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With the prospect of improved Higgs measurements at the LHC and at proposed future colliders
such as ILC, CLIC and TLEP we study the non-custodial Randall-Sundrum model with bulk
SM fields and compare brane and bulk Higgs scenarios. We compute the electroweak precision
observables and argue that incalculable contributions to these, in the form of higher dimensional
operators, could have a non-negligable impact. This could potentially reduce the bound on the
lowest Kaluza-Klein gauge boson masses to the 5 TeV range, making these states 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. The deviation 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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Non-custodial warped extra dimensions at the LHC

1. Introduction

Due to their attractive model building features and rich phenomenology, warped extra dimen-
sional 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
S1/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.

Putting the standard model (SM) fields in the bulk introduces towers of new states, known
as Kaluza-Klein (KK) modes. The zero modes of these are associated with the SM states. The
mixing between the KK modes and the zero modes modifies the couplings and masses in the low
energy effective theory, and thus provides constraints on the 5D model. Currently, some of the
largest constraints come from the electroweak precision observables (EWPOs). In models without
a custodial symmetry, the EWPOs put a lower bound on the lightest spin-1 resonances of ~ 8 TeV.
In this paper we study incalculable effects accounted for by higher dimensional operators in the 5D
bulk and find that they are, in some cases, non-negligable. We find that, without fine-tuning, these
effects could lower the bound on the lightest spin-1 resonance to ~ 5 TeV.

The large coupling between the top and the Higgs leads us to expect large deviations to the
standard model top Yukawa coupling. This deviation arises from mixing with vector-like KK top
modes. Studying the effects of the lowest laying vector-like modes we find that corrections to
this coupling are of the order ~ 10%, which could be interesting for LHC searches. Corrections to
other couplings are generally smaller, but are still percent level for the bottom quark and tau lepton.
These percent level corrections are out reach of current colliders, but could be searched for at ILC,
CLIC or TLEP.

2. Bulk fields in Randall-Sundrum
The Randall-Sundrum background is defined by the non-factorizable metric [1]:
ds? = e 2DIn,dxtdx¥ — dy*. 2.1)

The 4D metric is 7y =diag(1,—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 can be expressed in terms
of the fundamental 5D mass scale M5 by

k

K= —. 22
M- (2.2
This is discussed in more detail in [2] where the authors use 0.01 < x < 1 for their phenomenolog-
ical analysis. However, at the larger end of this range higher derivative corrections to the gravita-

tional action will become important, rendering the derivation of the metric (1) unreliable.
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To treat the Higgs in the bulk we need to look at scalar fields in 5D. After expanding in Kaluza-
Klein modes,

D(x,y) = L Y @u(x)fu(y) (2.3)
VL

we find that, assuming we have the correct boundary conditions, a massless zero mode exists with
the 5D profile,

2(1+akL gz,

Joly) = T o 2 @nL® 2.4)

The parameter a defines the localisation of the field in 5D and a® < 0 implies IR localisation.
Along with this zero mode one obtains a tower of IR localised KK scalar fields with masses O(TeV).
In order to solve the hierarchy problem, i.e. for O(Mp;) SD mass terms to get suppressed to O(TeV),
we require a? < -2,

For gauge fields the treatment is similar, except that no bulk or brane potential terms are
allowed. This means that, in the absence of EWSB, there is a flat massless mode in the spectrum.
Here also there are a tower of IR localised KK states with masses O(TeV).

The treatment of fermions is complicated slightly by the fact that SD Dirac fermions are not
chiral. For a detailed discussion of fermions in 5D see [3, 4]. Lorentz invariance implies that we
must work with full Dirac spinors in 5D. We can project out one of the zero mode Weyl spinors,
leaving us with chiral zero modes and towers of vector-like KK modes. A remarkable property of
fermions in 5D is that we can add a mass to the action while keeping a massless chiral zero mode
in the spectrum. The effect of this mass term is that it allows us to exponentially localise the zero
mode anywhere in the bulk, while the KK states remain IR localised. The zero mode profile can be
written as,

FO(y) = —el2lo 2.5)

where ¢ comes from the 5D mass my = ck and Nj(EO ) is a normalisation constant. The plus and
minus refer to left and right handed chiralities, respectively. This exponential localisation allows
us to generate a hierarchy in fermion Yukawa couplings with order one mass terms in 5D. For a
more detailed discussion of these bulk fields, see [5, 6].

3. Electroweak precision observables

3.1 Calculable Corrections

We consider a non-custodial SU(2),, x U(1)y bulk gauge sector with bulk fermions and a bulk
Higgs. Calculating the Peskin-Takeuchi parameters [7] is straightforward, and 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. [8].

In general, the T-parameter measures corrections to the standard model ratio mz/my . In our
model, tree-level corrections arise via mixings between gauge KK modes induced by the Higgs
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Rl RZ R3 R4
Brane Higgs 84 -83 81 -82
Bulk Higgs (a>=—-2) 56 -09 05 -03

Table 1: Here we show how the couplings between the zero mode Higgs and the gauge KK tower differ for
a brane and bulk Higgs.

vev. We parameterise this mixing with R,, = Mgn / v% where,

2 V% L 2 2
M? = 7 /0 dy e 2w w, 3 (3.1)

where w,, is the profile of the m"" gauge mode and f; is the vev profile. This mixing induces shifts
in the gauge couplings to fermions in the effective action. The effect of this shift is encoded in the
S-parameter and will thus depend on the coupling between the zero mode fermions and the gauge
KK modes,

L
gon =55 [y 0 (4w, (32)
L2 Jo

The U-parameter in this model doesn’t receive corrections at tree-level, so we will not discuss it
any further. With the above expressions we can now write down the tree-level expressions for the

electroweak parameters,
-9n Ry, 80n V%
S~ = (3.3)
( 2 ;mivgoo)Ml%K
91 R, ( gon> V3
T ~ Ry +2=— (3.4)
(w%v;(n—z)z ) ) itz

where Mg the mass of the first gauge boson excitation and vy is the standard model vev. Neglecting
contributions from higher KK modes, we find a correlation between the S and 7" parameters which
can be expressed as

1
T~y (2— ig(]’m) S. (3.5)
w

Depending on 7'/S, the model can live in more or less experimentally favoured regions of the
parameter space, possibly resulting in reductions to the Mk constraint.

Table 1 shows that the bulk Higgs couples less to gauge KK modes than the brane Higgs. As
a result, not only will the 7" parameter be smaller for a bulk Higgs, but we find that a two mode
approximation is sufficient for a bulk Higgs, but not 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
[9, 10, 11] where go,/goo < 0.2. We can see that this implies a small coupling with the KK gauge
modes and therefore small vertex contributions in the electroweak parameters.

Current bounds on S and T with U = 0 are given in [12] (see figure 1). Taking the 95% CL
bound, we find the following bounds for a brane and bulk Higgs:
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e Brane Higgs: Due to the large values of R, the KK gauge modes have large contributions
to the T parameter. If we approximate R2 ~ 8.4% for all n, we can sum the full tower con-
tributions by taking the sum Y°_ | (n — 1/4)~% =~ 2.54. We then find that the electroweak
constraints require Mgx 2 15 TeV.

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 [13, 14, 15, 16, 17].

Another thing one should consider is the deviation in the standard model gauge boson masses
and their coupling to the Higgs zero mode. We find that the HHZ and the HHZZ interactions
receive identical corrections ~ R% m% / M,% x> 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 [18, 19] or TLEP [20]. The only way to reduce
this misalignment is to either increase Mxk 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
[21, 13, 22].

3.2 Higher dimensional operator contributions to S, 7 and U

In the previous section we demonstrated how to estimate the size of the calculable contribu-
tions 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

A 6
S: (DT DWiNBuy, T: =@ DM@ U: — o'W’  (3.6)
M3 M3 M?

5

where p, A and 6 are unknown parameters. These operators could be present both on the branes
or in the bulk, i.e. p = pp+ p,RM;IS(y — @R). In the brane case there is an extra 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 ~ v5/Mz, but due to the higher dimen-
sion of the U operator it is of the order ~ (v% /M2 K)z. This behaviour in the U parameter has been
noted in [23] also. Thus only S and T will receive sizeable corrections from these operators, while
S also has an additional suppression ~ i 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. However, to ensure we have the correct suppression of UV
mass perturbations, we keep a> = —2. Assuming O(1) values for the coefficients of the higher
dimensional operators in eq. 3.6, we would only expect a sizeable contribution from the operator
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Figure 1: Here we have overlaid the bounds from [12] with the S and T correlations for 8 = 0 (solid),
0 = —0.4 (dots) and 8 = —0.8 (dashed).

contributing to the 7T-parameter. If we ignore the vertex corrections, and include the effects of these
operators, we find the total 7 parameter

3w 21<3 K Z
T6:<>< 22 AB+4aA,R>A;2 —T(1+8&), (3.7

mey, S (n— 025 ¥K

where we again take Mg = m; ~ (37/4)ke L and the B and IR subscripts refer to bulk and brane
contributions to the higher dimensional operators. Here J¢ parameterises the contribution from
higher dimensional operators,

1 R? 2 K3 Kt
06 = ( 5 Z(n—0.25)2) <3 Ap+4— lIR) (3.3)

ey 3

For A;g = Ayy = 1 the contributions from ¢ are small, of order ~ 0.1 for k¥ ~ 0.2. Whereas for
Mr = Ayy = 10 the contributions are of order ~ 0.7 for ¥ ~ 0.2. Hence large corrections are
possible. These corrections also modify eq. (3.5) such that the correlation is expressed as

1
Ty ~ <2—gOOR1> (1+8)S. 3.9)
8CW 801

From figure 1 we see that as well as directly reducing the T parameter, ¢ # 0 can take us to a more
favourable region of the S-T plane, depending on the relative sign. This would allow for a further
reduction on the Mkg bound. If we take the 95% CL bound from figure 4, we find that the lower
bound on Mk is approximately 6 TeV and 2.7 TeV for d¢ = —0.4 and —0.8, respectively. So it is
plausible to assume that incalculable contributions to the 7" parameter lead to a partial cancellation
and so relax the bound on the KK scale. It therefore seems premature to exclude discovery of such
a scenario at the forthcoming LHC run.
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4. Yukawa coupling corrections

In the same way the Higgs vev induced mixing among gauge KK modes, it also induces
mixing among the fermion KK modes. However the fermion case is complicated slightly due to
the vector-like structure of the KK states. The mass matrix for the top quark, after EWSB, is of the

form,
T,0 T,0 0
m 0 m ... Ir
T,1 T,1 1
—0 1 =l mho MT71 mm TR
(o714 ..) i A .1
0 mTJ Mt,l e tR

where 7 is an SU(2) singlet and T is one component of the SU (2) doublet Q = (T, B). For t we keep
only the right handed zero mode and for 7 we keep only the left handed zero mode, while both
fields have vector-like KK towers where the super-scripts denote the state. The diagonal elements
of the mass matrix are simply the KK masses gained from the 5D theory, while the off-diagonal
elements are the mixings induced by the Higgs. Note that these do not overlap, like in the gauge
case. The mixings are given by

m 1 m A(S)VO L m
miiy = A =" /0 dy /Tg1F1 fifor 42)

where fi;; and ng are the 5D fermion profiles, fy is the Higgs profile and A,(S) is the 5D Yukawa
coupling. Neglecting CP violation, the mass matrix (4.1) can be partially diagonalized using or-
thogonal transformations of the left and right handed KK modes. This transformation will isolate

the “zero mode” from the KK excitations. Since the mixings are ~ v3/M% we can assume a small
angle approximation. For the mass of the lowest lying mode (“zero mode”) we then find

T,0\2 T,1\2 1,1 T,0 T1 3
4 T0 (m;}) (mt.,o ) My q \ My My m
m =m [ 1— 5 — — + 0 +0| —— . 4.3)
’ 2Mt,l 2MT,1 ml_b MT,lMt,l MKK

A matrix analogous to eq. (4.1) encodes the Yukawa interactions of the fermion KK modes with the
Higgs. In this matrix, diagonal terms corresponding to M7, 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. We find that the “zero mode” Yukawa coupling can be written as

T.1 0 AN\ 4 T04T1
@ 1ol 3Ggw)? 3 (AR A A v (A

R RSl [ B LA R A | A +o(550) ). w@wa
) 2 MT,] 2 Mm A’tO MT71M[71 MKK

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

)1 ,0 )1 04 T,1
@ V2m? Gy (A0 (A;J)AZI dg v, S O(Aévg). s

Ty
7.0
A’t,O

lt(4)v M %,1 Mt2, 1

My M, 2

KK

Note that because 7LZT1’0 is negative there is no cancellation in the contributions to rt(4). The ow
term is related to the gauge boson mass correction from KK mixing. We use it here because the
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measured vacuum expectation value., 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.

Our numerical evaluations of rt(4) are summarised in table 2. For the case of a bulk Higgs
we use a KK scale of Mxx = 5.9 TeV. 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. (4.5), rt(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 [24, 25]. 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 [20]. 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 [20].

mY A e cx  Mp My (2 b (¢ Total
[GeV] [TeV] [TeV] [%] [%] [%] [%]
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 6.05 7.64 5.93 0.01 3.35 9.29
173.07 1 0.488 -0.20 5.98 7.12 1.29 0.03 1.31 2.62

4.17 4 0526 -0.6320 6.04 646 ~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 -0650 6.10 653 ~107° ~107% 386 3.87
1.79 2 0508 0.650 597 653 ~10% ~1073 1.07 1.08
1.79 1 0516 -0621 600 641 ~107% ~1073 058 0.58

Table 2: Relative shifts in the 4D Yukawa coupling, rt(4), from eq. 4.5. The columns denoted by (a), (b), (c)
and Total give the first, second, third contribution and the total result in percent. Mk is taken to be 5.9 TeV.

We have numerically verified that the expressions (4.3) to (4.5), which are derived from con-
sidering a single KK level, receive only small corrections of < 10% when we include more fermion
KK modes. Yukawa coupling misalignment also has impact on flavour violation mediated by Higgs
exchange, as e.g. discussed in [26, 27, 28]. Also Higgs corrections to the muon anomalous magnetic
moment were found to depend on the Higgs localisation [29]. Analysing the resulting constraints
for the scenario investigated here, however, is beyond the scope of the present work.
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5. Conclusions

We have revisited the scenario of a warped extra dimension with a bulk Higgs in the absence of
a custodial symmetry or modifications to AdS. Studying the electroweak precision constraints we
confirm the result that a bulk Higgs, rather than a brane Higgs, reduces the lower bound on spin-1
states from ~ 15 TeV to ~ 8 TeV. We then consider the impact that bulk higher dimensional oper-
ators in the 5D theory has on these electroweak precision observables (EWPOs) and find that the
only sizeable contribution comes from the dimension 6 operator contributing to the 7-parameter.
This contribution is of the same order as the tree-level contribution from the KK mixing. Therefore
we argue that the 8 TeV bound is not robust, and show that with some cancellations the bound
could easily be as low as ~ 5 TeV. With this bound, it may be possible that this particular model
is testable at the LHC. KK mixing induced by the Higgs vev also occurs in the fermion sector, and
causes shifts in the Yukawa couplings that we would expect from the SM. We calculate this shift
and find that for the top quark the correction is of the order ~ 10%, whereas for the tau lepton and
bottom quark the correction is percent level. With a top Yukawa shift of this size, the LHC may be
able to test this model and put bounds on the KK mixing. For the lighter quarks the ILC or TLEP
may have the sensitivity to probe these shifts, however they will be out of reach of the LHC.
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