PHYSICAL REVIEW D 94, 064045 (2016)

Regarding the radion in Randall-Sundrum models with brane curvature

Barry M. Dillon,1 Damien P. George,z’3 and Kristian L. McDonald*

1Deparl‘ment of Physics and Astronomy, University of Sussex, Brighton BNI 9QH, United Kingdom
’DAMTP, CMS, University of Cambridge, Wilberforce Road, Cambridge,
England CB3 OHA, United Kingdom
*Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge,
England CB3 OHE, United Kingdom
*ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics,
The University of Sydney, New South Wales 2006, Australia
(Received 11 June 2016; published 19 September 2016)

In Randall-Sundrum models, one typically expects the radion to be the lightest new “gravity”

state, as it is dual to a composite pseudo-Goldstone boson associated with conformal symmetry
breaking in the IR. Here, we investigate the effects of localized brane curvature on the properties of
the radion in Goldberger-Wise stabilized Randall-Sundrum models. We point out that both the radion
mass and coupling to brane matter are sensitive to the brane curvature. Radion/Higgs kinetic mixing,
via an IR-localized nonminimal coupling to the Higgs, is also investigated, in relation to the

ghostlike radion that can occur for O(10) values of the IR curvature (as required to significantly
suppress the first Kaluza-Klein graviton mass). We also discuss a class of IR-localized
terms involving the radion. Basic comments regarding the dual four-dimensional theory are

offered.
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I. INTRODUCTION

The Randall-Sundrum (RS) model provides a natural
means by which to generate hierarchically separated,
radiatively stable mass scales [1]. Accordingly, it has
received much attention as a candidate solution to the
hierarchy problem. The model employs a warped extra
dimension, namely a gravitational background, with
factorizable geometry, that is sourced by a bulk cosmo-
logical constant and nontrivial brane tensions. The use of
localized branes in the five-dimensional (5SD) spacetime
explicitly breaks the 5D diffeomorphism symmetry
yet preserves the requisite four-dimensional (4D) sym-
metry. Consequently, the most-general Lagrangian for
the model, consistent with the symmetries, allows local-
ized 4D terms that break the 5D diffeomorphism
symmetry.

Included among the set of such terms are the so-called
“brane curvature" terms, which can be thought of as
localized 4D kinetic terms for the bulk graviton. These
terms have received some attention in the literature [2],
though generally they are assumed subdominant.
Nonetheless, they should appear in the most-general
Lagrangian. Recently, the brane curvature terms received
attention due to their capacity to suppress the lightest
Kaluza-Klein (KK) graviton mass. In particular, it was
shown that large brane curvature [i.e., with an O(10)
dimensionless coefficient] can modify the spectrum of KK
gravitons such that the lightest KK graviton can have an
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O(10%) GeV mass, while retaining an O(TeV) lightest
KK vector [3-5].

In addition to the KK gravitons, the bulk 5D metric gives
rise to a graviscalar fluctuation, known as the radion [6,7].
This field is massless unless the length of the extra
dimension is stabilized. After stabilization, it acquires a
mass that is sensitive to the backreaction of the stabilizing
dynamics. The best-studied method for stabilizing the extra
dimension relies on a bulk scalar that develops a nontrivial
background value to generate a potential for the radion
(as proposed by Goldberger and Wise (GW) [8,9]; also
see Ref. [10]).

The common origin of the radion and KK gravitons, as
fluctuations of the bulk metric, means both are sensitive to
brane curvature terms. Motivated by recent interest in large
brane curvature, in this work, we investigate some effects of
brane curvature terms on the properties of the radion in a
GW-stabilized RS model. We consider the modification to
the radion mass and couplings due to the brane curvature
and further consider the effects of an IR-localized non-
minimal coupling to the Standard Model (SM) Higgs. Our
results generalize a number of the corresponding expres-
sions in Ref. [6] to include the effects of brane curvature.
We find that, in the GW stabilized model, a nonminimal
coupling to the IR Higgs does not allow one to avoid the
ghostlike radion that arises for O(10) values of the IR
curvature. However, motivated by models with localized
Lorentz-invariance violation, we consider additional
IR-localized terms that may help remove the ghostlike
radion.
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Before proceeding, we note that a number of
works recently considered the RS model in relation to
the 750 GeV diphoton excess; see, e.g., Ref. [11].
For additional discussion of the spin-2 explanation, see
Ref. [12]. In our analysis, we consider the RS model with
a UV scale of M, ~ O(Mp;). However, the results are
readily adapted to the little RS model [13] and related
warped models [14], for which M, < Mp,. For early
discussion regarding localized terms in brane models,
see Refs. [15,16].

The layout of this paper is as follows. In Sec. II, we
describe the setup for our analysis and present some
consequences of the brane curvature terms for the case of a
massless radion (i.e., a nonstabilized RS model). These
results prove useful for subsequent analysis. We explore
the radion coupling to brane-localized matter in Sec. III
and turn to the more-general case of GW stabilized RS
models in Sec. IV. The effects of a nonminimal coupling
with an IR-localized SM Higgs are studied in Sec. V, and
additional IR-localized terms for the radion are considered
in Sec. VI. Comments regarding the interpretation in the
dual 4D theory are given in Sec. VII, and we conclude in
Sec. VIIL

II. RANDALL-SUNDRUM MODEL WITH
BRANE CURVATURE

To study the effects of the brane curvature terms on the
metric fluctuations, we employ the interval approach to
braneworld gravity [17-19]. This approach enables a
transparent treatment of boundary curvature terms, which
simply modify the boundary conditions (BCs) for metric
fluctuations. However, one must be careful to correctly
identify the available gauge freedoms in the presence of
such terms (for detailed discussion, see Ref. [20]). Before
proceeding, we note that earlier works have considered
the effects of brane curvature terms in the RS framework
using the orbifold picture [2,21] and for AdS5/AdS, in the
interval approach [18,19]. Let us also note that some
content in the following sections has overlap with
Ref. [20]. We include it here so the presentation is coherent
and (relatively) self-contained and note that (i) we present a
number of extra results, in relation to IR curvature, that
were not given in Ref. [20], due to the focus on UV
curvature in that work; (if) in the current presentation, we
focus on the case with M, ~ Mpy, relevant for RS models,
as opposed to the low UV-scale models of interest in
Ref. [20]; (iii) we subsequently generalize these results to
include a nonminimal coupling with an IR Higgs and
additional IR terms for the radion. These calculations reveal
the viable parameter space in which the radion is not
ghostlike for RS models with brane curvature and an IR-
localized Higgs. We find that, although the IR Higgs does
modify the viable regions of parameter space, the effect is
not large enough to allow O(10) values of the IR curvature.
Consequently, the mass of the lightest KK graviton is not
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expected to be significantly suppressed relative to the IR
scale in models with an IR Higgs.1 Our results general-
ize Ref. [6].

The RS model employs a warped extra dimension,
labeled by the coordinate y € [0, L], with a UV (IR) brane
of characteristic energy M, (e *M,) located at y =0
(y = L). The metric has the form

ds? = e, dxtdx? + dy* = GyydxMdxN, (1)

where M, N, ... (u,v, ...) are 5D (4D) Lorentz indices and
k denotes the AdSs curvature. The corresponding action,
including brane-localized curvature terms, is

S = / dsx\/I{ZMzR - A}
M
+ Z / d*x\/=g{MiR; - V;/2}
v g K. @
oM

The bulk Ricci scalar R is constructed with the bulk metric
Guyn, and M, is the 5D gravity scale. The brane-localized
curvature R; is constructed with the brane metric ¢/, (the
restriction of G,, to the relevant boundary) and has
coefficient M; on the ith boundary (i = UV, IR). The last
term is the usual Gibbons-Hawking boundary term [22],
with K being the extrinsic curvature of the manifold M.
This term is included to obtain consistent Einstein equa-
tions on the interval [17]. The action includes a bulk
cosmological constant A and brane tensions V;, which take
their usual RS values, V; = —24kM i@i, with bulk curvature

k =+/—A/24M3, and we use the notation 6yy =

—6ir = —1. For future purposes, we define the dimension-
less brane curvature coefficients v; = M?k/M? and

The calculation of the effective 4D Planck mass gives

, M —2kL
MP1:2_k{1+UUV_<1_UIR)e }. (3)

This includes contributions from both the bulk and brane
intrinsic curvatures. Observe that the Planck mass is rather
insensitive to the IR curvature, while a constraint of (1 +
vyy) > 01is required to ensure positivity of the Planck mass
(equivalently, to avoid a ghostlike massless graviton).
The different pieces have distinct interpretations in the
dual 4D picture, as we discuss in Sec. VII. Variation of the
bulk action gives the standard (bulk) equations of motion,

'Recall that the first KK graviton mass is only significantly
suppressed below the IR scale for large values of the IR
curvature [2].
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1 A
Ruyy —=GynvR = ———
MN = o ZMN AM3

G- (4)
The boundary conditions follow from the variations of the
4D brane action and the Gibbons-Hawking term, combined
with surface terms resulting from the variation of the bulk
action, giving [18]

Ui

1 1
|:E (R/,w - Eg/wR) + Eg;u/kwi

+ 91‘ Vv GSS (g/w.S - gﬂvgaﬁ,Sgaﬂ):| =0. (5)

Y=)i

This equation should be evaluated separately at the boun-
daries y = 0, L. We work in a “straight gauge,” defined by
G,s = 0 [18], without loss of generality. Expanding about
the background metric, Gy = G%y + hyy, with zeroth-
order metric Gy, = e™*"n,,, and Gi5 =1 with G5 =
h,s = 0 in a straight gauge, the boundary conditions give

(indices are raised with g = e2yv)

V; ~
2_k {hay,va + h(ll/,[la - h’ﬂl/,(la - h,;w - gﬂu(haﬂaﬂ - h,aa)}

+ 0,{2khy, + by s — guhs —3kguhss}|  =0.
y=Yi
(6)
For massive 4D modes, the tensor A, can be written as
Ry = by +0,V, +0,V, +e0,0,8 + G,S,,  (7)

where h,, is now transverse traceless with 5 degrees of
freedom, 0%, = naﬂhaﬁ =0, and V, is transverse,
0*V, = 0. Also, S| and S, are scalar degrees of freedom.
One can show that the physical massive modes are
contained in £, [20]. Performing a gauge transformation,
with 4D gauge parameter &, the transverse component of
¢, is used to gauge away V,, while the longitudinal part
removes one of the scalars. The boundary conditions force
the remaining scalar to vanish, absent fine-tuning among
the brane curvature terms [20].

Writing the KK expansion for the physical fluctuations
as

B (x.5) = K. (x)f, (7). (8)

where «, is chosen to give the 4D fields h,(,',i) a canonical
mass dimension, the solution in the bulk is

£a0) =37 {Jz (’"7 ek>’> +h.Y (%e"«‘) } (9)
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with m,, the mass of the nth spin-2 KK mode. Applying the
boundary conditions gives

i 11(z) - (ziwibi/2) 15 (z:)
Pn= Yi(z;) = (z0:0:/2)Y2(z;) (10)

where z; = m, e®i /k. The KK masses follow by enforcing
PV =pR=p  The mass for light IR-localized KK
modes has a negligible dependence on the UV brane
term—one can essentially take vyy = 0 without modifying
the spectrum. On the other hand, the IR term vz modifies
the KK masses in a nontrivial way [2]. For v; — 0, the KK
masses reduce to the usual RS values [23]. We note that the
additional factors of 1/2 in Eq. (10), relative to Ref. [2], can
be removed by rescaling the value of v; in Eq. (2). This
factor reflects the use of an interval rather than an orbifold
[much as the brane tensions in Eq. (2) are smaller by a
factor of 1/2, relative to the orbifold picture]. This scaling
would introduce a factor of 2 in many equations below, so it
is simpler not to rescale. In our notation, the limit of large
IR curvature gives a lightest KK graviton with mass
approximately given by mg =~ 2e ¥k /\/vr/2. We note
that the IR curvature of r;, = 10/k in Ref. [3] corresponds
to vig =20, while r;, =7 in Ref. [5] corresponds to
vr ~ 14, and values of y, ~ —7.6 < 0 in Ref. [4] corre-
spond to v1g > 0, due to a notational difference. Also, we
mention that, in general, the bounds on KK graviton masses
are sensitive to the model-building details of a given RS
model. In particular, the constraints depend on the size of
the coupling between the KK graviton and SM fields and
are therefore sensitive to the localization of the SM fields in
a given RS model.

The spin-2 spectrum contains the usual UV-localized
massless graviton, with profile

_ 2k
foly) =e 2ky\/1 e Ry e R (11)

A further massless mode (the scalar radion) is present in the
spectrum. This state acquires mass once the length of the
extra dimension is stabilized, with the corresponding mass
dependent on the backreaction of the stabilizing dynamics
[6], as we discuss below for the Goldberger-Wise mecha-
nism. However, it shall prove instructive to first comment
on the massless radion, as some results remain useful in the
weak backreaction case.

Thus, turning our attention to the graviscalar fluctua-
tions, we note that in a straight gauge one can always use
remnant gauge freedom to write the metric fluctuation /55
as [18,19,24]

hss(x*,y) = F(y)w (). (12)

Here, F(y) is an arbitrary function of y satisfying
JEdyF(y) #0. An arbitrary hss can be cast into the
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form (12) via a general 5D coordinate transformation,
M — XM 4 EM | with & = 0 and [18,19,24]

1 1 [y
&= E/y dyhss —5/) dyF(y)y. (13)

a*[n + V,V, Py +1,, (2P, — ad Py)]

G =
MN < 0

Here, a(y) is the background warp factor, and P, are
spin-zero perturbations that are functions of x* and y. This
parametrization is motivated by the gauge-invariant forms
of Refs. [25,26] and is such that the Einstein equations have
a simple structure. For a detailed discussion of the gauge
freedoms and the gauge transformations that allow one to
write the scalar perturbations in this form, see the Appendix
in Ref. [20]. Two of the bulk Einstein equations can be
cast as

0,0,(Py +2P,) =0 u#v, (15)

8</P1 >_0 7 (16)

Taking the integration constants to vanish (the perturba-
tions are localized in x), Eq. (15) relates P, and P;, while
Eq. (16) determines the y-dependence of P,. The remaining
bulk Einstein equation reduces to [1P; = 0, as expected for
a massless 4D field. The perturbation P5 is completely free
in the bulk, reflecting the remnant gauge freedom [20]. This
is related to the remnant gauge freedom in the massless
sector described in Refs. [18,19], and physical quantities do
not depend on (the bulk value of) P;. Boundary conditions
are derived from the two additional boundary Einstein
equations:

—v;

a(y;)[0:ka(y;) + vid (y;)]

Using the solutions to the above, one can compute the
effective 4D action for the physical scalar fluctuation. We
perform separation of variables and solve for the profile of
P, giving

Pi(y;) =

Pi(y;). (17)

Py =a>(y)y(x). (18)
This solution is consistent with the boundary conditions
(17) for general v; provided the arbitrary function P; has
P’ # 0 at the boundaries, in accordance with Eq. (17). For
the sources in Eq. (2), the solution for the background
metric has the standard RS form, a(y) = e~*. Ignoring 4D
surface terms (y vanishes at x* — o0) and inserting the
solution into the action, one obtains the effective 4D action
for scalar perturbations, up to O(y?), as
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The presence of the arbitrary function F(y) is a remnant
gauge freedom.

We find it convenient to write the most general form of
the metric with background and scalar perturbations as

0
). (14)
1+2P, — (a*P})
[
3M'§ 1 e—ZkL
_ 4 * kL _
Sow) _/d { [ (1 — VR 1+UUV)]
X (——r]’“’(') w(?,,z,//). (19)

Note that linear terms in y and additional quadratic terms,
which appear at intermediate stages of the calculation,
cancel out in the final result, providing a check. In
particular, higher-order derivative terms present at the
quadratic level in individual terms in Eq. (2) cancel out
in the full action.

The physical radion is defined as r(x)
the normalization constant is

= y(x)N,,, where

N2 — k o-2kL (1= vR)(1 + vyy)
voo3ml (1+vyy) = (1 = wR)e ™
o2kL
6M2 (1= oR)(1 + vyy). (20)

We immediately observe from Eq. (19) that the kinetic
term is only well behaved for vjg < 1, while the UV term
suffers no such constraint (one may safely take vyy > 1,
as in Ref. [20]). We assume that a ghostlike radion (a
wrong sign kinetic term) signals an instability of the
ground state of the theory and that it is desirable to fix
this in the traditional way by adding terms to the theory
and/or restricting the couplings. Note that the crossover
region between parameter space with/without a ghost
radion gives a vanishing kinetic term, meaning the theory
is strongly coupled; such regions should also be avoided.
Regarding parameter space with (1 + vyy) <0, one
should use Eq. (19), rather than Eq. (20), to determine
whether problems arise, due to the vyy-dependence of
Mp;. Observe that the radion kinetic term is not prob-
lematic for (14 vyy) <0, whereas it is sensitive to
the IR term, opposite to the massless graviton (this
has a clear interpretation in the dual 4D theory, as
discussed below).

It is worth emphasizing a point made above, with regard
to the fluctuation P3. In the limit »; — 0, one can use the
remaining gauge freedom to choose the form of the scalar
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fluctuations such that the derivative pieces in Eq. (14)
vanish, namely V,V,P5 and P; [20]. Thus, in the limit of
vanishing brane curvature, the standard parametrization of
the graviscalar metric fluctuations in RS [6,7,9] is found to
be consistent with the boundary conditions in the interval
picture. However, for v; # 0, one is unable to remove the
derivative pieces in Eq. (14) with a gauge choice while
simultaneously obtaining a solution that is consistent with
the boundary conditions [20].

ITII. RADION COUPLING TO BRANE MATTER

We now turn to the coupling of the radion to brane-
localized matter, which depends on the location of the
matter. Some expressions presented below generalize
results of Ref. [20] for the case with IR curvature.
Consider a set of matter fields localized at the boundary
y = y;. Expanding the metric in terms of a fluctuation f,,,
which only contains the spin-zero parts of the perturbation,
9w = Y + fou- integrating over the extra dimension, and
scaling the matter fields to bring the kinetic terms to
canonical form, the linear fluctuation term is

1
Slog) = =3¢ / dxn P fu T (21)

where T, is written in terms of the flat space metric (and
canonical fields). Consider the nonderivative couplings of
the graviscalar to 7,

eZky, |: v,»a’

- T + ... (22
Slow) == Gika—l—via’)]/ W+ (22)

where T =#»"T,, and we used Eqgs. (15)—(18). The
coupling of the physical radion r is

1
Slow) :E/d“x(ALi) xT+ ... (23)

with location-dependent coupling A. For matter localized
on the brane at y = y;, one has

-1 wf K 1 172
Al =e
' 3ME (1 + vyy) — (1 — vg)e -
% 1 —911)]
1—&1'1)[‘
- | £ j. 24
\/ge_kLMplx 1 =0, 7 (24)

One can summarize the brane radion couplings as

1- Hivi

Ai == ARS,i X l ;é j, (25)

PHYSICAL REVIEW D 94, 064045 (2016)

where Agg; is the usual RS radion coupling for matter on
the brane at y;. Thus, in the limit vyy g — 0, one obtains
the standard RS results. Note that the IR coupling is

1+UUV
l—vm

AR = ARsr ¥ ; (26)

which becomes strongly coupled for vz — 1. This corre-
sponds to the crossover region between having and avoid-
ing a ghostlike radion, such that the kinetic term vanishes,
as mentioned previously.

At first sight, the vz dependence of these couplings
appears unusual. Intuitively, one may expect the IR
coupling to diminish for increasing values of vz and the
UV coupling to have limited sensitivity to the size of vg.
However, one observes that increasing values of vy tend to
decrease the coupling at the UV brane and increase the
coupling at the IR brane. Actually, this behavior is not so
surprising. Recall that increasing values of vr cause the
strength of the kinetic term for the unscaled fluctuation
w = r/N,, to increase; see Eq. (19). After scaling y, this
translates into a suppression of the couplings to the radion
r, for increasing v1g. For UV-localized matter, this is the
only v dependence in the coupling, giving the inverse
sensitivity of Ay}, to vg. Note that for vyy — 0, the IR
coupling has a simple form, AR = Agrsr X VI — v,
while for ;g — 1, one has Ajj — oo, and the theory enters
a strong coupling regime. We comment more on this
coupling in Sec. VIL

As an additional point, we note that Eq. (24) displays the
expected dependence on the UV curvature vyyy. In the limit
vyy — 00, the UV coupling vanishes, Aalv — 0, with the
radion expelled from the UV brane. This corresponds to
decoupling 4D gravity by sending the 4D Planck scale to
infinity. On the other hand, the limit vyy — oo has little
effect on the IR coupling, which remains as Ajg ~ e ¥ M,
namely the characteristic IR scale. This makes intuitive
sense, given the interpretation of the radion as a composite
dilaton in the dual picture.

The preceding discussion is relevant for brane-localized
matter. However, it retains utility for models with bulk
fields. The radion couples conformally to matter. In models
where SM fermions are treated as zero modes of bulk
fermions, they typically remain massless until electroweak
symmetry breaking is triggered by an IR-localized Higgs.
Consequently, fermion masses arise locally on the IR brane.
The mass-induced coupling between the radion and SM
fermions therefore occurs locally on the IR brane, with a
strength controlled by Eq. (24), giving Al ~ et \/k/M;.
This statement is not sensitive to the localization profile of
the zero-mode fermion; information regarding the wave
function overlap with the IR brane is encoded in the
effective 4D fermion mass. The radion coupling to a
fermion f goes like (m;/A,) x rff, being smaller for
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an electron than a top quark simply because m, < m,,
regardless of the origin of this hierarchy (e.g., tiny input
Yukawa couplings or suppressed wave function overlap).2
A similar discussion holds for zero modes of bulk vectors
that acquire mass from an IR-localized scalar.

IV. RADION IN GW STABILIZED RS MODELS

In the preceding sections, the radion was massless as no
mechanism was employed to stabilize the length of the
extra dimension. Here, we briefly discuss the case where
the radion acquires mass due to radius stabilization via the
Goldberger-Wise mechanism [8]. This approach introduces
a bulk scalar ®, with localized boundary potentials, to
generate a potential for the length of the interval. The result
is a KK tower of physical scalars that contain an admixture
of the KK modes of ¢ and the graviscalar. The radion is
identified as the lightest mode in this KK tower.

With the GW scalar included, the complete action is

S = /Md5x\/—G{2M§R—%GMN8M<I>8N<I>—V((I))}
M3y,
4M2% v—9K /d“ - i{#Ri
+ v g +Z X\/—g 3
1
5/1,-(@))}. (27)

1
- MikW, - Zl‘,-g’waﬂ@ayq) -

We include brane kinetic terms for both the gravity (v;) and
scalar (#;) sectors. V(®) is the bulk potential for the scalar ®
(which subsumes the bulk cosmological constant), and 4;
are brane-localized potentials. The brane tensions kw; are
explicitly separated from the brane potentials, so 4;(®) = 0
for the background value of ®. The general analysis of this
system was presented in Ref. [20]. Here, we summarize a
few key results, which we subsequently generalize. For a
detailed discussion of the methodology, see Ref. [20].
Taking the usual warped metric ansatz,

ds* = a*(y)n,,dx"dx” + dy?, (28)

where the warp factor a(y) is to be determined, and
allowing the background value of ® to depend only on
y,3 one can obtain the equations of motion and boundary
conditions for the combined gravity-scalar theory. Two of
the boundary conditions remain as in Eq. (17), while the
other two have the form

*Note that for off-shell fermions the radion-fermion coupling
contains additional contributions such that the Higgs-like form of
the radion coupling to fermions appears in physical amplitudes
due to delicate cancellations; see Ref. [27].

*That is, we write ®(x*, y) = $(y) + P4(x*,y), where ¢(y) is
the background value for ®. See Ref. [20] for more details.

PHYSICAL REVIEW D 94, 064045 (2016)
[1:0,(\/=99" 0, ®) = \/=ghi s — 20,V —GG5N8N<I>]y:yi =0,
(29)

when expressed in straight gauge.4 The effective 4D theory
contains the following terms for the KK scalars,

SO N/ d*x <——r/"”8 W,y — %mzl;ﬂ), (30)

where m? is the mass of the KK mode and the normali-
zation factor is

/2 /

oM d 3am3 )
+ ¢’2p1) Yt Zk a(y; +9va( i)

+%Zti [IZM,%Q,- a(yi)pi(vi) +aly)pi(vi)

¢/()’i)
Uia()’i)zfﬁl()’i)pl(yi):r
ka(y;) + 60;v;d'(y;) |

L
N:6Mi/) (a Dy +24M3 ¢,2p1

+ (31)

In the above, the form of the background metric is not
specified. The point is that the potentials V(®) and 1;(P)
cause ¢ to obtain a nontrivial background value, which
combines with the bulk cosmological constant and the
brane tensions to source the metric. To calculate the radion
mass, one must specify a particular model by specifying the
form for the background scalar. To allow comparison with
existing results in the literature, we follow Ref. [6] and
consider a perturbed background of the form

aly) = e (1 —ge—m), (32)

P(y) = 2V2M e, (33)

valid in the region y € [0,L]. This corresponds to a
potential V(®) = (W 4)?/2 — W?/6M3 with W(®) =
12M3k — u®?/2 and the following boundary potentials,
2i(®) = =0 W (i) — O, W 4 () (® = ;) +7:(P — ),
(34)

with constants u, ¢;, and y;. The length of the extra
dimension is now dynamically fixed at L =
u="log(¢po/¢. ), with the weak backreaction limit defined

by k.¢;/v/2 < 1. We work to O(?) in the small parameter

*Additional useful forms of the boundary conditions appear in
Ref. [20].
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I = k.¢o/V/2, though the expression for ¢ holds to all
orders in /.

Writing the metric perturbation as P;(x*,y) =
p1(y)w(x"u), the solution for p(y) is a perturbed form
of the massless solution,

pi(y) = {1+ Lf(y)} x e (35)

The bulk equation for f(y) is the same as the case without
brane curvature terms [6],

4
f"+2k+u)f = 3 u(u —k)e 2 — 2, (36)

where m?> = [>in”. Observe that the radion mass is on the
order of the correction to the background—the backreac-
tion must be included to generate a nonzero mass.
The solution in the bulk is [6]

2 u 1
/ = —— 1 —_—— _2"07 — 7 2 Zk)’
F) 3u( k)e " 4k—|—2ue

+ Ae~2kFu)y (37)

where A is an integration constant. Working in the limit of
stiff brane potentials, 1; ¢ — o0, the boundary conditions
are [20]

2 2 u? 0,v;
! = ,—2uy - —2uy L) —
frague +3-e 1—9,~v~Ly, 0, (38

1

the enforcement of which allows one to determine the mass
of the lightest spin-zero state [20]

, AP (2k+ u)u? 1 e kL
m° = — -
3 k 1 — VIR 1 + Vyv

X (62(k+u)L _ e_ZkL)_l, (39)

This expression for the radion mass generalizes of the result
in Ref. [6] for the case of nonzero brane curvature, v; # 0.
There are two points worth making. First, one observes that
vr < 1 is required for the theory to remain consistent. In
particular, values of 0 < v < 1 tend to increase the mass of
the radion, relative to the standard RS result. This differs from
the case of the KK gravitons, where the increase in v
corresponds to areduction in the KK masses (as used recently
in relation to the 750 GeV diphoton excess [3-5]). Second,
while the mass is sensitive to the effect of the IR curvature,
VIR, 1t 1s rather insensitive to the UV curvature vyy.

In cases where it is desirable to have a heavy radion,
Eq. (39) might lead one to suppose that we could use the IR
curvature to achieve this while avoiding large perturbations
to the anti-de Sitter (AdS) background. However, one must
be careful, as, although values of v close to unity enhance
the radion mass, they also approach a strongly coupled
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regime in the radion interactions (corresponding to the
crossover region between having and avoiding a ghostlike
radion, where the kinetic term vanishes).

To determine the coupling of the radion to matter in the
stabilized extra dimension, one requires the normalization
constant N\ in Eq. (31). Unsurprisingly, we find

3 —2kL
N:3M*e2kL< L _ ¢ >+0<z2), (40)

k l—vIR_1+UUV

matching the nonstabilized result in Eq. (20) to leading
order. With this expression, one can repeat the calculations
of Sec. III to find the radion coupling to matter. To leading
order, the results match those in Sec. III, and, in particular,
the leading-order radion kinetic term is only well behaved
for vg < 1, signaling a ghostlike radion for v > 1.

It is unsurprising that the normalization factor A is
dominated by the O(I°) terms in the weak-backreaction
limit. The O(/?) corrections from the first two lines of Eq. 3
should clearly be subdominant for a weak backreaction.
However, one may ask if the brane-localized kinetic terms
for the GW scalar could be chosen sufficiently large to
overcome the O(I?) suppression, potentially modifying the
sign of the radion kinetic term in the presence of large IR
curvature. It is interesting to evaluate these ¢;-dependent
terms explicitly,

tEEM3 T3 3(m2/l2)e(3k+u)y,~
N EEME S ) ety
N Z 4 [u ¢ u(4k + 2u)

2ue(k_”))’i 2
N S — ey 41
- k(1 - eivi)] " 4

where the dots denote everything bar the O(I?)
t;-dependent terms. Here, m? is the radion mass in
Eq. (39), and A is the constant in Eq. (37). Using the
explicit expressions for m? and A to evaluate the O(1?) ;-
dependent terms, one finds that the terms shown in Eq. (41)
vanish identically. Thus, to O(I?), the normalization factor
N is independent of the brane kinetic terms ¢;. One
concludes that it does not appear possible to employ large
values of ¢#; to avoid the ghostlike radion that occurs
for vr ~ O(10).

V. RADION-HIGGS KINETIC MIXING

In the above, we considered a GW stabilized RS model
with brane curvature. The scalar spectrum consisted of a
KK tower of massive scalars, the lightest of which is the
radion. For model building purposes, one would sub-
sequently add the SM fields to the warped space. In
particular, one adds the SM Higgs boson, which should
be localized at (or toward) the IR brane in order to solve the
hierarchy problem. In general, the Higgs will mix with
the KK scalars, the most important consequence of which is
the mixing between the Higgs and the lightest mode,
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namely the radion.’ In addition to the evident phenomeno-
logical implications, the radion-Higgs mixing has a further
consequence. We observed previously that the radion mass in
the GW stabilized setup is only well behaved for relatively
moderate values of the IR curvature, vjg < 1. This obser-
vation is important with regard to efforts to suppress the
lightest KK graviton mass by employing values of
vir ~ O(10), as such models could suffer from instabilities.
It is also important for models seeking to generate a heavier
radion, as the IR curvature term can be used to increase the
radion mass. These conclusions, however, are drawn prior to
the inclusion of the Higgs-radion mixing. In this section, we
discuss the modifications to these observations due to Higgs-
radion mixing. The results in this section generalize a number
of results in Ref. [6] to include nonzero brane curvature.

We are interested in the case where the SM is added to
the warped space. For present purposes, we assume an
IR-localized SM Higgs,

So-— / d*x\/gr{(D*H)"(D,H) + V(H)}
e / /g H Reg, (42)

where we include an IR-localized nonminimal coupling.
There are two ways one can proceed to analyze the system
of Sec. IV with the SM Higgs added. The most-general
analysis involves deriving the full equations of motion and
boundary conditions for the gravity + ® + H system and
deriving the new KK spectrum for the scalar sector
(comprised of the radion, ®, and H). Alternatively, one
can treat the SM Higgs as a small perturbation on the
previously derived background solution and derive the
leading-order mixing effects between the Higgs and the KK
scalars. Here, we make a simple observation which allows
an intermediate approach.

Expanding the Higgs around its vacuum expectation
value (VEV), one has

$> g/ d*x\/gre* " (h* + 2vh + v*)R.,  (43)

where the Higgs is rescaled to the canonical kinetic form,
H — ¢"'H, with v < Mp, being the warped-down SM
VEV, v =246 GeV. Observe that the nonminimal IR
coupling gives two different physical effects. The O(v)
term induces Higgs-radion kinetic mixing, requiring one to
diagonalize the scalar kinetic terms, as discussed below. On
the other hand, the O(v?) term does not induce kinetic
mixing but instead gives a new contribution to the total
IR brane curvature. To treat this term, we can rewrite the IR
curvature as

*Note that the KK scalars can still influence radion production
and decay mechanisms, with the size of the effect dependent on
the size of the mass splitting between the radion mass and the KK
scalars.
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) d*xy/=gr{vir + Evy}Rg. (44)

with  the dimensionless coefficient vy = (kv?)/
(2¢72kL M) parametrizing the Higgs contribution to the
effective IR-localized curvature. This makes it clear that the
O(v?) term in the nonminimal coupling can be incorpo-
rated in our earlier analysis by the replacement v —
vr + &vy in the action (27). The results obtained via this
approach reduce to those obtained by the alternative
method of treating this term as a perturbation (see the
Appendix). Let us also emphasize that the KK graviton
masses are sensitive to the total IR curvature and are thus
sensitive to the value of vy for & # 0.

With the above observation, one easily includes the
effects of the Higgs-induced IR curvature into the full
equations of motion and boundary conditions, following
the analysis of Ref. [20] (as outlined in the preceding
section). To quote a few key results, the expression for the
Planck mass becomes

3

M3 )
M%1:§{1+UUV_(1 — v — Evy)e M}, (45)

along with a related change to the massless graviton profile.
One of the IR boundary conditions changes to

— (v + &vy)
a(yw)[ka(yr) + (vir + Evy)d (Yr)

P’a(yuz) = ]Pl(yIR),

(46)

and the leading-order expression for the radion normali-
zation factor becomes

3M:3 1 e~k
LY e T

N =
vR +&vy) 1+ vgy

(47)

The stiff brane-potential limit expression for the boundary
conditions, Eq. (38), also changes, and the new O(I?)
expression for the radion mass is

, AP (2k 4 u)u? < 1 e kL >
- I_UIR_gvH 1+UUV

m

3k
x (kL _ g=2kL)=1, (48)
With the O(v?) term incorporated into the full equations

of motion and boundary conditions, we now treat the O(v)
term as a perturbation on the new background solution.’
The calculation makes use of the following result for the
linear terms in the radion fluctuation,

®Note that we are not performing an ex;z)ansion in the
parameter v here; references to O(v) and O(v*) terms in the
nonminimal coupling are made purely for labehng purposes.
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3ka*(y;) p1(y;) Oy
iR. p—
Vo ka(y;) + 0;v;a'(y;)

+o (49)

where one should use the total brane curvature for the IR
brane, v; - v + Evy. Using this result to extract the
kinetic mixing gives

3¢ /
§>— 2 | d*xe*ohOy. 50
(1 -vr —&vy) (30)

We perform a partial rescaling of the radion kinetic term,

(1 + UUV)
= — 51
y=rx 6M12,]e‘2k’~ ( )

such that the kinetic mixing term is

VT F ooy A
g by )/d4thrEE/d4thr,

ARS,IR (1 —vR — vy

(52)

where we define B = (1 — vig — vy ). This partial scaling
allows our results to be readily compared with Ref. [6].
The mixed kinetic Lagrangian contains the terms

el ()

which are diagonalized by the following GL(2)

transformation,
z-! 0 /
()~ ( () o
h —-A(BZ )‘1 1 n

Z2=B"'-(A/B)?
_ T —vg—Svy — 9% (1 + vyy)

where

(55)
(1 —URr — 5”}1)2
Here, we adopt the notation of Ref. [6]:
v v
4 (56)

CArsir V6e My

The quantity Z? in Eq. (55) corresponds to the coefficient
of the radion kinetic term after the kinetic mixing is
diagonalized. It should be strictly positive to ensure the
kinetic term is positive definite and avoid a ghostlike
radion. Equation (55) generalizes the result in Ref. [6]
for the case with localized brane curvature. We can consider
various limits of this expression. The limit y> < 1 gives
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3 2
22 =(1- UIR)_z{l - VR +%[1 —6&(1 + UUV)]}

+o (57)

Taking the further limit of vanishing brane curvature,
vruv — 0, gives

2= 14287(1-60), (58)

which matches the expression in Ref. [6].7

Returning the curvature terms, v yy # 0, and demand-
ing that the radion is not ghostlike, Eq. (57) shows that one
should restrict £ to the range

f<E<eE, (59)

where

§p =

! ){li {1+16(1+vuv)(1—vm)} 1/2}'

12(1 4 vyy r

(60)

This expression also generalizes Ref. [6]. Note that it
appears difficult to select values of & consistent with
vir ~ O(10). The only hope arises for values of
0<(1+4+wvyy) <1, specifically, with (14 vyy) =
e x y2/[16(vg — 1)] < 1 for small e.* However, this sol-
ution is misleading; it gives &, o (vjg — 1)y 2, such that
the original expansion in y < 1 cannot be trusted for & in
therange £_ < & < &£, given that y is multiplied by a factor
of & or £ in Eq. (57). This failure to find values of & that
avoid a ghostlike radion for vz ~ O(10) is best understood
via Eq. (55), which gives the more-general constraint for
avoiding a ghostlike radion in the presence of brane
curvature and a nonminimal coupling to an IR Higgs,
namely

VR + Evy + 9E (1 + vyy) < 1. (61)

One notes immediately that no solution with O(10) IR
curvature appears possible, given that the last term on the
left-hand side is positive definite. Naively, one may expect
that a cancellation could be arranged between the terms v
and &vy, such that v ~ O(10) is allowed. However, the
brane curvature relevant for modifying the KK graviton
mass is the total IR curvature, so a suppressed KK graviton
mass requires v + vy ~ O(10) in the presence of the
nonminimal coupling. Thus, no such cancellation is avail-
able. We conclude that it appears difficult to reconcile the

" After correcting for a notational difference.
¥Recall that (1 + vyy) must be strictly positive, to avoid a
ghostlike massless 4D graviton.
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constraint in Eq. (61) with O(10) values of the total IR
brane curvature. Small values of the IR curvature, con-
sistent with the above constraints, remain viable.

In the basis with Higgs-radion kinetic mixing, the scalar
mass terms are diagonal: £ D —m?r?/2 —mih?/2.
However, diagonalizing the kinetic terms induces mass
mixing. Defining the physical mass eigenstates as

T'm cos@ sinf r
= ) , (62)
h,, —sinf cosf@ /) \ I

the mass eigenvalues are

1
W {m232 + m%BZ(AZ + BZ) Zl: Am},

2
my =

where

A, = [(m*B>+ m2BZ(A? — BZ))? — 4m}A%(BZ)*]'/?,
(63)

and, as previously, m? is the radion mass prior to mixing,
B = (1—wvR —¢évy), A =3E+/1+ vyy, and Z is defined
by Eq. (55). The identification of the physical Higgs and
radion with m,. depends on the mass ordering; the physical
radion has mass m_ (m_) if it is heavier (lighter) than the
physical Higgs. The mixing angle is

2ABZm%l

tan 20 = .
N T BT+ mBZ(A’ - BZ)

(64)

Writing the above results for the mixing angle and
eigenmasses in terms of the explicit expressions for A,
B, and Z produces cumbersome expressions that are not
particularly enlightening. One can consider various limits
of the results, however. As an example, for y < 1, the
mixing angle reduces to

6mﬁ§y\/1 + vyy

2

tan 20 =
m*(1 —vR) —mj

(65)

which is the generalization of the result in Ref. [6]
for vir yv # 0.

Our results show that the inclusion of Higgs-radion
mixing via an IR-localized nonminimal coupling does not
provide a means for avoiding a ghostlike radion in a GW-
stabilized RS model with large IR curvature. Of course, the
radion mass is dependent on the backreaction of the
stabilizing dynamics, and one may wonder if the ghostlike
radion can be avoided in the case of a strong backreaction,
perhaps with different stabilizing dynamics. We have
nothing insightful to say regarding this possibility, though
we note that the strong backreaction would also affect the
mass of the KK gravitons. Other possibilities include taking
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the Higgs “off the wall” [21] and into the bulk or
considering warped models with a different mechanism
of stabilization. In Ref. [28], the effects of bulk SM fields
on the radion couplings were studied; however, it would be
interesting to study this scenario with additional brane-
localized curvature terms. Leaving these points aside, we
now turn our attention to some alternative IR terms.

VI. ADDITIONAL IR TERMS FOR THE RADION

In a certain sense, the use of branes in the RS model
means the brane-localized action needs only satisfy the 4D
diffeomorphism symmetry. This allows a number of addi-
tional terms that, in general, should be included in the most-
general Lagrangian. This fact was already invoked to
motivate the study of brane curvature terms and the
nonminimal coupling to the IR Higgs. Motivated by the
work of Ref. [29], in this section, we comment on a class of
brane terms involving the radion.

Reference [29] considered explicit brane-localized mass
terms for the spin-2 metric fluctuations hm,.9 Such terms
explicitly break the 5D general coordinate invariance and
essentially force one to choose a gauge. Given recent interest
in RS models with large IR curvature, and the inherent
problem of the ghostlike radion, here we comment on
localized terms for the scalar metric perturbation /55, which
preserve the local 4D symmetry but break the 5D general
coordinate invariance. Such terms could arise in the presence
of a bulk gauge field which obtains a VEV along its fifth
direction, as studied in Ref. [31] in the context of Lorentz-
invariance violating warped models. Reference [31] consid-
ered terms of the form u*u®R 4z, denoting the VEV of the
vector field as u = (0,0,0,0, 1), and showed that including
such couplings in the bulk leads to a mass for the graviton.
Thus, such couplings should be prohibited in the bulk.
However, allowing the couplings locally on the branes
preserves the massless graviton and generates brane-local-
ized interactions of the form AR5, which break 5D diffeo-
morphism invariance while retaining the 4D symmetry. With
the 5D symmetry broken on the branes, one expects the brane
Lagrangians to contain the most-general set of operators
consistent with local 4D diffeomorphism invariance. Some
of these terms can be of interest with regard to the ghostlike
radion, as we now discuss.

Reference [29] employed a gauge with h,5 = hss = 0.
After fixing the gauge, a boundary mass was added for the
metric perturbation, with the corresponding O(h?) brane
Lagrangian having the form ~{h,,h* — (hj;)*}. In this
work, we employ a straight gauge with h,s =0, while
hss # 0. By analogy with Ref. [29], we consider O(h?)
brane-localized terms for the radion that break the 5D
Lorentz symmetry locally on the brane. In particular, the

Note that Ref. [30] considered an explicit bulk mass for the
graviton in RS models.
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most-general Lagrangian, consistent with localized
Lorentz-invariance violation on the IR brane, contains
the following additional terms IR terms, which are con-
sistent with 4D Lorentz invariance:

M3
oS = —3537/ d*x\/=gir 9" 0,,hs50,hss

~énk [ dxy e, (66)
Treating these terms as perturbations on the background,

the first term is an IR-localized kinetic term for /55, which
. . . . . . 10
gives a new contribution to the kinetic Lagrangian,

1 8 3m3 ,
58 D —Eﬁ <T€2k1‘) /d4x(”]ﬂ aﬂwayl//)v
(67)

while the second term gives a new contribution to the
radion mass,

1 4e4kL¢2
88D ——— = | d*xy
2(1- UIR)2/ W

Let us focus on the kinetic term first, taking the limit
£, < 1. Combining the new kinetic term with the preex-
isting kinetic terms gives

(68)

1 1
S+8685D / d*x (—/\/’511””8”1//81,1// - /\/Emzy/z),

(69)

where the normalization factor is now

3m3 1 8¢y e~2kL
N = *esz( + _ )+(’)12
k l—vg  (1-og)* 1+oyy ()
3M3 8&y
=N ==t +O(). (70)
k (1 - ”1R)2

Interestingly, the new contribution to the kinetic term can
apparently cure the problem of a ghostlike radion for large
IR curvature, provided one has

(UIR - 1) < 850 (71)
Thus, for values of vy ~ 15, which can achieve an
O(10%) GeV KK graviton, one obtains the constraint
£y > 14/8 = 1.75. For our parametrization of the IR
kinetic term in Eq. (66), it appears possible to avoid a
ghostlike radion with &; = O(1). Note that the radion mass

lOHere, vr can include the contribution from the IR Higgs, if
desired.
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is now m? = (N/N")m?, which is nontachyonic for the
parameter space that avoids a ghost radion; the product
N x m? is positive for vg > 1 (both A/ and m? are
negative for vz > 1). Consequently, provided & satisfies
Eq. (71), one has N’ > 0 to ensure the radion kinetic term
is positive definite and m? > 0 is automatically positive.
Thus, the IR kinetic term for the radion in Eq. (66), which is
consistent with the 4D symmetries of the theory, may help
avoid the ghostlike radion that occurs for large values
of VIR-

With this observation, we can reconsider the radion
coupling to IR matter to include the effects of the IR-
localized kinetic term. We find that the IR coupling is
modified to take the form

_ _ 1+ 858 -1/2
AR = ARl g X 1/ o -1 ., (72
IR RS.IR X e —1 (o = 1) (72)

where we write the result for the case of vjg > 1, assuming
&y is chosen to ensure positivity of the radion kinetic term.
The key point here is that avoiding the ghostlike radion has
produced a brane coupling that is also well behaved
for g > 1.

Turning now to the IR-localized mass term, in the limit
where the new kinetic piece is negligible, {5y <« 1, the
quadratic action for the radion is

So N/ d*x (—;n"”aﬂwapw - % (m? + 5m2)y/2>, (73)

where N is the prior normalization factor and the new mass
correction from the localized IR action is

64¢,

ZZkZe—Z(k+u)L )
3<1 - UIR)

om? = (74)

The mass m?> was found earlier in Eq. (39). Observe that the

mass correction has the same parametric dependence on the
warp factor, the backreaction, and the IR curvature as m2,
namely om? o« (1 — vg) ™" Ze= 2K+,

At the end of Sec. IV, we saw that the IR brane curvature
term could not be used to significantly enhance the radion
mass without making the radion interactions strongly
coupled. In this regard, it is interesting to note the effects
of the brane mass term for /55. Working in the limit of small
backreaction, u < k, and comparing Eq. (74) to Eq. (39), we
see that sm?/m? ~ 8k?&,,/u?, seemingly allowing one to
increase the mass. Of course, if the boundary mass becomes
too large, one should incorporate it into the full BCs.

We emphasize that our comments in this section,
regarding additional IR terms for /55, are motivated by
scenarios with brane-localized 5D Lorentz-invariance vio-
lation. The operators we studied form part of the most-
general set of brane terms that break 5D diffeomorphism
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invariance, while retaining the 4D symmetry, and are
expected to appear in models with localized Lorentz-
invariance violation. Our main point is to mention that
such operators may offer hope of avoiding a ghostlike
radion. It would be interesting to undertake more-detailed
studies of warped models with brane-localized Lorentz-
invariance violation to explore these matters further.

VII. COMMENTS ON AdS/CFT

According to the AdS/CFT correspondence [32], RS
models are thought to be dual to strongly coupled 4D
theories that are (approximately) conformal for energies
M, > E > e "M, [33]. Conformal symmetry is broken
explicitly in the UV by a cutoff (dual to the UV brane) and
spontaneously in the IR (dual to the IR brane). UV- (IR-)
localized fields in the 5D picture are dual to fundamental
(composite) fields in the 4D theory. More precisely, the UV
value of a given bulk field in the 5D picture is dual to a
fundamental field that is external to the strongly coupled
4D sector (see, e.g., Ref. [34]). Here, we make a few basic
comments regarding RS models with brane curvature.""

Recall that the effective 4D Planck mass is

Mgy + M3
2k 2k

M3, = {1 -1 -wgr)e}, (75
including contributions from both the bulk and brane
curvatures. The different pieces have distinct interpretations
in the dual 4D picture. The UV brane contribution,
M3y, = vyyM: /k, results from a UV-localized curvature
term. As such, it corresponds to a kinetic term for the
fundamental spin-2 particle associated with the UV restric-
tion of the bulk 5D graviton [36]. The true massless
graviton does not correspond exactly to this fundamental
spin-2 field but instead contains a small admixture of the
massive spin-2 composite states. This admixture is tiny,
however, as is evident by the high degree of UV locali-
zation for the massless zero-mode in the RS picture—that
is, the UV value of the bulk graviton field is overwhelm-
ingly dominated by the value of the zero mode (i.e.,
massless graviton).

The origin of this “fundamental” contribution to the
Planck mass is separate from the dual conformal field
theory (CFT) dynamics. For vz — 0, however, the remain-
ing pieces in Eq. (75) encode a dynamically generated
contribution to the Planck scale, induced by CFT loops;
1.e., in the limit M%V — 0, the Planck mass (equivalently,
massless graviton kinetic term) is fully induced by CFT
loops. Taking the further limit L — oo, the RS expression
for the Planck scale is M3, ~ M3 /k, which should corre-
spond to the induced Planck mass from a CFT with UV

""To the extent that the following discussion contains useful
content, it is, in part, attributable to Ref. [35]. Any errors,
however, are the responsibility of the authors.
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cutoff k. The latter has the form M3, ~ ck?, with ¢ being
uniquely determined by the corresponding central charge of
the CFT. The holographic calculation of ¢ via 5D super-
gravity gives (M, /k)* [37], so M, ~ M3 /k is in agreement
with the RS result."? For finite L, the dual CFT has a further
source of conformal symmetry breaking in the IR, at the
scale M1z = e k. Now, the CFT-induced Planck mass is
modified due to CFT symmetry breaking scale in the IR,
giving M3 ~ c(k* — M%), in agreement with the limit
vyv.r — 0 of Eq. (3).

Turning on the IR term, v # 0, the additional term in
Eq. (3) encodes a change to the CFT-induced Planck mass
due to some modification of the IR dynamics. While it is
difficult to make precise statements about the strongly
coupled sector in the dual 4D theory, it seems clear that
the IR-localized brane curvature is dual to some modification
of the kinetic terms for the spin-2 composite states. Given that
the massless graviton is largely comprised of the fundamen-
tal spin-2 field, one may not expect that modifying the
composite spin-2 kinetic terms would affect the kinetic term
for the massless graviton. However, the massless graviton
contains a small admixture to the composite spin-2 states,
and a modification to the kinetic terms for the spin-2
composites should induce a highly suppressed modification
of the kinetic term for the massless graviton—i.e., it should
generate a mixing-suppressed contribution to the Planck
mass. This naive expectation is borne out by Eq. (75), where
the suppressing factor e > encodes the tiny mixing between
the fundamental graviton and the spin-2 composites. Indeed,
explicit calculations, in the so-called holographic basis, show
that the mixing between the fundamental spin-2 state and the
lightest composite spin-2 state is sin 0, ~ e™2 [34], in
agreement with the above."

Based on an inspection of the 4D Planck mass in
Eq. (75), one may naively interpret the effect of the IR
term as corresponding to a change in the effective IR scale
of the broken CFT. It is instructive to consider this point.
The standard expression for the Planck mass in RS models,
without brane curvature terms, can be written as

2 M.\’ 2 2
My = 2k x (k* — Mig). (76)

If one shifts the IR brane to a new location, L — L + 6L,
the IR scale shifts accordingly to M, = e ¥+ k modi-
fying the expression for the Planck scale,

In the language of a dual large-A" gauge theory, the induced
Planck scale is ~k>A2, where N2~ (M,/k)? relates to the
number of colors in the dual CFT.

Note that a massless mode from a bulk vector with IR kinetic
term does not have this severe suppression of the IR-term
dependence, as the fundamental/composite mixing is much larger
in the spin-1 sector.
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iy = () <@ -, o)

Comparing this expression to Eq. (75), it appears that the
same effect can be obtained by including an IR brane
curvature term with coefficient vz, while keeping the brane
fixed at y = L. Specifically, for vjg < 1, we define

Mﬁf{ = v/ 1- ’UIRe_kLk = 4/ 1- UIRMIRv (78)

such that the 4D Planck mass Eq. (3) is written as
2 M.\ 2 )2
= () xw-omg. 09)

where we take vy = 0 to focus on the effect of the IR
term. Comparing with the standard RS result (76), it
appears that the effect of the IR curvature term is to modify
the effective IR scale. In particular, values in the range 0 <
vr < 1 tend to decrease the effective IR scale in a way that
appears similar to the increase in length L — L + 6L
with 5L = (3}) x log(1 — v ).

If this were correct, one could immediately deduce some
additional consequences of the IR curvature. In RS models,
the radion couples conformally to IR-localized fields as
(r/Ags)T, where T is the trace of the stress-energy tensor
and Agg is a dimensionful coupling on the order of the IR
scale, Agg ~ Mz. With this information, one can guess the
effect of the IR curvature term on the coupling of the radion
to IR-localized fields:

Ags ~ M > A~ M = /1 — oM. (80)
Thus, values of 0 < vz < 1, which tend to decrease Mflf{ ,
would tend to increase the coupling of the radion to IR
fields, as this goes like A~'~ (M{F)~'. Conversely,
values of vjg <O tend to decrease the strength with
which the radion couples. In Sec. III, we explicitly
calculated the radion coupling to IR matter in the
presence of IR curvature and obtained a result in agree-
ment with this naive guess.]4 It is interesting that the
above interpretation of the IR term allows one to
foreshadow our conclusions so easily. Similarly, the
interpretation of the IR curvature term as modifying
the effective IR scale in the gravity sector suggests that
the KK graviton masses should decrease for 0 < v < 1,
consistent with explicit calculations [2].

While the above line of reasoning may have utility, one
should refrain from taking the interpretation of a modifi-
cation to the IR confinement scale too seriously. This is
evidenced by the failure of the IR curvature term to modify

"“Note that the effective coupling for the nonminimal term
hvRg also has the expected form based on the above reasoning,
once the radion kinetic term is brought to canonical form.
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the KK masses for other bulk fields; i.e., the KK decom-
position of a bulk vector gives a spectrum that is insensitive
to the presence of an IR curvature term, implying that the
spin-1 composite spectrum is not sensitive to this modifi-
cation. Thus, the interpretation in terms of a change to the
IR scale appears to be a mere coincidence—the IR
curvature represents a change to the kinetic terms for the
composite states, which affects the massless graviton
kinetic term via mixing, in a way that mimics the effect
of a modification to the IR/confinement scale.

Regarding the radion, it is interesting to note that the IR
curvature affects the graviton and radion kinetic terms in
different ways. The radion is highly IR localized and is dual
to a dilaton that is overwhelmingly composite. This
situation is opposite to that of the graviton. Thus, the IR
curvature, which encodes a modification to the kinetic
terms for the spin-2 and dilaton sectors, should induce an
unsuppressed change to the dilaton kinetic term. This
behavior is seen already in Eq. (19). The radion kinetic
term is highly sensitive to the IR curvature, whereas it is
relatively insensitive to the UV curvature, opposite to the
massless graviton. These different sensitivities of the radion
and graviton to the IR and UV curvature are consistent with
the dual picture.

VIII. CONCLUSION

The most general Lagrangian for RS models includes
brane-localized curvature terms on both the UV and IR
branes. These terms can modify the spectrum of KK
gravitons, as studied recently in relation to models with
an O(10%) GeV KK graviton [3-5]. The brane curvature
also has consequences for the properties of the radion. In
this work, we investigated some of these properties for a
general RS model, both with and without GW stabilization.
We showed that the brane curvature can modify the radion
mass and couplings. Furthermore, demanding a nonghost-
like radion gives a restriction on the allowed parameter
space for the curvature terms. We investigated the effects of
a nonminimal IR coupling with the SM Higgs to determine
the parameter space consistent with a nonghostlike radion.
Our results generalize a number of expressions in Ref. [6]
to the case with nonzero brane curvature. Unfortunately, the
resulting modifications did not remove the ghost-radion
encountered for O(10) values of the IR curvature.
Motivated by models with brane-localized Lorentz-invari-
ance violation, we also considered additional IR terms for
the radion, showing that such terms offered some hope for
avoiding the ghost radion. Our results suggest it could be
interesting to further study such models.
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APPENDIX: WEAK BOUNDARY CURVATURE
LIMIT

In our analysis, we included the Higgs-induced IR
curvature in the full equations of motion and boundary
conditions, arriving at an action, to quadratic order in the
radion, with the form

SDN/d“ (——n””a wayv/—%mzv/z), (A1)

with normalization factor

PHYSICAL REVIEW D 94, 064045 (2016)

> + O(P).

(A2)

3M3 1 e—ZkL

¥ kL _
N= k k¢ <1—(UIR+§UH)

1+’UUV

In the limit vy < 1, an expansion to O(vy) gives

3Mm3 2kL< 1 e kL )
e —
k 1- VIR 1 + Uyv

3M: Q2L Svy
k (1—UIR)

The O(vy) piece of the radion kinetic term agrees with that
obtained by treating the nonminimal coupling term
~EV?Rig as a perturbation on the background obtained
without the IR Higgs.

N =

+o (A3)

[1] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370
(1999).

[2] H. Davoudiasl, J.L. Hewett, and T.G. Rizzo, J. High
Energy Phys. 08 (2003) 034.

[3] A. Falkowski and J. F. Kamenik, Phys. Rev. D 94, 015008
(2016).

[4] J. L. Hewett and T. G. Rizzo, arXiv:1603.08250.

[5] B.M. Dillon and V. Sanz, arXiv:1603.09550.

[6] C. Csaki, M. L. Graesser, and G. D. Kribs, Phys. Rev. D 63,
065002 (2001).

[7] K.-m. Cheung, Phys. Rev. D 63, 056007 (2001); C.
Charmousis, R. Gregory, and V. A. Rubakov, Phys. Rev.
D 62, 067505 (2000); T. Tanaka and X. Montes, Nucl. Phys.
B582, 259 (2000); J. Garriga, O. Pujolas, and T. Tanaka,
Nucl. Phys. B605, 192 (2001); M. Chaichian, K. Huitu, A.
Kobakhidze, and Z. H. Yu, Phys. Lett. B 515, 65 (2001);
T. G. Rizzo, J. High Energy Phys. 06 (2002) 056; L. Kofman,
J. Martin, and M. Peloso, Phys. Rev. D 70, 085015 (2004); C.
Csaki, J. Hubisz, and S.J. Lee, Phys. Rev. D 76, 125015
(2007); Y. Eshel, S.J. Lee, G. Perez, and Y. Soreq, J. High
Energy Phys. 10 (2011) 015; S. Bhattacharya, M. Frank, K.
Huitu, U. Maitra, B. Mukhopadhyaya, and S. K. Rai, Phys.
Rev. D 91, 016008 (2015).

[8] W.D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83, 4922
(1999).

[9]1 W.D. Goldberger and M. B. Wise, Phys. Lett. B 475, 275
(2000).

[10] O. DeWolfe, D.Z. Freedman, S.S. Gubser, and A. Karch,
Phys. Rev. D 62, 046008 (2000).

[11] P. Cox, A.D. Medina, T.S. Ray, and A. Spray, arXiv:
1512.05618; A. Ahmed, B. M. Dillon, B. Grzadkowski, J. F.
Gunion, and Y. Jiang, arXiv:1512.05771; H. Davoudiasl
and C. Zhang, Phys. Rev. D 93, 055006 (2016); S.B.
Giddings and H. Zhang, Phys. Rev. D 93, 115002 (2016);
M. Bauer, C. Hoerner, and M. Neubert, J. High Energy
Phys. 07 (2016) 094; C. Csaki and L. Randall, J. High

Energy Phys. 07 (2016) 061; N. Chakrabarty, B.
Mukhopadhyaya, and S. SenGupta, arXiv:1604.00885; C.
Han, H. M. Lee, M. Park, and V. Sanz, Phys. Lett. B 755,
371 (2016); A. Carmona, Phys. Lett. B 760, 502 (2016).

[12] V. Sanz, arXiv:1603.05574.

[13] H. Davoudiasl, G. Perez, and A. Soni, Phys. Lett. B 665, 67
(2008); H. Davoudiasl, T. McElmurry, and A. Soni, Phys.
Rev. D 82, 115028 (2010); K. L. McDonald, Phys. Rev. D
77, 124046 (2008).

[14] K. L. McDonald, Phys. Lett. B 696, 266 (2011); M. Duerr,
D. P. George, and K. L. McDonald, J. High Energy Phys. 07
(2011) 103; D. Croon, B. M. Dillon, S.J. Huber, and V.
Sanz, J. High Energy Phys. 07 (2016) 072.

[15] G.R. Dvali, G. Gabadadze, and M. Porrati, Phys. Lett. B
485, 208 (2000); S. L. Dubovsky and V. A. Rubakov, Int. J.
Mod. Phys. A 16, 4331 (2001); M. Chaichian and A.B.
Kobakhidze, Phys. Rev. Lett. 87, 171601 (2001); H.C.
Cheng, K. T. Matchev, and M. Schmaltz, Phys. Rev. D 66,
036005 (2002); L. J. Hall and Y. Nomura, Phys. Rev. D 64,
055003 (2001); R. Contino, L. Pilo, R. Rattazzi, and E.
Trincherini, Nucl. Phys. B622, 227 (2002); M. Chaichian
and A. Kobakhidze, arXiv:hep-ph/0208129.

[16] M. N. Smolyakov, Nucl. Phys. B695, 301 (2004); B724,
397 (2005).

[17] Z. Lalak and R. Matyszkiewicz, J. High Energy Phys. 11
(2001) 027.

[18] M. S. Carena, J. D. Lykken, and M. Park, Phys. Rev. D 72,
084017 (2005).

[19] R. Bao, M. S. Carena, J. Lykken, M. Park, and J. Santiago,
Phys. Rev. D 73, 064026 (2006).

[20] D.P. George and K. L. McDonald, Phys. Rev. D 84, 064007
(2011).

[21] H. Davoudiasl, B. Lillie, and T. G. Rizzo, J. High Energy
Phys. 08 (2006) 042.

[22] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752
(1977).

064045-14


http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1088/1126-6708/2003/08/034
http://dx.doi.org/10.1088/1126-6708/2003/08/034
http://dx.doi.org/10.1103/PhysRevD.94.015008
http://dx.doi.org/10.1103/PhysRevD.94.015008
http://arXiv.org/abs/1603.08250
http://arXiv.org/abs/1603.09550
http://dx.doi.org/10.1103/PhysRevD.63.065002
http://dx.doi.org/10.1103/PhysRevD.63.065002
http://dx.doi.org/10.1103/PhysRevD.63.056007
http://dx.doi.org/10.1103/PhysRevD.62.067505
http://dx.doi.org/10.1103/PhysRevD.62.067505
http://dx.doi.org/10.1016/S0550-3213(00)00328-X
http://dx.doi.org/10.1016/S0550-3213(00)00328-X
http://dx.doi.org/10.1016/S0550-3213(01)00144-4
http://dx.doi.org/10.1016/S0370-2693(01)00855-3
http://dx.doi.org/10.1088/1126-6708/2002/06/056
http://dx.doi.org/10.1103/PhysRevD.70.085015
http://dx.doi.org/10.1103/PhysRevD.76.125015
http://dx.doi.org/10.1103/PhysRevD.76.125015
http://dx.doi.org/10.1007/JHEP10(2011)015
http://dx.doi.org/10.1007/JHEP10(2011)015
http://dx.doi.org/10.1103/PhysRevD.91.016008
http://dx.doi.org/10.1103/PhysRevD.91.016008
http://dx.doi.org/10.1103/PhysRevLett.83.4922
http://dx.doi.org/10.1103/PhysRevLett.83.4922
http://dx.doi.org/10.1016/S0370-2693(00)00099-X
http://dx.doi.org/10.1016/S0370-2693(00)00099-X
http://dx.doi.org/10.1103/PhysRevD.62.046008
http://arXiv.org/abs/1512.05618
http://arXiv.org/abs/1512.05618
http://arXiv.org/abs/1512.05771
http://dx.doi.org/10.1103/PhysRevD.93.055006
http://dx.doi.org/10.1103/PhysRevD.93.115002
http://dx.doi.org/10.1007/JHEP07(2016)094
http://dx.doi.org/10.1007/JHEP07(2016)094
http://dx.doi.org/10.1007/JHEP07(2016)061
http://dx.doi.org/10.1007/JHEP07(2016)061
http://arXiv.org/abs/1604.00885
http://dx.doi.org/10.1016/j.physletb.2016.02.040
http://dx.doi.org/10.1016/j.physletb.2016.02.040
http://dx.doi.org/10.1016/j.physletb.2016.07.040
http://arXiv.org/abs/1603.05574
http://dx.doi.org/10.1016/j.physletb.2008.05.024
http://dx.doi.org/10.1016/j.physletb.2008.05.024
http://dx.doi.org/10.1103/PhysRevD.82.115028
http://dx.doi.org/10.1103/PhysRevD.82.115028
http://dx.doi.org/10.1103/PhysRevD.77.124046
http://dx.doi.org/10.1103/PhysRevD.77.124046
http://dx.doi.org/10.1016/j.physletb.2010.12.059
http://dx.doi.org/10.1007/JHEP07(2011)103
http://dx.doi.org/10.1007/JHEP07(2011)103
http://dx.doi.org/10.1007/JHEP07(2016)072
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1142/S0217751X01005286
http://dx.doi.org/10.1142/S0217751X01005286
http://dx.doi.org/10.1103/PhysRevLett.87.171601
http://dx.doi.org/10.1103/PhysRevD.66.036005
http://dx.doi.org/10.1103/PhysRevD.66.036005
http://dx.doi.org/10.1103/PhysRevD.64.055003
http://dx.doi.org/10.1103/PhysRevD.64.055003
http://dx.doi.org/10.1016/S0550-3213(01)00602-2
http://arXiv.org/abs/hep-ph/0208129
http://dx.doi.org/10.1016/j.nuclphysb.2004.06.048
http://dx.doi.org/10.1016/j.nuclphysb.2005.07.008
http://dx.doi.org/10.1016/j.nuclphysb.2005.07.008
http://dx.doi.org/10.1088/1126-6708/2001/11/027
http://dx.doi.org/10.1088/1126-6708/2001/11/027
http://dx.doi.org/10.1103/PhysRevD.72.084017
http://dx.doi.org/10.1103/PhysRevD.72.084017
http://dx.doi.org/10.1103/PhysRevD.73.064026
http://dx.doi.org/10.1103/PhysRevD.84.064007
http://dx.doi.org/10.1103/PhysRevD.84.064007
http://dx.doi.org/10.1088/1126-6708/2006/08/042
http://dx.doi.org/10.1088/1126-6708/2006/08/042
http://dx.doi.org/10.1103/PhysRevD.15.2752
http://dx.doi.org/10.1103/PhysRevD.15.2752

REGARDING THE RADION IN RANDALL-SUNDRUM ...

[23] H. Davoudiasl, J. L. Hewett, and T. G. Rizzo, Phys. Rev.
Lett. 84, 2080 (2000).

[24] M. N. Smolyakov and I. P. Volobuev, Central Eur. J. Phys. 2,
25 (2004).

[25] H. A. Bridgman, K. A. Malik, and D. Wands, Phys. Rev. D
65, 043502 (2002).

[26] C. Deffayet, Phys. Rev. D 66, 103504 (2002).

[27] E. Boos, S. Keizerov, E. Rahmetov, and K. Svirina, Phys.
Rev. D 90, 095026 (2014).

[28] P. Cox, A.D. Medina, T.S. Ray, and A. Spray, J. High
Energy Phys. 02 (2014) 032.

[29] Z. Chacko, M. Graesser, C. Grojean, and L. Pilo, Phys. Rev.
D 70, 084028 (2004).

[30] T. Gherghetta, M. Peloso, and E. Poppitz, Phys. Rev. D 72,
104003 (2005).

[31] T. G. Rizzo, J. High Energy Phys. 11 (2010) 156; also see V.
Santos and C.A.S. Almeida, Phys. Lett. B 718, 1114

PHYSICAL REVIEW D 94, 064045 (2016)

(2013); R. V. Maluf, V. Santos, W.T. Cruz, and C. A.S.
Almeida, Phys. Rev. D 88, 025005 (2013).

[32] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)
[Int. J. Theor. Phys. 38, 1113 (1999)]; S.S. Gubser, 1. R.
Klebanov, and A.M. Polyakov, Phys. Lett. B 428, 105
(1998); E. Witten, Adv. Theor. Math. Phys. 2, 253
(1998).

[33] N. Arkani-Hamed, M. Porrati, and L. Randall, J. High
Energy Phys. 08 (2001) 017; R. Rattazzi and A. Zaffaroni, J.
High Energy Phys. 04 (2001) 021.

[34] B. Batell and T. Gherghetta, Phys. Rev. D 76, 045017
(2007); T. Gherghetta, arXiv:hep-ph/0601213.

[35] K. Agashe (private communication).

[36] K. Agashe and A. Delgado, Phys. Rev. D 67, 046003
(2003).

[37] M. Henningson and K. Skenderis, J. High Energy Phys. 07
(1998) 023.

064045-15


http://dx.doi.org/10.1103/PhysRevLett.84.2080
http://dx.doi.org/10.1103/PhysRevLett.84.2080
http://dx.doi.org/10.2478/BF02476271
http://dx.doi.org/10.2478/BF02476271
http://dx.doi.org/10.1103/PhysRevD.65.043502
http://dx.doi.org/10.1103/PhysRevD.65.043502
http://dx.doi.org/10.1103/PhysRevD.66.103504
http://dx.doi.org/10.1103/PhysRevD.90.095026
http://dx.doi.org/10.1103/PhysRevD.90.095026
http://dx.doi.org/10.1007/JHEP02(2014)032
http://dx.doi.org/10.1007/JHEP02(2014)032
http://dx.doi.org/10.1103/PhysRevD.70.084028
http://dx.doi.org/10.1103/PhysRevD.70.084028
http://dx.doi.org/10.1103/PhysRevD.72.104003
http://dx.doi.org/10.1103/PhysRevD.72.104003
http://dx.doi.org/10.1007/JHEP11(2010)156
http://dx.doi.org/10.1016/j.physletb.2012.11.045
http://dx.doi.org/10.1016/j.physletb.2012.11.045
http://dx.doi.org/10.1103/PhysRevD.88.025005
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a1
http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a2
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a2
http://dx.doi.org/10.1088/1126-6708/2001/08/017
http://dx.doi.org/10.1088/1126-6708/2001/08/017
http://dx.doi.org/10.1088/1126-6708/2001/04/021
http://dx.doi.org/10.1088/1126-6708/2001/04/021
http://dx.doi.org/10.1103/PhysRevD.76.045017
http://dx.doi.org/10.1103/PhysRevD.76.045017
http://arXiv.org/abs/hep-ph/0601213
http://dx.doi.org/10.1103/PhysRevD.67.046003
http://dx.doi.org/10.1103/PhysRevD.67.046003
http://dx.doi.org/10.1088/1126-6708/1998/07/023
http://dx.doi.org/10.1088/1126-6708/1998/07/023

