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Supersymmetric Randall-Sundrum scenario
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We present the supersymmetric version of the minimal Randall-Sundrum model with two opposite tension

branes.
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|. INTRODUCTION A 1
SbUIk:Ff d5xe — §R+6A2 , (3)

The two-brane Randall-Sundrum scendiid provides an

appealing way to generate the electroweak gauge hierarchy,o e, is related to the four dimensional Planck constant
as a consequence of spacetime geometry. The basic idea iséc_l deie? ande? is the five dimensional fafbein? In this
start with five dimensional anti—de SittéAdS) space, take expressNiloﬁA is the bulk cosmological constant aRds the
the region between two slices parallel to the AdS horizonﬁve dimensional Ricci scalar
and add a 3-brane along each slice. By tuning the brane '
tensions, the resulting configuration can be made stable R=e,Meg Ry B. (4)
against gravitational collapse.

In this model, the ratio of the weak to the Planck scale isThe Riemann curvatur@y*® is built from the spin connec-
determined by the distance between the two branes. The di

tion according to the following conventions:
tance is fixed by the expectation value of a modulus field, g g

’

called the radion. The usual hierarchy problem now appearsg AB_ 4  AB_ 5  AB_  AC, By ~ AC, B

in a new guise: What fixes the radion vacuum expectation M MEN NTEM M NC N Me (5)
valve (VEV), and what protects the VEV against large radia-

tive corrections? The brane action serves as a source for the bulk gravita-

In a recent paper, Goldberger and W{4 proposed a tjonal fields. It arises from the 3-branes located at the orbi-

way to stabilize the radion using five dimensional bulk mat'f0|d pointsd): 0,7. For the case at hand’ the brane action is
ter. Supersymmetry provides another possibility. In this pPasimply

per we will take some first steps in that direction, and show

how to supersymmetrize the minimal Randall-Sundrum sce- A2 )

nario. Sprane= — 6?[ d5X6[5(¢) —o(p—m)], (6)
In what follows we will use coordinates in which the five

dimensional background metric takes the following form: A ]
wheree=detk,?, and thee,? are the components of the five

ds?=e 2909 5 dx™dx"+r2d ¢2. (1)  dimensional fufbein, restricted to the appropriate brane.
From this action it is not hard to show that the metfg,
The coordinatex®=r¢ parametrizes an orbifoldY/z,, ~ With
where the circleS! has radiug and the orbifold identifica-
tion is ¢« —¢. For fixed ¢, the coordinatesx™ (m o(p)=rA|g|, (7)
=0,1,2,3) span flat Minkowski space, with metrigy,, ) ) ) ) ) ) ) )
=diag(— 1,1,1,1). We choose to work on the orbifold cov- IS & solution to the five dimensional Einstein equations,
ering space, so we take m<p=<r. R
For the gravitational part of our action, we follow Randall 1 B 2 ma| A€
and Sundrum and take the action to be the sum of bulk plus Run— Eg'\"NR_ ~6gmnA "+ 6mndw Oy T/le
brane pieces,
X[6(¢)—o(p—m)]. 8

S= Spuikt Sprane- (2

The bulk action is that of pure five dimensional AdS gravity, we adopt the convention that capital letters run over the set

while Syanearises from the presence of two opposite tensiono,1,2,3,5 and lower-case letters run from 0 to 3. Tangent space
branes. indices are taken from the beginning of the alphabet; coordinate
The gravitational bulk action is given by indices are from the middle. We follow the conventiond &f
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Away from the branes, the bulk metric is just that of five Since we work in the orbifold covering space, the spacetime
dimensional AdS space, with cosmological constantOn ~ manifold has no boundary, and we can freely integrate by
the branes, the four dimensional metric is flat. As shown inparts. We use the 1.5 order formalism, so the spin connection
[1], the effective theory of the gravitational zero modes isobeys its own equation of motion and does not need to be
just ordinary four dimensional Einstein gravity, with a van- varied.

ishing cosmological constant. The effective four dimensional For the case at hand, we must define the action of the

squared Planck mass ig#=x %(1—e 2™, orbifold symmetry on the AdS fields. We start by writing the
five dimensional spinors in a four dimensional language,
IIl. SUPERSYMMETRIC BULK where .
In what follows we will supersymmetrize the acti¢). \pM_>( i’.\"“) (11)
We start with the bulk actiofi3). Its supersymmetric exten- oM
sion can be found from the five dimensional supersymmetrigpq
AdS action[4] 0 a .
ra Tor| ps 1O (12
— . .
;aaa 0 O |

1 _
2_K2R+ ifMNOPQ\PMENoD p\I’Q

Sbuik Af dxe The fieldsy, (for i=1,2) are two-component Weyl spinors,
) in the notation of3]. We then define/y, = 1/v2 (4, = 42,

1 _ A . b
— ZFMNFMN_:BA\I,MEMN\I,N_'_G and likewise fory~.

w2 In terms of these fields, the bulk supersymmetry transfor-
mations can be written in the following form:
—iK\/§£F TUGN T MNOROE E — —
22 MN 6\/6 MNT OP=Q Sen=ik(nt aPiy+n o®Py)+H.c.
31 — 5_ +o— ot
+iK\[§Z€MNOPQFMN\POFP\I,Q sen’=«k(n" py—n y)+H.C.
3 — 5BM:_i\E(7I+‘//_77‘//+)+HC
_KA \/;EMNOPQ\I'MENO\PPBQ 2 M M
S0 2D L a__+_A A —
. = — - F— S T+i—e
+ four-Fermi terms|, 9) ¥m koM Omas T Vi Em Ta’l

where thee tensor is defined to have tangent-space indices,
and €”'2%=1. This action contains the physical fields asso-
ciated with the supergravity multiplet in five dimensions: the _ \ﬁ
funfbeiney?, the gravitino¥,, and a vector fiel®,, . The 3
covariant dggivaltiveAD,\é\IfNEaRA\PNJr%EABwMAB\PN and L

the matrix2°=z (I'"I'°=T"°T'"?). _ = ALBNLCO de =+

This action is ir(lvariant undea the following supersymme- 4 €aBCam €€ oo

try transformations:

+ eaNFNmo'anI - ieéNFNmﬁi

i —
= — iZEabcdemaebNecoFNOO'dU+
Sey =ik(gI' AWy — gyl 7)

3 5‘/f+ * a4 A T
. — — 5 = - W5a50° 7 TE55—7
5BM:_|\[§(7I¢M_¢M77) : K

i
T—
K

Dsn

A — _
iie5a;a'a77i—i\/€ABS77+

+\/§
3

2 A ]
Sy = ;DM7]+|;FM77_|\/€ABM7]

+ ean|:5n0'a77I - ieér“:Sn"?i

- \@ INFm .
1 + Z'EABCdeesAeB'\‘eco':Noa'de77i
- ZEMNOPQFNOEPQ) n i
+three-Fermi terms. (10) izeabc"ef’aebNecoFNoad;: ' (13
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In these expressions, all fields depend on the five dimenwhere sgng) is the step functiofi, which evaluates to

sional coordinates. The symbol denotes the fifth tangent (—1,0,1), depending on the sign @f In this expression, the

space index, and all covariant derivatives contain the splﬁplnorﬂ contams four Grassmann components and is a func-

connectionwy,,. Here and hereafter, we ignore all three- tion of X%, ... x3, but notx®. We shall see that it describes

and four-Fermi terms. the one unbroken supersymmetry of the Randall-Sundrum
From these transformations it is not hard to find a consisscenario.

tent set ofZ, parity assignments under the orbifold transfor- It is not hard to check that the spinais6) are a solution

mation ¢— — ¢. The assignments must leave the action and© the Killing equations, for constany, except for delta-

transformation laws invariant under tf# symmetry. We function singularities at the orbifold poini=0,7. These
assign even parity to singularities are very important. They motivate us to change

the 5 supersymmetry transformation so that the spinors
(16) are Killing spinors everywhere. We take

en’, €5, Bs, Yy, 5, 7" A

2 i
o5 = Dsn w5a50' 7 +e55 7" —ies® ;O'aﬂ
and odd parity to

2 _
—i \/61\8577Jr + \/%( eanFSna'aﬁ+ - ieénF5n777

1
ALBN.CO de, —
+ZEABCdeES e~ e "Fnoo®®n

a

€57, em51 Bm1 l//r; ’ 1105Jr ’ 77_'

The bulk supergravity action is invariant undér=1 su-
persymmetry in five dimensions. The branes break all but .
one four dimensional supersymmetry. To find its form, we le b Oesa(_:.bNecOFNO(Td;+)
shall study the supersymmetry transformations in the orbi- 4 -n¢
fold background, whereesz=1, e,>=e “(¥62, and all 4
other fields equal zero. This configuration satisfies the gravi- ——{8(¢p)—8(p—m)]n". 17
tational equations of motion whem(#)=rA|¢|. Note that rK
this background is consistent with the orbifold symmetry.

In the orbifold background, the supersymmetry variations In the orbifold background, this reduces to

of the bosonic fields are obviously zero. The variations of the 2 A 4
fermions are a little trickier. In this background, the spin 5¢5_=—r951;‘+—77+—r—[5(¢)—5(¢—q-r)]77+.
connection evaluates to K o o (18)

The spinors(16) satisfy the modified Killing equations, for
OmanS M= sgr( $)AT T, (14)  constanty, even at the orbifold pointg=0,7. Furthermore,
the supersymmetry transformations still close into e 1

supersymmetry algebra.
with all other components zero. The supersymmetry varia- persy y a9

tions of the fermions reduce to the following form:
Ill. SUPERSYMMETRIC BRANE

In the previous section, we changed the gravitino super-
symmetry transformations so that the Killing spinors satisfy
the Killing equations at every point ith. Because of this, the
bulk action is no longer invariant under the supersymmetry
transformations(17). In this section we will find a brane

+ 2 + - A = A s
0= ;am"’]7 +isgn¢) ;Umﬂ * |;Um7]7

. 2 . A
Oths =~ dsm~+ 7" (15)
2The distribution sgn$) obeys the following properties:

The unbroken supersymmetries are found by setting these f deésgr(¢)=0, f de sgri(¢) = 2e,
variations to zero. The resulting Killing equations can then _ e _ e
be solved for the Killing spinors;™. The solution that re- Wwhen integrated against smooth functions, and

duces to a flat-space supersymmetry in four dimensions is € €
simply  désgn)d($)=0, | desgri(¢)d(¢)=3,
when integrated again§(¢) The last relation ensures that
1 1
77+=Ee_"("”’2n(x). n_=ﬁe_"("’)’259r(¢) 7(x), f d¢d¢sgr?(¢):2-

(16) We thank Jan Conrad for a discussion on this point.
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action whose variation precisely cancels that of the bulk. 2 A _
We first compute the variation of the bulk action. Com- = ;Dnﬂfr*‘i;(l—Sgr?(ﬁb))emaffaﬂ+
paring Eq.(13) with Eq. (17), we see that the bulk variation
vanishes except on the branes. Therefore, to compute the 2 2 .
variation, we need to project the bulk fields onto the branes. +i \[§|:?3m77++i \@anamnn+- (23

For even fields, this is easy: The brane fields are just the bulk

fields evaluated at the appropriate valuefofFor odd fields, As above,;* is given by Eq.(16). In all fields, the coordi-
the situation is more subtle: The brane fields must obeyjump]ated) is evaluated ats=0 or 7, depending on the location

conditions across the delta function singularities and thesgf the brane. Substituting E23) into Eq. (19), we find
conditions are determined by the brane action. ' e

In what follows we will present the brane action and

A . -
verify that it restores the supersymmetry of the bulk-plus- 8Sy.ne= — f de[(87 ™™D i — ik JBF M it

brane system. We assert that the brane action is simply rx
+12iAsgri(¢) 7" oY) 8( ) — (= m)]]
Smane=rA7 f d°xe(—3A+ 2620 ™) +H.c. (24
X[8(¢)— 8(¢p— )]+ H.c. (19)  The variation of the brane action, EQ4), cancels thia varia-

tion of the bulk action, Eq.(22), becausee=esze and
sgrf(¢)=1/3 when integrated against a delta function. This
proves that the full bulk-plus-brane Randall-Sundrum action
is invariant under the four dimensional supersymmetry pa-
Prametrized by the Killing spinor; in Eq. (16).

where the fieldse,? and ¢, are projections of the corre-
sponding five dimensional fields.

Given this brane action, it is easy to compute the jum
conditions. From the equations of motion feg? and #,, ,

we find
IV. MINIMAL EFFECTIVE ACTION

[Wmas]=*2A€mar [¥m]=*201, (20) We will now derive the effective four dimensional action
for the supergravity zero modes. We will see that it is noth-

. - ing but the usual on-shell four dimensional flat-space super-
where the square brackets denote the discontinuity across t@ J P P

oular T ; Ho b o o favity action.
singularity, and thet applies to the brane aé=0 and, The zero modes of the four dimensional theory must sat-
respectively. A consistent solution is given by

isfy the massless equations of motion in four dimensions.
For the vierbein, the zero mode was given by Randall and

Ons=SUMP)Aema,  Um=SQr(H)¥7, (21  Sundrum(1]

in the neighborhood of the branes. All other odd fields vanish A 1 0 (25)

ev = — ,
on the branes. M 0 e e 3(x)
Now that we have the solutions to the jump conditions,
we are free to compute the variation of the bulk action. Awhere o:(¢)=rA|¢| and the vierbeire,,2 is a function of

small calculation gives x%, ... x3, but notx®. The five dimensional Einstein equa-
tions, with brane sources, reduce to the usual four dimen-
A : : sional source-free Einstein equations for the vierleif
— 5 5 + 5 +
5Sbulk—ﬁJ' d*xe€*[(87" ™D iy —ixVBF 7" Yy, The gravitino zero modes can be found in a similar way.
o One starts with the five dimensional gravitino equations of
+6IA(1—sgrf(¢)) n" o) 8(¢p)— 8(¢—m)]]  motion,

+H.c. (22 3
Fsthm 5 At =SGN$) Ay =0

where ™ is the spinor(16). In what follows we will show

that the variation of the brane action precisely cancels this 3 2

term. Isthm+ EAl/frJﬁ—Sgrfsﬁ)Al//r}:;[5(¢)—5(¢—7T)]l/f:1,
The supersymmetry variation of the brane action is not (26)

hard to find. The supersymmetry transformations are those of

the bulk fields, as projected on the branes, subject to thgng assumes the following ansatz:

jump conditions(20). From Egs.(13) and (21), we compute

1k ffl
(—e e " Iy(x),

Send=ix(1+sgi(¢)) 7" o+ H.c. Yim N
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effective four dimensional squared Planck mass,’

%sﬁ(%f)e”<¢>’2sgrr¢)¢m<x>. @D =k (1-e 2.

Substituting Eq.(27) into Eq. (26), one recovers the usual
four dimensional equations of motion for the gravitino field
1/ In this paper we supersymmetrized the minimal Randall-
In what follows, we will derive the effective four dimen- Sundrum scenario. We found the supersymmetric bulk-plus-
sional action for the supergravity zero mode fields. We starbrane action in five dimensions, as well as the corresponding
by setting all other fields to zero. This truncation is consis-supersymmetry transformations. We solved for the Killing
tent with the supersymmetry transformatioid®). We then  spinor that describes the unbrokBin=1 supersymmetry of
substitute the zero-mode expressions into the supersymmete four dimensional effective theory. We derived the super-
r|c bulk-plus-brane action and integrate over the coordinatgyravitational zero modes, and showed that the low energy

V. SUMMARY AND OUTLOOK

x°. We use the fact that effective theory reduces to ordinafy=1 supergravity in
four dimensions.
R=e2R+ 20A2— 1&[5(4))_ S(¢p—m)] (28) Thi's work represents a fi_rst step towards a deeper under-
r standing of supersymmetry in the context of warped compac-

tifications. To study stability, one would like, of course, to

and include the radion multiplet, which reduces kb=1 matter
AB_ g, — b in four dimensions. For phenomenology, one would also like
wmass = SIN )AL [+ wpapo® 29 {0 add supersymmetric matter on the branes and in the bulk.
to find Work along all these lines is in progress.

Note addedOn the same day this paper was submitted to
1 _ L the archive, a similar paper was posted by Gherghetta and
Sei= f d"'xg[ — =5 R+ ™Y 0,Dpisy|,  (30)  Pomarol[5]. This paper used axP-dependent bulk gravitino
2Kt mass to supersymmetrize the two-brane Randall-Sundrum
scenario. The resulting construction can be interpreted as a
truncation of a more fundamental theory with matter in the
bulk. We did not take this approach because our goal was to
%upersymmetrize the purely gravitational case. For more on
similar way. We start with the supersymmetry transforma-e gitficulties of constructing brane-like solutions in matter-

tion parameters;” and "~ as above, in Eq16). We then . nieq five dimensional supergravity, 468 and[7].
substitute the zero mode expressmns into the supersymmetry

transformationg10). All x°> dependent terms cancel, leaving

up to four-Fermi terms. This is nothing but the on-shell ac-
tion for flat-spaceN=1 supergravity in four dimensions.
The supersymmetry transformation laws can be found in
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