due to their attractive model building features and rich phenomenology, warped extra
dimensional models have been studied extensively for fifteen years. The first proposal of
such a model was by Randall and Sundrum (RS) in 1999 [1], and consisted of an AdS space
mapped onto an S7/Z orbifold bounded by two 3-branes. The AdS geometry imposes an
exponential hierarchy in energy scales between the two branes, thus, with all standard
model (SM) fields residing on the low energy (IR) brane and with a suitable choice of
parameters, this model offers a simple and natural solution to the hierarchy problem.
Studying perturbations to this metric reveals that the graviton zero mode is localised
towards the high energy (UV) brane and hence the interaction of gravity with SM fields is
naturally weak. In addition to this, it was shown that the size of the extra dimension can
be stabilised without fine-tuning using a bulk scalar field [2].

Extending this model to have the SM fields propagating in the bulk provides a more
interesting phenomenology, but also more stringent constraints on model parameters. The
most striking feature of these models is the presence of Kaluza-Klein (KK) modes in the 4D
effective theory, of which the zero modes are identified with the SM particles. These arise
due to the compactification of the bulk fields. The masses of scalar, gauge and fermion



KK modes represent a scale of new physics in the effective model which is expected to be
in the TeV range.

In addition to solving the hierarchy problem, these models are motivated by explaining
the fermion mass hierarchy [3, 4], new mechanisms for supersymmetry breaking [5-7], and
by composite Higgs models where the AdS background is dual to a strongly coupled 4D
theory through the AdS/CFT correspondence [8, 9] (see ref. [10] for a recent review).

In this paper revisit the case of a bulk Higgs field. We first look at how the presence
of the Higgs KK modes induce electroweak corrections to the SM. We then propose that
higher dimensional operators in the 5D theory may reduce these constraints on the new
physics scale. Lastly we study the effects of a bulk Higgs on the Yukawa couplings. We find
a large correction to the SM Yukawa couplings for heavy fermions which has an interesting
dependence on the Higgs localisation. Although these deviations may be detectable at
future collider experiments, such as the high-luminosity LHC, at present they do not place
additional constraints on the bulk Higgs scenario.

In section 2 we give an overview of the treatment of bulk scalar, gauge and fermion
fields in the RS model. We aim to present general results which are used throughout the
paper, but we also include a discussion on the fine-tuning of scalar fields in the model.
For a more detailed analysis on bulk fields see [5, 11, 12], and specifically for a bulk Higgs
see [13, 14]. It was first thought that models with a bulk Higgs field required a large
fine-tuning to obtain an electroweak (EW) scale zero mode with TeV scale KK modes [15].
However, it was realised that if the bulk Higgs is localised towards the IR then one can
naturally accommodate a light Higgs in the spectrum.

In section 3 we look at the Higgs potential in 5D and study the effects of bulk and
brane quartic terms. We find that with a bulk quartic term the KK Higgs modes are more
decoupled from the zero mode than with a brane quartic term. The higher modes in the
Higgs potential acquire v.e.v.’s and give additional mass to the SM fields, we find the effect
this has on the Higgs couplings and particle masses to be too small for detection until
we have a sub percent experimental accuracy on the Higgs couplings to gauge bosons and
fermions. An interesting observation which we discuss is that these effective theories may
be viewed as multiple Higgs doublet models.

Constraints on the EW sector of these models are studied via the Peskin-Takeuchi
parameters S, T and U [16]. In section 4 we calculate these parameters for our model.
The largest experimental bound comes from the T parameter. We confirm that with a
brane Higgs the lower bound on KK gauge boson masses is about 15 TeV, and with a bulk
Higgs this is reduced to around 8 TeV. One way of reducing these stringent constraints is
to extend the bulk gauge symmetry such that the KK gauge bosons in the effective theory
preserve the custodial symmetry after electroweak breaking [17-19]. Another way is to
introduce a scalar field which back-reacts on the metric causing a departure from AdS in
the IR [20-24]. These mechanisms typically result in a lower bound of about 3 TeV. Similar
results can be obtained by introducing large brane kinetic terms for the gauge bosons [25]
or by extending the space-time to include more than 5 dimensions [26, 27]. Having more
than 5 dimensions may allow for a reduction in constraints via volume suppression in the
IR of the extra dimension. We do not consider these extensions. In the SM there is a



set of dimension-6 operators contributing to the EW parameters. We promote these to
5D operators and study their effects. The only one with a sizeable contribution is the 5D
dimension-8 operator contributing to the T' parameter. Assuming a mild cancellation, we
find that this effect could possibly provide considerable reductions in the Mgg bound,
allowing KK resonances around 5 TeV, i.e. within the range of LHC.

An exciting aspect of future collider experiments is the increased precision on top
quark measurements. Being the heaviest particle in the standard model, corrections to its
properties from KK modes will generally be large. The top quark mass is already well
measured with the error being sub-percent. However, measurements of the top Yukawa
coupling still leave a lot of room for new physics, and the proposed future colliders could
dramatically close this gap. The precision forecasts from ILC [28-30], CLIC [31, 32] and
TLEP [33] state that they could achieve a precision < 5% on the bottom and tau Yukawa
couplings, and precision forecasts for the high luminosity LHC [34, 35] indicate that they
could achieve the same precision for the top quark. In light of this, section 5 focuses on
the misalignment of the fermion Yukawa couplings due to mixing with KK fermions. The
largest of these effects is by far with the top quark, for which we find deviations from the
SM could be as large as ~ 10% for a bulk Higgs. Similar calculations were done in [36]
for a brane Higgs. We find some differences between the bulk and brane Higgs cases here.
One important difference is the reduced bound on the KK fermion scale, and another is
the introduction of a new coupling not present in Brane Higgs scenarios. Together, we find
that these result in a larger Yukawa corrections for a bulk Higgs. While these are sizeable
deviations from the SM, they currently do not lead to additional bounds beyond that from
electroweak observables. KK resonances may therefore be indeed observable at LHC in the
bulk Higgs setup.

2 Bulk fields in Randall-Sundrum
The Randall-Sundrum background is defined by the non-factorizable metric [1]:
ds* = 6_2k|y|nu,,dx“dx” — dy®. (2.1)

The 4D metric is 7, =diag(l,—1,—1,—-1), k is the AdS curvature, and y defines the
position along the extra dimension. The extra dimension is bounded by two 3-branes in
the UV (y = 0) and in the IR (y = L). The length of the extra dimension, L, is assumed
to be O(11 7k~!) and is the free parameter which determines the new physics scale. The
AdS curvature is related to the fundamental 5D mass scale Ms by

k

H:M.

(2.2)
This is discussed in more detail in [37] where the authors use 0.01 < xk < 1 for their
phenomenological analysis. However, at the larger end of this range higher derivative
corrections to the gravitational action will become important, rendering the derivation of
the metric (1) unreliable.
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Figure 1. The solid line shows the relationship between the bulk and brane mass terms required
to have a massless scalar mode of eq. (2.6). The shaded region shows the parameter space for which
the Higgs profile is sufficiently IR localised such that the hierarchy problem is resolved.

2.1 Scalar fields
We write the action for the 5D scalar field as

L
Sp = /d4x/0 dy %J@(@M@)Q —m%®?), (2.3)

where M = p,y and +/]g| = e **¥. The 5D mass term consists of both bulk and brane
terms such that

mg = (b2 + 6b%) k* — 6(y)a’k + 6(y — L) (a® + da?) k. (2.4)

We perform a Kaluza-Klein expansion
1
P(x,y) = — D, (x)fn 2.5
(z,9) ﬁ; (@) fn(y) (2.5)

on the scalar field.
In the 4D spectrum, a massless zero mode exists if 6b?> and da? vanish and the bulk
and brane mass terms must are related by [38, 39]

b? =a? (a® +4). (2.6)

In figure 1 we see that the minimum value of the bulk mass which permits a massless solu-
tion is —4, this is known as the Breitenlohner-Freedman bound [40], b?> < —4 would result
in an unstable AdS space. By normalising the kinetic term and imposing the boundary

conditions,
f(L) = k(L) o)
Jn(0) = =@’k £ (0), '
we find the zero mode profile to be,
2(1 + a2)k:L g2



The parameter a? defines the localisation of the field in 5D and a? < 0 implies IR localisa-
tion. Along with this zero mode one obtains a tower of KK scalar fields with the following
5D profiles

o=y o () st () 2

where m,, is the mass of the nth mode, a = v/4 + b2, and N,, is determined by the normal-
isation condition [5]. The constants 3(m,,) and the KK masses m,, are determined by the
boundary conditions and in the limit kL > 1 the KK masses can be approximated as

My <n + 2 3) ke ML, (2.10)
2 4
Note that to obtain TeV-scale resonances we require that kL ~ 35.
Switching on the mass perturbations db? and da? introduces a mixing between the KK
modes of eq. (2.5). We could also have a mass perturbation on the UV brane but that
parameter is redundant. The effective action for our scalar can be written as

S = /d4x > % ((8,®n)? — M202 — om2,, 0, @), (2.11)

where ®,, are the 4D fields with wave functions f,(y) respecting the boundary conditions
of eq. (2.7). The resulting contributions to the mass matrix are given by
Sa’k

/ ’ dy e ™Y fo fr + Te_4kL fn(L) fu(L). (2.12)
0

) _ OB
mn L

om

Once we turn on the mass perturbations §b? and da? we turn on the mass mixings in the
4D effective theory. This requires us to diagonalize the mass matrix and in turn the zero
mode becomes massive. The effect on the masses of the higher modes is negligible. With a
slight tuning we can obtain a zero mode much lighter than the KK scale if the Higgs field
is localised in the IR [13, 14]. Going to the mass eigenbasis we find that the zero mode
mass is

> 5m2n 2
mg ~ dmgy — > (mo2) (2.13)
n=1 n

To adequately suppress the mass perturbations from 6b? and da? we need a? < —2, see

figure 1. The mass scale for the zero mode is set by dm3,. Setting a®> = —2 —x we find that
2(1+ z)k? [6b?
2 2zkL 2 2xkL
dmyy = e T [23: (e 1) + da‘e . (2.14)

Taking the limit a> — —2, this is found to be
dmly =~ 2 (6b?kL + da?) ke M-, (2.15)

and for e?**L > 1, ie. x > 1/(kL)

2
omdy ~ 2(1+ z) <(;I; + (5a2> k2e 2L, (2.16)



We see that, for a®> = —2, the bulk mass correction needs to be more tuned due to the kL
factor. However, as we move further towards the IR brane this enhancement of the bulk
term quickly diminishes. In all, we find that in order to have a zero mode at the electroweak
scale we only require a percent level fine-tuning. If a®> > —2, the mass corrections do not
get the required suppression.

2.2 Gauge fields
The treatment of gauge fields is similar to that of the scalar field. We write the 5D action as

L 1
Sy = /d4az/ dy /g <—4FMNFMN>. (2.17)
0

Working in a gauge where A5 = 0, we perform a KK decomposition of the field, similar
to the scalar case in eq. (2.5). We impose Neumann boundary conditions and canonical
normalisation of the 4D kinetic terms to find the KK profiles, which we denote by wy(y).
We will account for EWSB masses in the 4D theory therefore our zero mode will be flat
and massless, hence,

woly) = 1 (2.18)
and the tower of massive KK modes will have profiles described by [3§]
eky My m
n(y) = S (g (D eky nY(—"’W)). 2.1
waly) = 5 (4 (Fe™) + Blmava (e (2.19)

Here the m,, are the gauge boson KK masses. In the limit KL > 1 the KK masses can be
approximated as

1
My ™~ (n - 4> mke *L. (2.20)

Due to the KK masses, any local gauge symmetries in the bulk only survive as global
symmetries of the KK spectrum in the effective theory. It is only the massless modes
in the spectrum that remained gauged, thus the global symmetry is said to be “weakly
gauged”.

2.3 Fermion fields

The treatment of fermions is complicated slightly by the fact that 5D Dirac fermions are
not chiral. For a detailed discussion of fermions in 5D see [41, 42]. We will refrain from
such a discussion here. The action and resulting equation of motion for the 4-component
5D Dirac fermion can be written as

L
1,- _ _
S —/d%/ dy+/|g] (2(1117MDM111—DM\1;7M\11)—W\1/\1/>,
0

EY Y (Ou + war) ¥ — mg ¥ =0,

(2.21)
where EM is the fiinfbein, EM~® = 4™ ~% = (y# i75) are the gamma matrices in flat
space, and wyy is the spin connection [38, 43]. We can write the 5D fermion as

\1/:\1/++\11_=<1%+>+<£>, (2.22)



where ¥y = +v5W 4 denotes left and right handed components, respectively. We can then
write a second order equation of motion for these fields as

(e%yauaﬂ + 02 — kdy — c(c = DK + ck(3(y) — 5y — L))) T, =0, (2.23)

where we have written the 5D fermion mass term as my = sign(y)ck. The non-trivial
boundary terms arising here allow us to have localised fermion zero modes. Performing
a KK decomposition on the field, it has been shown that by applying Dirichlet boundary
conditions to W, (¥_) ensures that the zero mode will be right (left) handed. Thus from
our choice of boundary conditions we ensure that for each Weyl fermion in the SM, the 4D
effective theory will only contain the corresponding zero mode Weyl fermion plus a tower
of vector-like KK Dirac fermions. One can then arrive at the following 5D profile for the
massless zero mode [38, 43]

FOy) = L _c@Faky (2.24)

and can also obtain the profiles of the vector-like KK states of these fields as

() = ﬁg [Jci% (%e’“‘/) + B(mn)Y s (%ekyﬂ . (2.25)
+

The fermionic KK masses are denoted by m,. By varying the 5D mass parameter ¢ we
can localise the zero modes anywhere in the bulk, whereas the KK modes will always be
IR localised [4, 38, 43]. In the same fashion as before we have that in the limit kL > 1 the
KK masses can be approximated as

My <n + EA - i) mke kL. (2.26)
The spectrum of KK masses and the constants 5(m,,) depend on which zero mode chirality
we have chosen. In expressions (2.25) and (26) we have o = ¢+ 1 for ¥4 obeying Dirichlet
boundary conditions, i.e. a right (left) handed zero mode implies a = ¢+ 3 (a = ¢ — 3).
Note that the masses and profiles of the KK modes of the right handed zero mode field are
generally different than those of the left handed zero mode field, given a fixed value of c.

3 The Higgs potential in RS

The model we now wish to study consists of an SU(2) Higgs doublet ® of complex scalars
living in a slice of AdS space. The 5D action for this system is

S = /d4x /OL dy e~ <(DM<I>)T (Dy®) — m20te — )\ (¢T¢)2> (3.1)

and

(gt
O(z",y) = (ioémué‘f;) , (3.2)



where ¢ and ¢° are complex scalar fields. The mass term, defined in eq. (2.4), and quartic
coupling in our model can have localised brane contributions and in principle can be y-
dependent in the bulk (however we assume them to be constant). The quartic coupling
then is of the form

1 1
As = Ap + %)\IR(S(?/ — L)+ EAUV(S(?J)- (3.3)

The Ayy term is irrelevant for an IR scalar, here thus we will only consider the IR contri-
bution. In this section we will study models in which we have a quartic term on the brane
and/or in the bulk. In both cases we go to the 4D theory before we treat the breaking of
SU(2). We will then comment on the relation between these effective theories and theories
involving multiple Higgs doublet models.

3.1 Brane EWSB

This case is straight forward. To reach the 4D effective theory we follow a method exactly
like that in section 2.1 and find the same scalar profiles. The only difference is an extra
term in the effective action corresponding to the brane quartic coupling

1
S = /d4aj2 > 10u®n|* — m20L D, =Y om2,, 08,00 — Ay Y B C @] D, |
n m,n

Imnp
(3.4)
where \
5
and dm?2,, is defined in eq. (2.12). The standard model Higgs will be identified with the

lightest mass eigenstate, being predominately composed of ®y. Taking the approximation
with just the zero mode plus first N KK states, we have (N + 1) Higgs doublets in our
effective theory. From here we can minimise the potential and find expressions for the
vacuum expectation values of these fields, (®,,) = v,,. The largest correction to the
standard model Higgs potential will be of the form )\1000@8@1, making Ajggp the most
important BSM coupling in this sector.

3.2 Bulk EWSB

We write the scalar doublet so that we can see clearly the excitations around its minimum,

¢T (2, y)
xty) = — )
2= 75 <v(y)+¢° (w“,y))

With a quartic term in the bulk we can write the total energy functional of the 5D system

(3.6)

in the ground state as

L
1
Elo(w) = [ as* /0 a5 V191 (00)° +mie? + Aset) (3.7)
Minimising this, we find that in the ground state the field must obey the following EOM

Oy (\/Eﬁyv) + b?k*v + A\gv® = 0. (3.8)

b
Vgl



Boundary term in the scalar mass will induce non-trivial boundary condition, similar to
the discussion in section 2.1. We choose a gauge in which we can write the doublet as

_ b 0
P = 7 <v<y) +?7(:v“,y)> ’ &)

where 7 = Re(¢”). This gauge choice is not as trivial as it may seem. When one introduces
the standard model gauge fields in the bulk, each vector field has an associated 4D scalar
field As. One must be careful how to treat the coupling between these fields and the
Goldstone fields coming from the Higgs doublet. This has been done in detail in ref. [44].
The author finds that, although one can go to unitary gauge with out any problems, there
are physical pseudo-scalars in the spectrum which could provide a test for these models at
the LHC. We can write the action for the physical field 7 as

L 1 1 1
S = /d4x/ dyﬁx/]g\ egAia"n@un— B ———=09,(\/|910yn) + b2k*n + Apvn | n
0 Vgl
A
—73774 — Agur’ + )\B"U4> ;
(3.10)
where A(y) = k|y| denotes the warp factor. Expanding 1 into KK modes to diagonalize

the fields in the mass eigenbasis, the equation of motion for the 5D profiles reads

1

Vil

Again nontrivial boundary conditions are induced by the brane masses. Here m?2 is the

0y (V19101 ) + B0+ Apv® fu = V/lgle* mi2 fr. (3.11)

mass of the nth KK mode. Thus m(% and fj refer to the physical Higgs mode. This shows
us that the Higgs and the vacuum expectation value have different 5D profiles, thus their
interaction with the fermion and gauge fields will differ from the standard model. This
difference is determined by the Higgs mass and the KK scale [45].

Ideally we would like to solve these non-linear differential equations and have the
correct 5D profiles for the mass eigenbasis at our disposal. However, it is difficult to
obtain reliable numerical solutions. Instead we will not diagonalize the fields in the mass
eigenbasis, but will expand them in the basis (2.11) we used in section 2.1. Hence we use
the same 5D profile for the zero mode and the vacuum expectation value. This will result
in an effective theory similar to that in the brane EWSB case, except now the effective
quartic term is given by

A L
)\lmnp = LL;)/O dy\/Eflfmfnfp (3'12)

The only difference we have is that the relationship between the different quartic couplings
changes. In table 1 we show the values of these bulk and brane quartics for a?> = —2 and
take the two cases Ap = 1 and Ajg = 1/4. The effects of KK modes in the Higgs sector
are usually proportional to the quartic couplings, the largest effect is ~ Ajggov1 and hence
the most relevant coupling is Ajggg. From table 1 we see that having bulk EWSB terms



A0000  A1000  A1100  A1110 A1t
Brane Quartic 1.00 -1.00 1.00 -1.00 1.00
Bulk Quartic 1.00 -0.54 066 -0.34 0.70

Table 1. This shows the values of the quartic couplings for brane and bulk EWSB with a? = —2
and A\g =1 or A\ig = 1/4.

reduces the higher mode quartic terms with respect to Agpgo and will therefore reduce the
KK effects in general.

The SM particles receive small mass corrections from the v.e.v. of KK Higgs fields,
which indices a misalignment of Higgs couplings and particle masses. We find that KK
v.e.v.’s are approximately

An000 M
— —5 V0.
Aoooo M,

(3.13)

Uy

From table 1 we see that the ratio for a brane quartic coupling is A1000/Aooo0 = —1, and
for a bulk quartic ~ —0.5. In the next section we will see that electroweak constraints
force KK resonances into the multi-TeV range, thus leading to v, /vg in the sub per-mille
range. The resulting impact on couplings between the Higgs and gauge bosons is then
also in the sub per-mille range, and too small to make an impact even at TLEP [13]. (A
different and potentially observable source of modifications of the gauge Higgs coulings we
will discuss in the the next section.) Also modifications of the Higgs cubic self coupling
are at similar level and thus too small to be observed. The other important factor is the
coupling of SM particles to the Higgs KK modes. Gauge zero modes have flat profiles,
hence the normalisation of the Higgs field ensures that they couple equally to all Higgs KK
modes. For the fermion fields we also find that the fermion zero modes couple to Higgs
zero and KK modes almost identically, as the Higgs is IR localised.

3.3 Multiple Higgs doublet models

Since the tower of Higgs doublets in the effective theory all couple to the up and down type
quarks, this could be viewed as a theory of multiple Higgs doublets with v.e.v.’s given by
eq. (3.13) and couplings given by eq. (3.12). If we include one additional mode for simplicity,
we have a type III 2HDM which is well studied phenomenologically. The experimental
constraints for these models are summarised in [46]. They express the constraints in terms
of tan(5) = v1/vg and cos(f — ), the ratio of the Higgs KK mode and zero mode couplings
vaj , i.e. per-mille,
and well within the experimental constraints. For these bounds to be relevant we would
need Mg < 1TeV.

to the SM gauge bosons. In our model both these observables are ~

4 Electroweak precision observables

4.1 Calculable corrections

We consider a non-custodial SU(2)z, x U(1)y bulk gauge sector with bulk fermions and
a bulk Higgs. Calculating the Peskin-Takeuchi parameters [16] is straightforward, and

~10 -



assuming universal UV fermion localisations for the light fermions, we can account for
their effects also. Corrections to the SM can arise from the zero mode fields mixing with
KK modes, and from the exchange of KK particles in a physical process. For our purposes
the latter is only a small effect and will be ignored. For a detailed analysis of the case of a
brane Higgs see e.g. [47]. Our low energy 4D effective theory can be written in the form [41]

1

1 1 1
= —_F"F,— -WMW,, —~-Z2"Z,, — -
£ 4 ) Hy ’ 2(

—e (1 + 5a¢) Zi:ww“QmAu - SWL\@ (1 + 5ww) S (Vi P Wi + c.c.)

ij

L+ 62)m% 2" Z, — (1 + Sw)miy WHFW,

15¢) piy* [TsiPL — Qist i A m
SWCW< + 0z zl:wv (T3, P, — Qisiy + QiswewAzal ¥iZy,

(4.1)
where V;; is the CKM matrix and dz, dw, da¥, dw? and 6z¥ are flavour independent new
physics contributions to the Lagrangian. From this Lagrangian we can identify the S, T
and U parameters with

oS = 4s%,cly (—25a¢ + 2521/’)
= (dw —0z) — 2 (5ww — 521/)) (4.2)
aU = 8s%y, (—&st%‘/ + dw¥ — C%V(SZ’Z’) .
We decompose the 5D SU( )r and U(1)y gauge fields as
an W“?’ (zH), wME — an W“i (zh),

ﬁ Z wn(y)B

where wy = 1 as defined in eq. (2.18). In unitary gauge the Higgs can be written in the

D2, y) = \/12—Lfo(y) (Uo +(;l(x#)> : (4.4)

where fp is given from eq. (2.8) and we ignore KK Higgs modes. When we go to the 4D

(4.3)

following form

effective theory, we can write the mass matrices for the gauge fields as

(MM

Ma/:gz Mgy ymi + My .. (4.5)
24 g7 Méo 4 M§1 2

M%:% My grggmmi + My . (4.6)
00

Mgz omi... |, (4.7)

- 11 -



where
2 ”8 L —2k 2
Mz, = / dy e “"wpmwn, f§ (4.8)

and m2 are the gauge KK masses. The normalisation of the Higgs field means that M, 00 =
UO. We can approximately diagonalize these mass matrices assuming that Moov Mgn < mn,
and find lowest mass eigenvalues to be

(4.9)
(92 _|_g/2) U2 (92 +g12) ’U2 R%
T e e D

where R, = M2, /v and parametrizes the coupling between the Higgs and gauge excita-
tions. The photon remains massless. In moving to the mass eigenbasis the fermion and
Higgs couplings to the W and Z bosons get shifted. We are only interested in the shift in
the fermion-gauge coupling since, at tree-level, the gauge-Higgs couplings do not alter the
electroweak precision analysis. We write the unshifted vertex term between a fermion and
the W boson as

Z f; Z Viohio" PLvjoW, i, + c.c.) | (4.10)
W

where g, is the effectlve coupling,

L 2
_ 95 —3ky (m)
gmn_L3/0 dy e (1) w, (4.11)

2

and f1" is defined in egs. (2.24) and (2.25). When we go to the mass eigenbasis, the
interaction of the fermion with the zero mode gauge field is of the form

MG, gon
\/%OSO (1 o Z On go ) Z ( w@/&o’}/ PL¢]0 0 + c.c. ) (412)
w n A

m% goo

For the Z coupling we have an analogous expression proportional to g2 + ¢’?. Since the
photon remains massless the photon vertices do not get extra contributions. With this
information we can express the electroweak parameters as

—97 R, gon v%
S ~ Al
< 2 Z(n—zfgoo)M%K

n

9T R, gon U(Q)
T ~ 62 12<Rn—|—2> e
Cw n (n — Z) goo KK

(4.13)

whereas U ~ (92 —(¢*+ 4 2)0%,[,) = 0. In the above calculation we used the expressions for
the gauge KK masses in section 2.2 and have taken Mgy = my ~ (37/4)ke ™ i.e. the
mass of the first gauge boson excitation. From the expressions in eq. (4.13), neglecting con-
tributions from higher KK modes, we find a correlation between the S and T" parameters
which can be expressed as

1
T <2 - goom) S. (4.14)
8C{/V go1
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Ry Ry Rs Ry
Brane Higgs 84 -83 81 -82
Bulk Higgs (a>=-2) 56 -0.9 0.5 -0.3

Table 2. Here we show how the couplings between the zero mode Higgs and the gauge KK tower
differ for a brane and bulk Higgs.

4
gon
3
goo
uv —
2 -
localised
1
0 \w:
0 0.2 0.4 0.6 0.8 1

C

Figure 2. This plot shows go,/goo over a range of fermion localisations for n = 1 (solid) and n = 2
(dotted). The shaded region shows the parameter space for which the fermions are UV localised.

Depending on 7T'/S, the model can live in more or less experimentally favoured regions of
the parameter space, possibly resulting in reductions to the Mg g constraint.

To a good approximation R, and go,/goo do not vary with L, meaning that the only
L dependence in S and T comes from Mgg. R, varies with the Higgs localisation, and
becomes smaller as the Higgs leaks to the bulk. Table 2 shows that the bulk Higgs couples
less to gauge KK modes than the brane Higgs. As a result, not only will the T" parameter
be smaller for a bulk Higgs, but we find that a two mode approximation is accurate for a
bulk Higgs, but not sufficient for a brane Higgs.

Light fermions must be localised in the UV so that their overlap with the Higgs is
small, this corresponds to ¢y, > 0.5 [38, 43, 48]. From figure 2 we can see that this implies
a small coupling with the KK gauge modes and therefore small vertex contributions to the
electroweak parameters. For all fermion localisations we find that the coupling decreases
for heavier KK modes.

Current bounds on S and T with U = 0 are given in [49] (see figure 4). Taking the
95% CL bound, we find the following bounds for a brane and bulk Higgs:

e Brane Higgs: due to the large values of R,, the KK gauge modes have large contri-
butions to the T parameter. If we approximate R2 ~ 8.42 for all n, we can sum the
full tower contributions by taking the sum > °°  (n — 1/4)72 ~ 2.54. We then find
that the electroweak constraints require Mg = 15 TeV.
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e Bulk Higgs (a®> = —2): since the R,, values are small for n > 1 we find that the
first mode makes the only sizeable contribution to the electroweak parameters. With
just the first excited mode we find the bounds to be Mg = 8 TeV. Including the
first 10 modes only corrects the 8 TeV bound by 0.3%, and the second excited mode
contributes 0.26% of this correction. We find similar effects for the S parameter.

These results are in agreement with the bounds found elsewhere in the literature [22, 44,
50, 51].

Loop contributions to the electroweak parameters are, when they are calculable, gener-
ally smaller than the tree-level effects. However when there is a mechanism in place which
reduces the tree-level effects, the higher order contributions should be certainly be taken
into account. For example in custodial and (A)AdS non-custodial models the loop contri-
butions to the T" parameter provide stringent bounds, see [18] and [24] for these analyses.
In the next section we will consider a different mechanism in which the tree-level contri-
bution to the T parameter is reduced. However, we will refrain from addressing these loop
effects in our analysis.

Another thing one should consider is the misalignment in the gauge boson masses and
their coupling to the Higgs zero mode. The couplings between the Higgs zero mode and
the gauge modes can be written as a matrix similar to eq. (4.5) but without the large
contributions from the KK masses. The absence of the KK masses here is what causes the
misalignment when we go to the mass eigenbasis. We find that the HHZ and the HHZZ
interactions receive identical corrections ~ R? m% /M2 -, and similarly for the W boson.
With the lightest gauge boson mass at 8 TeV we find a 0.4% misalignment for the Z boson
and a 0.3% misalignment for the W boson. This would be visible at the ILC [28, 29] or
TLEP [33]. The only way to reduce this misalignment is to either increase My or to
reduce the coupling of the Higgs zero mode to the gauge KK modes, which can be achieved
by modifying the background geometry in the bulk [20-24].

4.2 Higher dimensional operator contributions to EW precision observables

In the previous section we demonstrated how to estimate the size of the calculable con-
tributions to the electroweak parameters in the 4D effective theory. There will also be
incalculable contributions from the UV theory which we will parameterise using higher
dimensional operators in the 5D theory. The three leading operators contributing to the
oblique parameters are

P
S : M@(QWWQ)W%NBMN

A
T: oDV
M5

U: STWMNg?, (4.15)

o
Mg
where p, A and 6 are unknown parameters. These operators could be present both on the
branes or in the bulk, i.e. p = pg + pIRMgl(S(y — mR). In the brane case there is an extra

— 14 —



mass scale suppression. There is also a possible contribution from the UV brane, which is
negligible for an IR localised Higgs.

The S and T operators both have effective coefficients ~ v3/M2% -, but due to the
higher dimension of the U operator it is of the order ~ (vg /M[2< K)Q. Thus only S and
T will receive sizeable corrections from these operators, while S also has an additional

suppression ~ ﬁ with the respect to the T' coefficient. All three operators show similar

dependence on the Higgs localisation. The effective coefficients grow exponentially as a?
decreases until, at a> = —1, the exponential growth stops, which is due to the normalisation
of the Higgs field. At a? < —1, operators on the IR brane increase linearly with a? while
operators in the bulk remain mostly constant. At a? = —2 the operator coefficients from

the IR brane contributions are

vo N2
pir — adS = prr (kL) 'k? ( . )

ke—kL
v 2
)\IR — adT = —4)\1R/€4 (ﬁ)
4
Ok — adU = —40r (kL) 7 ( k;f)k L) (4.16)

and in the bulk are

2
pB — adS = pp(2kL) k3 ( kL )

keka
_ 2 3 vo \?2
Ap = a0l = —2hpk® (27 )
_ vo \4
05 — adU = —0p(2kL) 156(@_“) , (4.17)

where the B and I R subscripts refer to the bulk and brane parameters, respectively. Again
we set k = k/Ms. With O(1) values for the operator coefficients we would only expect a
sizeable contribution from the operator contributing to the T-parameter. With respect to
this operator, the operator contributing to the U parameter is suppressed by two additional
powers of mass, and the operator contributing to the S parameter has an additional volume
suppression. This behaviour in the U parameter has been noted in [52] also. If we ignore the
vertex corrections, and include the effects of these operators in our 7" parameter expression
from eq. (4.13), we find total 7" parameter

37T 2 1 R2 21%3 /434 ’U2
Te ~ | — n 2y 4% 0 _714s 418
‘ <4> (7?0124/;(71—0.25)2+3a B+ 4 AR M2, (1+06), (4.18)

where we again took My = my ~ (3m/4)ke ", Here &g parameterises the contribution
from higher dimensional operators,

-1
1 R? 2 K3 K
06 = - ——A 4—A\ . 4.1
0 (WC%V Zn: (n— 0.25)2> <3 a BTy IR) (4.19)

From figure 3 we see it may be reasonable to argue that these contributions could be

large enough to provide a reduction in the 7" parameter calculated in eq. (4.13). This also
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Figure 3. Here we show how dg varies with « for A\g = A\ig = 1 (dashed) and A\p = A\ig = 10 (solid).
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Figure 4. Here we have overlaid the bounds from [49] with the S and T correlations for dg = 0
(solid), 66 = —0.4 (dots) and d¢ = —0.8 (dashed).

modifies eq. (4.14) such that the correlation is expressed as

Ty ~ é (2 - gOOR1> (1+d6) S. (4.20)
w go1

From figure 4 we see that as well as directly reducing the T' parameter, dg # 0 can take us
to a more favourable region of the parameter space, depending on the relative sign, thus
allowing for a further reduction on the Mg g bound. If we take the 95% CL bound from
figure 4, we find that the lower bound on Mgk is approximately 6 TeV and 2.7 TeV for dg =
—0.4 and —0.8, respectively. So it is plausible to assume that incalculable contributions
to the T parameter lead to a partial cancellation and so relax the bound on the KK scale.
In the case where Mgk can be as low as 2.7 TeV loop effects on the T parameter could
in fact be important, however for larger Mg scales we do not believe they will alter the
bounds too much. It therefore seems premature to exclude discovery of such a scenario at
the forthcoming LHC run.
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5 Yukawa coupling corrections

The aim of this section is to investigate possible bounds on the bulk Higgs scenario from
corrections to SM Yukawa couplings. Consider an SU(2) singlet fermion ¢ and doublet
@ = (T, B) in the 5D theory. The action for such a system, omitting terms in B, can be
written as [38, 43]

L
1, _ _
S = /d%«/ RVAL <2 (tvM Dt — Daty™t) — mytt
0

1 _ _ _
+3 (T Dy T — Dy TAMT) — mgTT + AOVL Tt + h.c.> ,

(5.1)

including a Yukawa interaction term with dimensionless coupling )\§5). The index “t”
represents the fermions species considered. The most interesting case will be the one of
the top quark. We choose boundary conditions such that ¢t and T" have only right and left
handed zero modes, respectively. After electroweak symmetry breaking, as well as giving
the zero modes mass, the Yukawa interaction induces a mixing between the different modes.
The resulting mass matrix for one flavour is of the form

T,0

T T
myy 0 my ’10 0 m ’20 t%
1 4 1 0 T1 71
mt70 tTil mt71 . mt72 . R
t 1
0 my, Mi1 m7 0o ... t
—0 5 = T,1 t,1 o o R
T Tt T2 2 ) T2 o T2 ;T2 2 |, (5.2)
( LoL 7L 7L L Mo ?2 My ]\{TQZ My Ty
; , 2
0 mT,l 0 mT72 Mt72 .. tR

where M1 and M;; are the KK masses of the doublet and singlet fields and the mixing
terms are of the form

(5) L
1 A0
d)’m e 7)\ m = t 0/ d m.ofn . 53
My n /2 én Y0 \/§L . y\/@flpoqufO (5.3)

In the case of a brane Higgs, the boundary conditions imply that mtT’Z =0 (m,n > 0) since
odd fields are zero at the IR brane.! With a bulk Higgs however these terms are non-zero
and additional corrections arise upon diagonalization. The mass entries mgfz vary signif-
icantly in magnitude depending on whether or not zero modes are involved, i.e. whether
m,n = 0, and on the localisations of these zero modes. The smallest entry is mtT’?O, which
includes potential suppressions from both left and right handed zero modes. A suppression
by either a left or right handed zero mode occurs for mtTrg and mtT’?n, respectively. All other

. t . .. .
entries mj’fz do not suffer a suppression and therefore are of similar magnitude.

n ref. [45] the presence of such a term was argued for even in the case of a brane Higgs, once the
IR brane was smeared out by regularising the delta function defining the brane and then performing an
appropriate brane limit.
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Neglecting CP violation, the mass matrix (5.2) can be partially diagonalized using
orthogonal transformations of the left and right handed KK modes

T,0 T,0 0%,

1— L2 601 019 mto 0 mﬁﬁl 1— - —0r1 —0Oro
2
O%MOR = _HLI 1 0 mto MTl mt 11 9R1 1— 6‘% 0
2
—02 0 1-— %72 0 mtTl M Oro 0 1

(5.4)
where we assume a small angle approximation and consider contributions from the first
KK modes only. This transformation will isolate the “zero mode” from the KK excitations.
Below we will find that 077 and 6zs are higher order in powers of vg/M g, which explains
the form of the orthogonal matrices used. To find the Yukawa coupling of the physical zero
mode fermion, we need to know the mixing angles in the Oy, and Or matrices. Expanding
to second order in powers of vy/Mg g, we find

T0 T, T0 t1 T,0
000 ~ mtO my o my1Mpy 00~ my
L1~ 5 ; Opo >~ ———

M2, My My, My, -

T,0 _T,0 T1 tl T1 (5.5)

0 ~ Mo My " MyoMry O ~ UL

Ro ™~ — ; O~ ———"—.
Mt2,1 MT7]_Mt71 Mr,

We can see that the second terms in 677 and Ogo vanish in the brane Higgs limit. For the
mass of the lowest lying mode (“zero mode”) we then find

2 2
T,0 T,1 t,1 TO Tl
m m 3
4 T ( t71> ( tﬂﬂ) mT1 my 1 My ( m )
1-— - + + O . 5.6
2MP mt (56)

m m
2 :%,1 T,14M¢,1 i

A matrix analogous to eq. (5.2) encodes the Yukawa interactions of the fermion KK modes
with the Higgs. In this matrix, diagonal terms corresponding to Mr,, and M;,, are missing.
This results in a relative shift between the Yukawa coupling and mass of the “zero mode”
compared to the standard model. With the transformation defined in eq. (5.4), we find
that the “zero mode” Yukawa coupling can be written as

2 2
ALy A0y, t1

3 (7,0 Y0 3 (M1 Y0 A )\ )\ Ly \3p3

MU= 1= (i) 2( )+3<T’1> i °+0< “0>

9 2 T,0 3
2 MT,l )\t,() MT,lMt,l MKK

(5.7)

We can now quantify the misalignment in the fermion “zero mode” mass and Yukawa
coupling as

2
T1
@ _ vem? 1_<At0“0>
N O V7
AT 7,1

2
(A w) NI\ N2 5 Ao
; _ 9 T,1 0 V0 w i O( Yo ) '

MZ, Ay MT 1My 2 Mi
(5.8)
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Note that because A;‘Tio is negative there is no cancellation in the contributions to r§4). The
dw term is related to the gauge boson mass correction from section 4, egs. (4.1), (4.9). We
use it here because the measured v.e.v., v, includes the mass correction to the W boson.
We only include this factor for completeness since from the electroweak precision tests we
know that it does only result in a negative per-mille correction.

Before we look at numerical evaluations of r§4), a few general statements can be made.
Irrespectively of the fermion locations, r£4) scales with the 5D Yukawa couplings as ()\§5))2
and with the KK scale as 1/M% ;. The third term in eq. (5.8) is never weak in comparison
to the first two terms, except for the case of a brane Higgs, where we take this term to

be absent. Further statements on 'r£4) depend on the fermion locations. In the left-right

§4) scale as m§4)U/MI2(K, while

symmetric case ¢y, = —cg, the first and second terms in r
the third term scales as v?/M% ;. So for small fermion masses the third term completely
dominates. For other fermion locations these simple relations will be modified.

(4)

Our numerical evaluations of 7, are summarised in table 3. For the case of a bulk
Higgs we use a KK scale of Mgx = 5.9TeV. As discussed in the previous section, a
small contribution from higher dimensional operators is required in this case to reduce
electroweak constraints to meet experimental bounds. For a KK scale of 8 TeV, the Yukawa
deviations from the table will be reduced by a factor of (5.9/8)? = 0.54, while for a KK
scale of 5 TeV they will increase by a factor of 1.4. We give separate results for the three
individual contributions and the total result from eq. (5.8), r£4), denoted by (a), (b), (c)
and Total, respectively. As anticipated, the third term (c) is always very important, and
completely dominates for smaller fermion masses. Note that the scaling in 5D Yukawa
couplings is somewhat distorted by changes in the fermion locations needed to keep the
fermion mass constant. For the top quark these modifications can easily be larger than the
anticipated 4% accuracy from HL-LHC [34, 35]. Also for the bottom quark the correction
in the Yukawa coupling could be larger than the 2.4% or 0.4% accuracies aimed for at ILC
and TLEP, respectively [33]. For the tau Yukawa coupling it seems questionable whether
a deviation could be seen at ILC (predicted accuracy 2.9%), while a detection at TLEP
(predicted accuracy 0.5%) seems promising [33].

The comparison to the case of a brane Higgs is not unique, as one has to decide which
parameters should be kept constant in this procedure. In our opinion the most meaningful

T,1
£,0 constant,

comparison is done by keeping the crucial off-diagonal elements mf’lo and m
in addition the to resulting 4D fermion mass. This can always be achieved by choosing a
suitable brane Yukawa coupling and values for the fermion location parameters ¢y, and cg.
The resulting value for 7‘154) can be derived from table 3 by setting the contribution from
column (c) to zero. The contributions from (a) and (b) will receive small changes due to
the modified fermion locations. A large effect will be that for a brane Higgs we have to use
a larger value of M =15TeV. So the brane Higgs cases related to the parameter sets in
table 3 will have values for r§4) roughly given by the sum of contributions (a) and (b) divided
by a factor of four. E.g. the brane Higgs case related to the top quark with bulk Higgs of
the first row (r\? = 32.7%) will have r{*) & (12.97% + 0.05%) /4 ~ 3.3%. So only if the 5D

Yukawa couplings is somewhat large a detection at HL-LHC seems plausible. For lighter
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m§4) )\§5) cr CR Mpy My (a) (b) (¢)  Total
[GeV] [TeV] [TeV]  [%] K (][]

173.48 4 0.550 -0.26 6.52  7.12 12.97 0.05 19.72 327
173.73 2 0.530 -0.07 6.06 7.64 9.93 0.01 3.35  9.29
173.07 1 0488 -0.20 598  7.12 1.29 0.03 1.31  2.62

4.17 4 0526 -0.6320 6.04 6.46 ~ 1073 0.02 6.76  6.78
4.17 2 0510 -0.6190 597 641 ~1073 0.02 248  2.50
4.17 1 0500 -0.6004 593 633 ~107° 0.02 0.98  1.00

1.79 4 0542 -0.650 6.10 653 ~103 ~ 1072 3.86 3.87
1.79 2 0508 0.650 597 653 ~107% ~107% 1.07 1.08
1.79 1 0516 -0621 6.00 641 ~107* ~1073 058 0.8

Table 3. Relative shifts in the 4D Yukawa coupling, 7‘,@, from eq. (67). The columns denoted
by (a), (b), (c) and Total give the first, second, third contribution and the total result in percent.
My i is taken to be 5.9 TeV.

fermions these modifications of the Yukawa couplings will be completely undetectable in
the foreseeable future.

We have numerically verified that the expressions (5.5) to (5.8), which are derived from
considering a single KK level, receive only small corrections of < 10% when we include more
fermion KK modes.

Finally we would like to remark that in variants of the warped geometry, where the
KK scale is lowered to a few TeV [17-19, 21-27], the modifications of Yukawa couplings
presented in table 3 have to be upscaled accordingly. In the case of a KK scalar of 3 TeV, the
corrections from in table 3 will increase by a factor of 3.9. Then 5D top Yukawa couplings
)\§5) 2 1.5 will then already be disfavoured by present observations of Higgs production via
gluon fusion at the LHC.

We would like to note here that, aside from reduced electroweak constraints, there
are other motivations for working with a bulk Higgs with a profile ~ €%, In ref. [53]
the authors find that heavier fermion KK modes tend to decouple from a bulk Higgs,
and that studying just the lighter fermion KK modes provides a suitable approximation
to the full tower. In contrast, in the brane Higgs case they find that these fermion KK
modes do not decouple. They demonstrated this using the same model considered here,
and calculated contributions to Higgs mediated FCNCs and Higgs production via gluon
fusion where the bulk Higgs localisation was varied. It was also found in ref. [44], that it
is easier to reproduce the fermion mass hierarchy with O(1) 5D Yukawas when we have a
bulk Higgs rather than a brane Higgs.
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Yukawa coupling misalignment also has impact on flavour violation mediated by Higgs
exchange, as e.g. discussed in [45, 54, 55]. Also Higgs corrections to the muon anomalous
magnetic moment were found to depend on the Higgs localisation [56]. Analysing the
resulting constraints for the scenario investigated here, however, is beyond the scope of
the present work. For generic anarchic Yukawa couplings Higgs induced flavour violation
will be large, certainly pushing the bound on the KK scale beyond the bounds we derived
from electroweak precision constraints in section 4. However, flavour violation can be
significantly reduced if fermion localizations are generation independent (at least for the
first and second generation). In such a case the dominant bounds on the KK scale are
those we derived in section 4. Here we conclude that unavoidable Yukawa misalignment
does not lead to additional bounds on the KK scale.

6 Conclusions

In this paper we have revisited the scenario of a bulk Higgs in warped extra dimensions,
without assuming deviations from AdS space or imposing a custodial symmetry. Our aim
is to investigate the robustness of bounds on the KK scale from electroweak observables
and modifications of SM Yukawa couplings. We then discuss prospects for observing new
physics at future collider experiments.

Performing a standard electroweak precision analysis, we confirm that a bulk Higgs
brings down the limit on the KK scale, which we take to be mass of the lightest vector
resonance, form about 15 TeV to about 8 TeV. A bulk Higgs reduces impact of KK gauge
boson excitations on the SM particles after electroweak symmetry breaking. The Higgs,
being a bulk field, also has KK excitiations which contribute to gauge boson masses etc.,
but their impact is unobservable for the foreseeable future. However, deviations from the
SM values of the HZZ and HWW couplings at the sub-percent level will be induced by KK
gauge boson mixing. These effects will be very difficult to see at ILC, but TLEP with a
predicted sensitivity of better than 0.2% could detect them.

We then include into the analysis higher dimensional operators which parametrize
unknown contributions from the UV completion of our setup. We find that a dimension-8
operator in 5D can have an non-negligible impact on the T-parameter. The bound on the
KK scale of 8 TeV, derived previously is therefore not robust. We therefore argue that this
unknown contribution could bring the KK scale down to at least about 5TeV. The LHC
run at 13 TeV could then discover KK resonances in the simple scenario presented here.

Finally, we investigate whether additional bounds on the KK scale can be derived
from deviations in fermion Yukawa couplings, in particular for the top quark. We find that
even with a KK scale of only 5TeV, the enhancements in the top Yukawa coupling can
be larger than 10%. However there are areas of parameter space where this enhancement
can be much smaller and hence this will not generally lead to tension with observed Higgs
production at LHC8. Such a tension would require large values of the associated 5D
Yukawa coupling. In the future it will be interesting to look for Yukawa deviations for
that quark at high-luminosity LHC. The enhancements in the bottom and tau Yukawa
couplings can also be as large as a few percent, making this detectable at ILC and TLEP.
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Furthermore, top Yukawa coupling misalignment should be taken into account in models
where top loops induce electroweak symmetry breaking, e.g. warped geometry realisations
of composite Higgs models [8-10].

As is well known, models of the type presented here often generate large flavour and
CP-violation from KK exchange. These may induce bounds on the KK scale, which are
much more stringent than the ones we have considered. However, one should bare in mind
that these flavour bounds depend on how the fermion mass pattern is generated, and can
be reduced or almost avoided by flavour symmetries.

So we conclude that, even without an enlarged gauge symmetry, a bulk Higgs in pure
AdS space opens the possibility to discover KK resonances at the upcoming LHC run.
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