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ABSTRACT

We find renormalization group transformations for the compactified Randall-
Sundrum scenario by integrating out an infinitesimal slice of ultraviolet degrees
of freedom near the Planck brane. Under these transformations the coefficients of
operators on the Planck brane experience RG evolution. The extra-dimensional
radius also scales, flowing to zero in the IR. We find an attractive fixed point
in the context of a bulk scalar field theory. Calculations are simplified in the
low energy effective theory as we demonstrate with the computation of a loop
diagram.
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1 Introduction

Effective field theories in anti-de Sitter space have received much attention with their
application to the weak/Planck hierarchy problem in the compactified Randall-Sundrum
scenario (RS1) [1]. However, because of the warped geometry, loop calculations are chal-
lenging in this picture. It is difficult even to power count the size of diagrams because of
the wide range of scales appearing in loops. In contexts where these effects are important
such as the stability of the hierarchy and gauge unification [2] one is forced to confront these
difficulties.

In Ref. [3] holographic RG ideas [4,5] were developed to obtain a low energy effective field
theory description of RS1 with a smaller extra-dimensional radius. Further developments are
found in [6,7]. By integrating out short distance classical degrees of freedom couplings were
found to experience RG evolution with the size of the extra-dimension. The large warp factor
appears in ways predicted by the running of couplings near a fixed point as they flow with
the size of the extra dimension simplifying power counting. In this paper, we develop this
approach further integrating out short distance classical and quantum degrees of freedom to
find renormalization group transformations. This has the features of a Wilsonian integration
as applied to the RS1 scenario.

We will consider an orbifold even scalar field in the 5D warped two brane geometry of
RS1. The metric is

1
ds* = W(n,wda:“dx” —dz?) (1)

where z parameterizes the extra-dimensional space and 1/k is the radius of curvature. The
space is bounded by a UV (Planck) brane at z = zpy = 1/k = 1/O(Mp;) and an IR (TeV)
brane at z = z;p = 1/O(TeV). We will work in a mixed z-position/z-momentum space basis
for the scalar and implement a physical hard 4-momentum cutoff.

Because of the warping, the shortest distance degrees of freedom are located in the region
near the UV brane. To implement the RG we will integrate out a sliver of these short distance
modes. The result of the integration is to modify the couplings of operators on the UV brane.
We will make this transformation continuous, finding 3 functions for UV brane couplings.
Upon RG evolution to the IR the interbrane distance flows to zero. Correlation functions
of the scalar field in the low scale effective theory match to correlation functions evaluated
in the high scale theory in the region of overlap of the two theories. Renormalization group
flows in AdS space were also studied in [8] and by dimensional deconstruction [9] in [10].
Although we do not employ the AdS/CFT correspondence [11] certain features of the CFT
dual of RS [12] are exhibited.

The developments of this paper allow for the calculation of loop diagrams in RS1 in a low
energy effective theory with a smaller extra-dimensional radius. In particular, in sufficiently
low energy theories where this radius is effectively zero there is no warping and diagrams



are straightforward to calculate. At such low energies the propagator simplifies and the
cutoff does not vary significantly. Because of the presence of an attractive fixed point, RG
evolution is easy for perturbations near this fixed point. In this paper, we give an example
of a loop calculation in the low energy effective field theory where we make use of these
simplifications.

The paper is organized as follows. In Section 2 we outline the RG as applied to scalar
field theory in the RS1 background. In Section 3 we derive ( functions for couplings of
operators on the UV brane. The fixed point behavior is discussed in Section 4. In Section 5
we present an example calculation of a loop in the low energy effective theory. We discuss
and summarize our results in Section 6.

2 Overview of the RG in RS1

In this section we will outline the procedure to find RG flows for fields in a fixed RS1
background.

We consider theories with actions of the form
S = Spur + Svv + Srir, (2)

where

Sl 2)) = [d's [ a4 (Z Ozulkozulk) 7

uv 3

Sovxi(z, zvv)] = /d437 /Z:VR dz\/g (Z Czijvoéfv> 6(z — 2uv),
Strlxi(z, 21r)] = /d4ﬂ7 /ZIVR dz\/g (Z C}RO§R> (2 — 21R). (3)

2U
where GM¥ is the AdS bulk metric defined in (1) and g"**(x) = G**(x, z). The local oper-
ators Opy and Ojr contain products of the scalar fields, y;(z, z), and their z# derivatives
contracted with ¢g"”. The bulk operators Oy, are local operators of y; and derivatives with
respect to 9y contracted with GMY. Here and throughout this paper we work in units of
the curvature k setting k = 1.

To understand the Wilsonian RG (for a review see Ref. [13]) as applied here imagine
first a 5D lattice version of this theory. The warped geometry dictates that the lattice
spacing is most dense in both x and z directions in the region near the UV brane becoming
exponentially less dense as we move towards the IR brane. In the real space Wilsonian
picture we wish to integrate out a subset of the sites to arrive at a self-similar action with



larger lattice spacing. In RS1 the sites spaced by the fundamental lattice spacing are found
only in the UV brane region. If we thin the lattice by integrating out a subset of these sites
the result is to move the UV boundary towards the IR and modify the lattice couplings at
sites at the UV boundary. There will be no modification of couplings at sites away from this
boundary.

We will not employ a real space picture but the features of this RG will be present. We
will work in the continuum in a mixed 4-momentum p, z-position space basis. This will
allow us to find smooth RG transformations. We write the fields x;(x, z) in 4-momentum
components, x;(p, z) and integrate out a sliver of the modes with highest 4-momentum and
a sliver of the z-position modes local to the UV brane.

We will employ a physical 4-momentum cutoff. In our coordinate system the scale sym-
metry of AdS takes the form a# — \z#, (p* — p*/A) and z — Az. To resepct this symmetry
it is necessary that the cutoff depend on position as A/z. The cutoff is maximal at the
location of the UV brane where it is A/zyy. (Though zpy=1 in our k£ = 1 units we will keep
factors explicit where needed for clarity).

We first integrate out those highest momentum modes in a sliver near the maximal cutoff
(1 —e)A/zyy < |p| < AJzyy with € a small positive parameter. These modes are in the
z-space region zpy < z < zyy(14e€). If the momentum sliver is small enough (e is sufficiently
close to 0) we can write the result of this integration as a modification to the coefficients of
operators on the UV brane. To first order in € we may write this transformation as

ZIR .
SUV — S(/]V = /d4gj/ dZ\/g (Z( + AC}nom) ;]V) (5(2 — ZUv). (4)

After the integration the cutoff is a flat (1 — €)A/zyy in the region zyy < z < zpy (1 + €).

Consistent with the scale symmetry of the space and self-similarity of the effective theory
we must integrate out modes of z space position in the region zyy < z < zpy (1 +€). Upon
performing the integration the theory will have a new boundary of space at z = zyy (1 + €)
with an effective UV brane action at this boundary. The UV brane will now have the form

by = /d x/zl dz\/g <Z( v+HAC + AC vos) 3\/) Iz — zuv(1+¢)), (5)

To complete the RG transformation we rescale coordinates © — (1 —€)z, (p — p(1+¢€))
and z — (1 — €)z. This will bring our integrated theory into a from self-similar to (3). Both
bulk and brane operators are invariant under this rescaling because of the scale symmetry
of AdS. They transform as O — O. The effective theory then takes the form

Slfv{ljlcc[Xz (z,2)] / d*x / dzVG (Z Cbuzkobuzk>
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S xi(x, zov)] = /d%/ " dz /g <Z Cov ;JV> 0(z — 2vv),

UV i

sitllotesm] = fas [ a:5 (5 i) o - 4. ©)

UV i

Here the momentum cutoff is A/z and the UV brane boundary is restored to zyy. The
primed parameters are

"i _ i
bulk — bulk>
(/]ZV = (ZJV + AC(::nom + AC;—pos’
,. .
CIlR = C}R7
Z/IR — ZIR — €ZIR. (7)

We see that both the bulk and IR brane coefficients do not transform because of the scale
invariance of the theory. The UV brane coefficients flow in a way determined by the physics
integrated out near the UV brane. The scaling behaviour depends significantly on the form
these corrections take. The inverse of the IR brane position, 1/z/g, flows as a relevant mass
parameter. Because of this the effect of successive iterations of this integration procedure is
to decrease the interbrane distance. We will examine the continuous form of this RG in the
next section by taking ¢ — 0.

3 RG Flows in Detail

In this section we obtain  functions for UV brane coefficients focusing on a single orbifold
even scalar, y, in an RS1 background. We work with an action having the form

1 1
S = Spuk + §SUV + 5511%7 (8)

where

ZIR 1
Svae[x (2, 2)] = /d4x/ dzVG (QGMNaanNX — Vbulk;(X)) ;

UV

SUV[X(JL",ZUV)] = /d4x\/gUVLUV(X(x>ZUV)aa;uggl{/)a

SIR[X(:B7ZIR)] = /d4$\/gI_RL1R(X(5U,ZIR),a;ug%)- (9)

where grp v (2) = G* (2,2 = 21ryv). Lyv and Lyg are local functions of x and its a*
derivatives. We implement a position dependent physical 4-momentum cutoff A/z.



We will integrate out an infinitesimal sliver of scalar modes in the region zpy < 2z <
zuv (1 + €). We perform a path integral over these modes in two steps. We first integrate
out components of the field with 4-momentum, p, in the range A/zpy (1 +¢€) < |p| < A/zpy
then integrate out the remaining components with z values zyy < z < zyy (1 + €).

To integrate out the high momentum modes we write the field in components

X(,2) = x<(z,2) + x> (2, 2), (10)

where y. contains momentum modes |p| < A/zyy(1 + €) and y~ contains modes with
momentum A/zyy (14 ¢€) < |p| < A/zyy. Because these modes are confined to an epsilonic
region near the effective UV brane, to O(e) we can neglect the contribution to the bulk
action and write
SIx] = Sirlx<] + Spurx<] + Svvx< + x>]. (11)
We let
pi(STRIX<T+Sputk <]}y <)) — / [dys ]S (12)

and perform the path integral.

We may integrate out y- in perturbation theory recognizing that

(X>(z, 2zuv)x> (@, 2pv)) = / g&(—i)Ap(zUV, 20v)O(p)e? @), (13)

where
1 A/ZU\/(l +6) < |p| < A/ZUV

0 otherwise (14)

O(p) = {

and A,(z,2') is the bulk mixed momentum/position space propagator.

Consider as an illustration a portion of the UV brane action

Svvx(z, zuv)] = — / d4x\/gU_V (;AQXQ + A+ ) ) (15)

Decomposing the x modes this becomes

Sovx<+xs] = —/d‘lw\/g (;Agxi + ;AQXi + 2 (0 Haxaxd + 622 s+l ) + - )
(16)

Now we expand in the terms containing y~ and evaluate the path integral over these modes.

The x2 x% piece for instance gives a first order contribution

—i6\4 / d49€\/§X< (2, 2z0v)* (x> (@, 20v) x> (2, 20v))

— —i6>\4/d4x\/§X<(ZE,zUV)2/ (;l:r];l<—i)Ap(ZUv,ZUv>@(p)

4

, A
= —Z624)\4 (ZUV) AiA/zUV(ZUV;ZUV)/d4x\/§X<(m7ZUV)2' (17)
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This is a correction to the coefficient As.

A4
)\2 — )\2 + 648)‘4ZTAiA/ZUV (ZUv, ZUV)' (18)
uv

In general, the result of integrating out the modes y~ is to generate O(e) corrections to
all the coefficients on the UV brane. We write these correction as a local 4D brane action
Suv. The result of the integration is to make the transformation

SovIx(, zov)] = Sy [x(@, 20v)] = Sov[x(x, zov)] + eSuv [x(z, z0v)]. (19)
Because this is a Wilsonian integration all corrections appear at 1-loop order only.

Now, we integrate the remaining modes in the z space sliver, x(z, zpy < z < zyv(1+€)).
To do this we discretize the space near the effective UV brane and perform the path integral
over the 4D slice at z = zyy. We write for the measure

Jldx(@, )] = [ldx(@. 2 > z)]ldx(@, zov) (20)
and separate the action as

S = Si[x(z,z > zpv)] + S2lx (7, zuv), x (7, 2uv (1 + €))]. (21)

where ezyy is the unit of discretization.

€ 22 zov(1+¢€) — x(z 2
Sal(@, 7o), X, zov (L4 €)] = —— d4o:( -z eyt O = Xaov )]y )
2y 2 2y €
ZIQJV v
+777“ WX (zov )0, X (2uv)
1 € ~
o [dteLov i) + SSovi(an))22)
20y 2
We let
S{}V[X(xv ZUV(l + €)>] — —iln </[dx(x, ZUV)]eiS2[X(xszV)7X($aZUV(1+5))]) ’ (23)

so that the result of the integration will be an action of the form

S = Silx(x,z > zuv)] + SivIx(@, zuv (1 +€))]. (24)
We will now do the path integral over x(z, zyy) for infinitesimal e.

We make a change of variables,
X(z, zvv) = x(z, zuv (1 +€)) — ex(x), (25)
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and expand in powers of e. We find the classical solution X.(x) (in terms of x(z,a + €a))
and expand in fluctuations around this value substituting x = x. + n/+/€. Here

8 Lo OLovX(v)]

Relo) = = [y +0(0). (26)

x(@)=x(z,zuv+ezuv)

We expand the quantum fluctuations as 1/+/€ to obtain a normalized quadratic term for this
field. This expansion does not create an expansion in inverse powers of € as each field y is
accompanied by at least one power of e. Making this substitution we have

1
St = 3 [t Lovix(ov(1 4 0)
27V 2 zUV

2

—e/d4 i < (x(ov (1 +e))) — 22V

€ [ 1 [0Luvx(y)
ve/ dxzztv( (@)

+1 n { / [dn]exp (f / d*xd'yd wn(y)n(w)

O (L + ) (1 + e>>)

2
6 ~
d4y) + 58y X (zov(1+¢€))]
x=x(zuv (1+¢))

1 0*Lyy[x(z)]
2y Ox(y)ox(w)

x=x(zuv (1+¢))
4 2
2/d ZUV>}+O(€ ). (27)

Now we perform the quadratic path integral remaining in (27). Using In(det O) = trln O

it evaluates to
) §*(x — a'). (28)
x=x(zuv+ezuv)

1 5*L
——trln (1 - / iyt Lo X))
21 2
Keeping only first order in € and converting the trace to an integral we have

ox(y)ox(w)

0* Ly [x(x)]
d*rdtydio——"C20 (29)
4ZVT/ 6X(y)5X(w) x=x(zuv+ezuv)
Where we may take the four volume
A4
30
VT / ) 2t (30)

regulating with the cutoff A/zyy .

We can now write the effective UV brane as

6SUV> /d4 6SUV ;UJ (LC)

,uzx
(5 UV

1 1
75«// — 75 /
2 vv 2 A 8,/gUV (



I .
—€/d495\/9Uv <V(X) - 295\/@0(81/9()
SUV €5
X( ) + §SUV- (31)

where all fields on the left hand side are evaluated at x(z, ZUV(l +€)).

Now we rescale the coordinates © — /(1 +¢€), z — z/(1+¢€). Under this transformation
zuv(l 4+ €) — zyy and zrg — 2zrr/(1 + €) but because of the scale symmetry there is no
additional scaling. The effective action now has the form.

e Z[R(].—G) 1
Sbjz];[ (9372)] = /d4$ /ZUV OZZ\/5 (QGMNaanNX - %mk(X)) )

SEff[ ('TVZUV)] = /d4x\/gUVL?]f‘;(X<x7ZUV)va,Lug/[jl\//)’
St x(w, zr(1 = €))] = /d4x\/g,1RLIR(X(I7 2ir(1 =€), 0 917). (32)

where gty (x) = G*(z, 21r(1 — €)).

We can make this transformation continuous by introducing a mass scale p such that
e = Ap/p. Taking the limit Ay — 0 the UV brane obeys

lﬂdsfffvf: / ( eff) +/d4x oS! o ()
2" dp 8\/9Uv () gty (z)7Y
1
+ / d*z\/guv (V(X) - ng’ﬁv@ux&,x)

5254t 1~
- 5
ox(y)ox(z) 277V

yd'z

(33)

The derivative on the left-hand side acts only on the coefficients of operators in S/ We
find flow equations for coefficients by equating coefficients of equivalent operators on both
sides of the equality.

The IR brane position flows according to

d _ N
M@ZIR = ZIR, (34)

where we define Zjp(u = 1/2pv) = zir. As we take u — 1/zr, 1/Z;r grows and the
proper distance between branes ~ zyy In(zpy/Zrr) flows to zero. Note that the running of
the radius is a generic feature of the RG in compact dimensions but logarithmic scaling is
particular to the warped space picture.

Equation (33) is the central result of this work. It demonstrates that the RG transforma-
tions describe flows between local theories. The change in the UV brane action given by the
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right hand side is composed of the action Sy, which is taken to be local, a local contribution
from the bulk action and the piece Sy which must be local as it results from integrating
out high momentum modes. The A* term in (33) indicates an expected sensitivity to the
physical cutoff in the flows of UV brane coefficients. In general, there will also be cutoft
sensitivity in the term SUV-

4 Fixed Point Behavior

In this section we discuss the fixed point behavior as obtained from equation (52). The
flow equations for UV brane coefficients C; have the form

POCE = GO+ B (O 2rn(). (35)

Here, 3¢ is the classical contribution derived from the first line in (52) and the quadratic
operators in the second line (the mass and kinetic terms). $”“* is the contribution derived
from operators of higher than quadratic order in the potential in the second line. This piece
does not depend on C; but only on bulk coefficients. (39" is the quantum piece derived from
the third line of (52). As shown it depends on the IR brane position, Z;g.

First consider the flows of UV brane coefficients in the absence of bulk interactions and
quantum corrections.

d cl
p—— du = B(Cy). (36)

One can find a fixed point, denoted C&*, satisfying ﬁfl(Cj‘?l*) = 0. It corresponds to a
noninteracting UV brane configuration.

Sivx(z, zuv)] /d x\/gm x(x, ZUV))\ (O)x(x, zuv), (37)
where

\ clx (\/_D) 2

ASH(O) = (4 —21/)+2\/—_Dﬁ, v=v4+m? (38)

and we expand in O = gy,0,0,.
Small deviations from the fixed point obey

o5
ac;

d * c cl* c clx
u@(@d - C") = (C5' = C57) = 45(C5 = C5). (39)

Cj=Csl*

One can check that fy is an upper triangular matrix with eigenvalues all positive indicating
that C¢* is an attractlve fixed point. For a detailed examination of the classical fixed point
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behavior we refer the reader to the discussion in [3] in which the scale p is identified with
the position of the effective UV brane.

Now we add the loop corrections to scaling. We first discuss evolution in the RS2 [14]
limit (1/z;g — 0). The flow equations are

dC;

nt = BC) + B(C1.0) (40)

Because [{" is proportional to those coefficients C; which are zero at the classical fixed point
it is clear that ﬁf“(C;l*) = 0. The classical fixed point is a fixed point of the quantum theory
as well. The anomalous dimension matrix is

cl 85;1“

: (41)
Cy=Cte

This matrix is upper triangular implying that the eigenvalues of v;; are equal to the eigen-
values of fyfjl Therefore, the fixed point in the presence of loops remains attractive.

Allowing for bulk interactions the flow equations become

dC; . " "
Mw = B1Cy) + B + 51(C;, 0). (42)
We introduce a formal small parameter o so that 8°“* ~ «a. Solving for a fixed point
Cr = C& + §CF to order o we have

This indicates an O(«) shift in the fixed point. There will also be a shift of the scaling di-
mensions of O(«). Significantly, for « sufficiently small the fixed point will remain attractive
in the presence of bulk interactions.

To consider RS1 we turn on 1/z;z ~ TeV. This introduces a relevant parameter in the
theory appearing in 57*. With the scale p high above the TeV scale the effect on the running
is negligible. We flow towards the fixed point if we are sufficiently close. At lower scales,
p~ 1/z1r, Z1r becomes a significant threshold effect.

At the fixed point, derivatives are dimensionally suppressed not by the cutoff A but by
the curvature k. Our effective theory description will break down at this scale where the
UV brane action becomes nonlocal. For this reason, we cannot consider the regime A > k
in our RG approach. It is in the regime A > k that we are sensitive to the 5D dynamical
structure. Numerical factors in (38) suggest that the near fixed point effective theory breaks
down at A ~ 6k allowing us to sample a portion of the extra-dimensional dynamics.
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5 A Loop Diagram Example

Here, we present a calculation of the one-loop correction to the two point function in a
theory with a bulk x* interaction. We compute at the scales u = 1/zpv, 1/2pv > u > 1/215
and pu ~ 1/zg.

5.1 EFT Calculation with u = 1/zyy

We consider the following scalar theory in an RS1 background at the scale p = 1/zyy .
1 1
Shu[X(2,2)] = /614(75(12\/a <2GMN8MX8NX - §m2X2 - 9X4> ;
1
SvvIx(z, zuv)] = —/d4$\/ﬁ§>\2(ﬂ ~ 1/zv )X’
Sirlx(z,zr)] = 0. (44)

where we take m, g < 1 and Ao(pu ~ 1/2py) ~ 1.

The propagator with 4-momentum ¢ is
Ay(2,2) = 2227 (A (2,2)0(z — 2) + A(2,2)0(2 — 2)), (45)
where AL (z,2) = A(2/,2) and
= CA(¢?,qzvv)B(qz, q2rr), (46)

As(z,7)
(qz qzuy) = (Nu<qZUV) - >;NV(qZUV))J1/<qZ,> - (ju(qZUV) - );JV(qZUV))Nl/(qZ/)7
)

(qz dzIR - NV(QZIR>JV(QZ) - ju<qle>Nu(qZ)7
¢ = i(Nu(qZUV) - );NV(QZUV))jV(qZIR) - (ju(qZUv) - ?JV(qZUV))NV(qZIR)v
with . y "
J,(qz) = (1 — E)Jy(qz) + ?Jl,_l(qz). (47)

and similarly for N,. A calculation of this scalar propagator is similar to that found in [15,16].

The one loop contribution to the two-point function with external points evaluated at
Z = ZIR is
d*p
(2m)*

We will set external momentum ¢ = 0 and cutoff the momentum integral at the scale A/z.
It is natural to take A ~ O(Mp;). However, because our purpose is only to illustrate the

) 2uv 1
(x(¢; z1r)X(=¢; 21r)) = —i2(21R, 21R) + 129/ dZ;Aq(ZIR, 2)2/ Ap(z,2). (48)
ZIR
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effective theory we will greatly simplify the calculation by taking the limit A < 1/z;g. In
this limit the propagator has the simple momentum independant form.

1 (Z\" 12—v/[Zz\"

A N — (2] - =22 (22 . 49
>(2:) 2u<z> 2V2+V<Z%R> (49)

With this simplification we can perform an analytical evaluation of the graph to obtain

—izig 3927 At ( n 31/)
2+v  2(4m)2(2+v)dv? 2/

X(q, zir)x (=4, 21r)) = (50)

where we neglect positive powers of the negligible quantity zyy/zrg. Though this result is

highly dependent on the regularization scheme and very sensitive to ultraviolet physics we
will use a consistent regulator in the low scale effective theory calculations to follow.

5.2 EFT Calculation with 1/zyy > > 1/z5

Next, we compute the O(g) correction to the two point function at the scale p such that
1/2py > p > 1/zrr. At this scale the action has the form

. Zrr(p) 1 1
Selilx(z,2)] = /d4x/ dzvVG <2GMN3MX8NX - 5m*x - 9x4> :
2uv

S x(x,z0v)] = — /d4l“\/gU_v (;)\2(,“))(2 + Aa(p)x* + .. ) ,
Sii [x(z, Zir(1))] = 0. (51)

Here . .. indicates the presence of operators with higher derivatives and higher powers of the
field x.

We need to evolve the quadratic and quartic UV brane coefficients from the scale pg =
1/zyy to p according to the flow equations given in (33). These are

d 1 6A4 24>\4A4 A'A (ZUV ZUV)
Ty = A2 4N, —2m? — Ay — iz VAUV 2
'ud,u 2 272 2 mn (47)? 4 (47)? 2ty (52)
d
M@M = —4N\ + 2X M\ — 2g, (53)

where we have not included corrections that will be unimportant to first order in g.

In the limit A < 1/z;r the propagator appearing in (52) simplifies. The flow equation
becomes

d 1., ,  O6A* 24N 1 \*
o= =N — 4\ —2m2 — — . 4
'udﬂ )\2 2)\2 )\2 m <471_)2)\4 (47‘(‘)221/>\4 + @ iR (5 )
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In our p > 1/zrg limit we may ignore the small (1/uzrg)*) correction.

We can find the fixed point of these flows. To order g it is

. . 3AYg(v +2)

Ay = 224v)+0N=22+v)+ SAr A+ 1) (55)
. _ g

A= 2+ 2v (56)

This is an attractive fixed point. Given our initial UV brane configuration at u = 1/zyy we
will flow to this fixed point if ¢ is sufficiently small and A\s(p = 1/zpv) is sufficiently close to
2(2 + v). We will assume that we are in this attractive regime. Deviations from these fixed
point values at 1/zyy > p will be suppressed by positive powers of pzyy ~ O(u/Mp;). We
will ignore these deviations in the evaluation of the 2-point function.

We can now calculate the O(g) 2-point function in this effective theory. For the propaga-
tor we use that of equation (45) but with Ay — 2(24v) and z;g — z7pu. We will treat O(g)
contributions to the quadratic brane coefficients perturbatively. The two point function is
now

L, q q 1
E(X(;aleﬂ)X(_;ale,u» = —ZEAq/u(ZIRH,ZIRM)
d*p
2
+12/ZIRM Ag/u(zrrpt, 2) /(2w)4Ap(z,z)
1 10NS
m (;Aq/u(zm,u; ZUV)2

d4
+6/\2Aq/u(Z[R,M,ZUv)2/ P A (ZUV,ZUV)> (57)

(2m)*
The overall factor of ;=* is required to match the 2-point correlator in 4-momentum space.

We solve for zero external momentum. The leading contribution from the UV brane
interactions cancels with a piece from the bulk loop integral and we find

—(X= ztrRp)X (==, 21R1)) + > (58)

1, ¢ q _ —iZg i3g2fp At ( 3y>
w7 v T 24 24m)2(2 4 v)3? '

This matches the result of equation (50).

5.3 EFT Calculation with pu~ 1/z/5

Now we compute the first order correction to the two point function in the low energy
effective theory at u ~ 1/zrg. At this scale the IR brane position Zig(pn = 1/zr) =
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zyy so that the bulk contribution to the action is negligible. The effective theory is then
approximately four dimensional. It has the form

e 1
S w2 S (e, o)) = = [ oo (5P~ 1zmx + dale ~ 1zmx' + ... )
(59)
We must evolve Ay and A\ from pp = 1/zyy to p = 1/z; with the flow equations (52)

and (53). In the last subsection we ignored corrections of order (1/uzrr). Here we must
include them. Writing Ay = A5 + d Ao, with A} given by (55) the flow equation for 6\, is

d UNAL2—v [ 1\
— 0Ny = 200\ e .
Mdu 2= VoMt (4m)22v 24 v (,uzm> (60)
At the scale p ~ 1/z;g find
A2 — v
Sl ~ 1f2im) = —5 2 = (). (61)

2(4m)%v2(2 + v)

We will ignore the O(uzyy) deviations. The effective theory coefficients at u ~ 1/z/p are
then

3A*g(1? + 5v + 2)

~ 1 = 2(2 ; =2(2 2
)\2<:u /ZIR) ( +V)+5)‘2+5)‘2(:u) ( +V)+2(47T)2V2<2+V)(1+V> (6 )
g
Ag(pe~ 1 = A\ = :
o~ o) = = (63)
We now calculate the two point function to O(g) in this effective theory. It is
b (L)) = =i A e )
4 X W IRM)X W IRM A a/u\FIRM; ZIRM
1 PW(ONS + dXa(p)) «
,U4Z£4]\/< 2 9 2 Aq/;4<ZIRM72UV)2
5 o [ dp s
+6A4 (1) Ag(2rrp, 20V ) /wﬁp(zw,zw) . (64)

where Aq is the O(¢°) propagator. The momentum integral is cutoff at the scale A/zyy .

In our approximation A < 1/z7x the propagator is simply A ~ z%,/(2 + v). Evaluating
the momentum integral the expression becomes

1 q q —i21p i3g23p At ( 31/>
—{(x(= —= ~ — . 65
/~L4 <X(M7ZIR:U’)X< szIRM)> 24+ v 2(47T)2<2+V>3V2 + 2 ( )

Again we see that this matches with equation (50).
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We stress that though we have worked in the limit A < 1/z7x to simplify the comparison
to the full theory result it was not conceptually necessary to make this approximation. In

fact, there is no major obstacle to working in the region A ~ 1/zyy = k in the low energy
EFT with g~ 1/25.

6 Discussion

We have derived the 3 functions for couplings of operators of a scalar field in the com-
pactified RS background. We see that bulk and IR brane couplings do not suffer RG trans-
formations while UV brane couplings flow according to

dc;
dp

p—— = Bi(Cj, 1/ (pnz1r)) (66)

where the (; can be read from equation (33). The IR brane position transforms as

dZrr
e

= n. (67)

scaling the radius of the extra dimension to zero in the IR. There is an attractive fixed point
in this theory corresponding to the RS2 limit, z;z — oc.

The RG evolution that we have found stands alone on the gravity side and does not make
use of a duality relationship. However, properties of the dual theory are evident. There is a
fixed point and a relevant mass parameter identifying the IR brane with a breaking of scale
symmetry. The scaling behavior of UV brane couplings away from the fixed point can be
identified with the scaling of coefficients of operators in the CFT dual that explicitly break
the conformal symmetry. The quantum corrections to the flow equations we have found
correspond to corrections to the large N CFT side flows.

Next, we note that it is a useful calculational tool to work in the low energy effective field
theory. In any bulk RS loop diagram we must perform integrals over internal momentum
and integrals over extra-dimensional coordinates. This involves challenging integration of
Bessel’s functions over a wide range of scales. Momentum flowing along internal propagator
lines connecting two bulk vertices is cut off at a range of scales that is difficult to implement
in cutoff regularization. In our EFT approach, high momentum modes are integrated out in
slices of z space where it is clear how to implement the cutoff.

Power counting is straightforward in the low energy EFT. At sufficiently low scales the
RS effective theory can be described as an approximately flat effectively TeV sized extra
dimensional theory or (at lower scales) a four dimensional theory. Here, operators of higher
dimension are suppressed naturally by the warped down cutoff scale. Diagrams are simple
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to calculate in these scaled down theories where the propagator has a simple flat space form.
To work in the low energy theory we must compute the effective UV brane couplings at low
scales. However, near the attractive fixed point, RG flows for these couplings are simple.
In this paper we have performed the effective theory calculation of the 1-loop correction to
the two point function in a scalar theory with a bulk quartic interaction at three RG scales
showing that they match.

Finally, it will be interesting and relevant to develop along the lines presented here, the
RG formalism appropriate for higher spin fields propagating in the RS background. We
expect the RG will have similar features to the scalar case: a scaling only of UV brane
coefficients and a running of the radius. This program was begun at tree level for integer
spin fields in [7]. Extending this approach to the loop level will allow for its application to
gauge coupling unification. An understanding of the RG in the presence of dynamical gravity
would allow for a complete EFT loop level examination of the Goldberger-Wise stabilization
[17] of the RS1 hierarchy.
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