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We examine supersymmetric theories with approximately conformal sectors. Without an IR cutoff the

theory has a continuum of modes, which are often referred to as ‘‘unparticles.’’ Making use of the AdS/

CFT correspondence we find that in the presence of a soft-wall, a gap in the spectrum can arise, separating

the zero-modes from the continuum modes. In some cases there are also discrete massive levels in the gap.

We also show that when supersymmetry is broken the superpartner of a quark or lepton may simply be a

bosonic continuum above a gap. Such extensions of the standard model have novel signatures at the LHC.
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I. INTRODUCTION

Supersymmetry (SUSY) is the most studied extension of
the standard model, but it seems that there are still unex-
plored possibilities for observable signatures a the LHC.
Here we will explore the case where the SUSY theory has
an approximate conformal symmetry. Georgi has proposed
[1] using ‘‘unparticles’’ as an efficient means to calculate
processes in such models. To date there have been many
variations on the unparticle idea (hidden valleys [2], quirks
[3], massive unparticles [4], colored unparticles [5], the
Unhiggs [6,7], etc.) and a variety of possible collider
signatures [8] have been studied. Here we will explore
unparticles in the context of SUSY. We would like to see
if there are qualitatively new types of signals in possible
supersymmetric extensions of the standard model (SM).

Since there is a well tested correspondence between five-
dimensional (5D) anti–de Sitter (AdS) space and four-
dimensional conformal field theories (CFT’s) [9] one
would expect 5D Scherk-Schwarz breaking [10] of
SUSY to provide a rough qualitative guide. In a SUSY
5D theory with a finite extra dimension a SM fermion
corresponds to two Kaluza-Klein (KK) towers, one for
the fermion modes and one for the bosonic superpartner
modes. Recall that Scherk-Schwarz breaking allows us to
shift the spectrum of the bosonic partners of the quarks and
leptons up in energy so that the superpartners are no longer
degenerate. In a SUSY CFT we have two continua for the
bosons and fermions rather than two KK towers. We can
break the conformal symmetry by introducing a mass gap
below the two continua in such a way that there are still
bosonic and fermionic zero-modes (i.e. massless particles).
The zero-modes should be identified as an N ¼ 1 four-
dimensional (4D) supermultiplet. Now if we also break this
residual SUSY by means of a soft breaking mass, we can
lift the zero-mode of the boson. It is not too hard to imagine
that we can even push the bosonic zero-mode all the way
into the continuum, so that when we look for a superpartner
of the fermion, all we can find is a bosonic continuum, that
is an unparticle, or in this case a ‘‘sunparticle.’’

We will show by explicit computation, using the AdS/
CFT correspondence, that the scenario above can actually
occur. We also find that in certain regions of parameter
space, there are many discrete modes below the continua,
and that in the simplest case the bosonic and fermionic
gaps actually remain equal after SUSY breaking. This
implies that new types of search techniques are required
at the LHC since even standard decay chains (e.g., the
gluino chain) can be drastically modified.
After reviewing the AdS/CFT correspondence, we study

the effective (holographic boundary) action corresponding
to a chiral supermultiplet, and establish the relation be-
tween the bosonic and fermionic continua as well as the
discrete levels. We then introduce SUSY breaking on the
boundary of the AdS space and trace through it consequen-
ces on the spectra. We briefly comment on the case of a
vector supermultiplet, and describe some phenomenologi-
cal consequences.

II. ADS/CFT CORRESPONDENCE

Using the AdS/CFT correspondence, we can study
supersymmetric unparticles in the context of RS2 scenarios
[11] without an IR brane. Consider the 5D AdS metric
written in Poincaré coordinates:

ds2 ¼
�
R

z

�
2ð���dx

�dx� � dz2Þ: (1)

In the standard RS2 scenario, the space is cutoff below
zUV ¼ � (aka the UV-brane) We can interpret 1=z as the
renormalization scale so that small and large z correspond
to the UV and IR, respectively, of the corresponding dual
4D theory. Fields localized in the UV-brane, which are not
charged under bulk gauge symmetries, act much like a
hidden sector probing the CFT. This last observation has
developed into a technique called holography which we
will summarize briefly.
The procedure is the following: first one integrates over

the bulk fields, �, constrained by a UV-boundary condi-
tion, �ðx; zUVÞ ¼ �0ðxÞ. This is done by using the equa-
tions of motion (EOM) for the fields, thus obtaining an
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effective 4D nonlocal action for the UV-boundary fields
�0. Since the theory is weakly coupled we are allowed to
use this classical (tree-level) approximation. Now there is a
correspondence between the partition function correspond-
ing to the 4D effective boundary action and the generating
functional obtained by integrating out a 4D strongly
coupled CFT,

Z ½�0� ¼ ei½Seff ð�0ÞþSUVð�0Þ� ¼
Z

d�CFTe
i½SSCFTþ�0O�;

(2)

where on the right hand side of Eq. (2),�0 plays the role of
an external field that couples to the strongly coupled con-
formal sector through the CFT operators O. From this
expression we see that �0 acts like a source for the CFT
operator O. Thus for a CFT operator O with a particular
scaling dimension we can describe its correlation functions
using a 5D AdS action or a nonlocal 4D action for an
‘‘unparticle’’ [1,7,12,13].

Let us now add SUSY to this setup. We know that in 5D
the lowest number of supersymmetric charges we can have
is 8. Furthermore higher-dimensional supersymmetric
theories contain 4D supersymmetry, so it is possible to
write them down using 4D N ¼ 1 superfields [14].
Concentrating on the matter fields, we decompose a 5D
N ¼ 1 hypermultiplet � into two 4D N ¼ 1 chiral
superfields � ¼ f�;�; Fg and �c ¼ f�c; c ; Fcg, where
the two Weyl fermions � and c form a Dirac fermion. In
other words a 5D N ¼ 1 theory corresponds to a 4D
N ¼ 2 theory. The bulk 5D AdS action for such a hyper-
multiplet takes the form [14],

S ¼
Z

d4xdz

�Z
d4�

�
R

z

�
3½���þ�c�

�
c� þ

Z
d2�

�
R

z

�
3

�
�
1

2
�c@z�� 1

2
@z�c�þm

R

z
�c�

�
þ H:c:

�
;

(3)

which is explicitly Hermitian without boundary terms and
where m is a z-independent bulk mass term. We identify
the left-handed fields with � and the right-handed fields
with �c.

The supersymmetric case when mR ¼ c is a constant
has been analyzed in Ref. [15] where it was shown that this
theory has a simple correspondence to a 4D CFT. In the
case that the right-handed field is the source for a left-
handed CFT chiral operator OL ¼ ðOL;�L; FLÞ it was
shown that for values of c < 1=2, the scaling dimension
of the scalar component OL is

ds ¼ 3

2
� c (4)

and the chiral fermion operator [15,16] �L has a scaling
dimension

df ¼ 2� c: (5)

In fact the scaling dimensions of OL, independently of the
chirality, obey the relationships ds ¼ df � 1=2 ¼ dF � 1

as a consequence of SUSY. Note that, with this sign con-
vention, the composite field is more and more elementary
as c is increased toward 1=2, and in fact saturates the
unitarity bound [17] ds � 1, df � 3=2 at c ¼ 1=2. As is

the case in Seiberg duality, after reaching the unitarity
bound the fields become free fields, so for c > 1=2, the
CFT operator is a free superfield, with canonical scaling
dimension [15]. For right-handed CFT operators we have
similar expressions, but with c ! �c.
In order to obtain a phenomenologically viable theory,

we need to generate a mass gap in the spectrum of particles
charged under the SM gauge group. This can be accom-
plished by introducing a bulk mass of the form mðzÞR ¼
cþ�z as was studied in the non-SUSY case in Ref. [12].
We would like to comment at this point that such a
z-dependent mass term violates the 5D local Lorentz in-
variance in the bulk as well as half of the SUSY. However,
4D Lorentz invariance and N ¼ 1 SUSY are manifestly
preserved. One can imagine that this z-dependent mass
term comes from a z-dependent vacuum expectation value
(VEV) of some bulk field. (For instance, a dilaton VEV can
be transformed into such a term after field rescaling [7].)
The 5DN ¼ 1 SUSYand local Lorentz invariance can be
nonlinearly realized with inclusion of a Goldstone super-
multiplet [18].
From the 5D action, Eq. (3), we derive the first order

coupled EOM for fermions,

� i ���@��� @z �c þ ðmðzÞRþ 2Þ 1
z
�c ¼ 0; (6)

� i��@� �c þ @z�þ ðmðzÞR� 2Þ 1
z
� ¼ 0: (7)

Furthermore, we can easily obtain the expressions for the
F-terms,

F�
c ¼ �@z�þ

�
3

2
�mðzÞR

�
1

z
�; (8)

F ¼ @z�
�
c �

�
3

2
þmðzÞR

�
1

z
��

c; (9)

and use them to find second order EOM for the scalars:

@�@
��� @2z�þ 3

z
@z�þ

�
mðzÞ2R2 þmðzÞR� 15

4

�
1

z2
�

� ð@zmðzÞÞR
z
� ¼ 0; (10)

where the EOM for �c is the same as for � but with
mðzÞ ! �mðzÞ. Note that the Breitenlohner–Freedman
bound [19] on the scalar mass in AdS

CAI, CHENG, MEDINA, AND TERNING PHYSICAL REVIEW D 80, 115009 (2009)

115009-2



mðzÞ2R2 þmðzÞR� 15

4
>�4; (11)

is automatically satisfied.
As usual, we can decompose the fields as products of a

4D fields times profiles in the extra dimension and solve for
the profiles. To do this it is convenient to write the compo-
nent fields of the hypermultiplet (in 4D momentum space)
as,

�ðp; zÞ ¼ �4ðpÞ
�

z

zUV

�
2
fLðp; zÞ;

�ðp; zÞ ¼ �4ðpÞ
�

z

zUV

�
3=2

fLðp; zÞ;
(12)

c ðp; zÞ ¼ c 4ðpÞ
�

z

zUV

�
2
fRðp; zÞ;

�cðp; zÞ ¼ �c4ðpÞ
�

z

zUV

�
3=2

fRðp; zÞ;
(13)

where the relationships between scalar and fermion pro-

files are provided by SUSY, and p � ffiffiffiffiffiffi
p2

p
. Substituting

Eqs. (12) and (13) into Eqs. (6)–(10), we find that the
solutions can then be expressed as linear combinations of
the Whittaker functions of the first kind and the second
kind [20],

fLðp; zÞ ¼ aM

�
	;

1

2
þ c; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
z

�

þ bW

�
	;

1

2
þ c; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
z

�
; (14)

fRðp; zÞ ¼ a
2ð1þ 2cÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2 � p2
p
p

�M

�
	;� 1

2
þ c; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
z

�

þ b
p

ð�þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p Þ
�W

�
	;� 1

2
þ c; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
z

�
; (15)

	 � � c�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p ; (16)

whereMð	;m; 
Þ is the Whittaker function of the first kind
which in its series form is given by,

Mð	;m; 
Þ ¼ 
mþ1=2e�
=2

� X1
n¼0

�ðm� 	þ 1=2þ nÞ�ð2mþ 1Þ
n!�ðm� 	þ 1=2Þ�ð2mþ 1þ nÞ 


n;

(17)

andWð	;m; 
Þ is theWhittaker function of the second kind
which can be expressed as,

Wð	;m; 
Þ ¼ �ð�2mÞ
�ð1=2�m� 	ÞM	;mð
Þ

þ �ð2mÞ
�ð1=2þm� 	ÞM	;�mð
Þ: (18)

From the fermionic EOM, Eq. (6) and (7), we conclude that
fLðp; zÞ and fRðp; zÞ are related to each other by,�

@z þ 1

z
ðcþ�zÞ

�
fLðp; zÞ ¼ pfRðp; zÞ; (19)

�
@z � 1

z
ðcþ�zÞ

�
fRðp; zÞ ¼ �pfLðp; zÞ: (20)

It is simple to solve for the zero-mode profiles by looking
at Eqs. (19) and (20) in the case p2 ¼ 0. Then the zero
modes are given by fLð0; zÞ � e��zz�c and fRð0; zÞ �
e�zzc. Thus, in order to have a normalizable mode in the
sense that the wave function vanishes when z ! þ1, we
notice that for positive values of � only the left-handed
zero mode is normalizable, while the right-handed zero
mode is normalizable for negative �.
As previously mentioned, Eqs. (19) and (20) relate the

profiles fLðp; zÞ and fRðp; zÞ for nonvanishing momenta p.
The ratio of the coefficients a=b is fixed by the asymptotic
behavior as z ! þ1.
It is illuminating to rewrite the equations of motion for

the right-handed and left-handed fields in a form analogous
to ordinary quantum mechanics. Let us take a look at the
fermion EOMs. Rescaling the fields we can write the
equations for the profiles in the form,

@2

@z2
fR þ

�
p2 ��2 � 2

�c

z
� cðc� 1Þ

z2

�
fR ¼ 0; (21)

@2

@z2
fL þ

�
p2 ��2 � 2

�c

z
� cðcþ 1Þ

z2

�
fL ¼ 0: (22)

This can be compared with the radial Schrödinger equation
for the Hydrogen atom with a reduced mass M:

@2

@r2
uþ

�
2MEþ 2

M�

r
� ‘ð‘þ 1Þ

r2

�
u ¼ 0; (23)

where E is the negative binding energy. We can therefore
identify the following expressions for the effective poten-
tials for fR and fL respectively,

VRðzÞ ¼ cðc� 1Þ
z2

þ 2
c�

z
;

VLðzÞ ¼ cðcþ 1Þ
z2

þ 2
c�

z
:

(24)

Because of SUSY these potentials govern the behavior of
the scalar components as well as fermions, though the
rescaling necessary to obtain them is different for scalars.
We notice that for VRðzÞ in the case of negative values of c
and positive values of �, the potential is exactly the one
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corresponding to the Hydrogen atom with the identifica-
tions of angular momentum � ¼ ‘ ¼ jcj. Similarly, for
VLðzÞ in the case of positive c and negative �, we find
again the Hydrogen potential with a reduced mass�� and
the identifications and � ¼ ‘ ¼ c. Notice that in the case
of negative � for the right-handed field, there is a corre-
sponding zero mode associated with it. Thus in these
regions of parameter space there is an analogous structure
to the energy levels of the Hydrogen atom, that is an
infinite tower of KK states below the mass gap (i.e. with
p2 <�2). This last statement is verified analytically and in
numerical examples in the next section.

We will concentrate in the case �> 0 where the left-
handed chiral supermultiplet acquires a normalizable zero
mode for momentum smaller than the mass gap. In analyz-
ing the spectra we will pay special attention to the range
�1=2< c< 1=2 that corresponds to a scaling dimension
for the scalar, 1< ds < 2. One can use two different ap-
proaches to obtain the spectrum: by applying the boundary
conditions to the bulk solutions in order to find the extra-
dimensional wave functions of the modes directly, or by
calculating the holographic effective action and probing
the CFT operators with a right-handed superfield source.
We leave the first approach for the Appendix and concen-
trate on the second in the next section.

III. HOLOGRAPHIC BOUNDARYACTION

As mentioned above, one method for obtaining the
spectrum is by calculating the holographic boundary ac-
tion. In this way, we can probe the CFT by sourcing it with
a boundary superfield. First we integrate out the bulk field
constrained on the UV brane by the boundary condition
�cðzUVÞ ¼ �0

c. Here �
0
c plays the role of a source for the

CFT in the holographic interpretation while the field � is
allowed to vary freely at the UV brane [15]. Thus, we add
the following UV-boundary superpotential term which will
cancel the UV variation coming from �,

SUV ¼ �
Z

d4x
1

2

�
R

zUV

��Z
d2��ðzUVÞ�0

c þ H:c:

�
: (25)

Requiring the variation of the action to vanish on the UV
brane, the boundary conditions read,

FcðzUVÞ ¼ F0
c; c ðzUVÞ ¼ c 0; �cðzUVÞ ¼ �0

c:

(26)

After integrating the bulk, we get the supersymmetric
holographic action:

Sholo ¼ �
Z

d4x½�0�
c ��c

�0
c þ F0�

c �Fc
Fc0 þ c �

0�c c 0�
(27)

where

��c
¼

�
R

zUV

�
3
p
fL
fR

; �c ¼
�
R

zUV

�
4 p��

�

p

fL
fR

;

�Fc
¼

�
R

zUV

�
3 1

p

fL
fR

:

(28)

From the CFT point of view, the right-handed superfield
�0

c is a source for a left-handed chiral superfield as a CFT
operator that couples to. Furthermore, since Fc is the
source for the scalar component, as was shown in [15],
the propagator for the scalar CFT operator is given by,

�sðpÞ / ��Fc
ðpÞ: (29)

Moreover, as a consequence of SUSY we also have that the
fermionic and F-component correlators of the CFT opera-
tor are related to �s by �f ¼ p��

��s and �F ¼ p2�s.

We adopt outgoing wave boundary conditions and there-
fore drop the Whittaker function of the first kind,
Mð	;m; zÞ, in Eqs. (14) and (15) [21]. This is equivalent
to Wick rotating to Euclidean momenta and keeping only
the solution that decays exponentially for large Euclidean
momenta [7]. Now we concentrate on the study of the
scalar propagator in the conformal limit � ! 0. For that
purpose we expand �Fc

for small values of zUV ¼ �,

�Fc
¼ �ð�þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2 � p2
p Þ
p2

�
Wð� c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p ; 12 þ c; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p
�Þ

Wð� c�ffiffiffiffiffiffiffiffiffiffiffi
�2�p2

p ; 12 � c; 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p
�Þ

; (30)

and concentrate in the region �1=2< c< 1=2. We find
that after properly rescaling the correlator by a power of �
(to obtain the correct dimension of the correlator),

��1
s 	 p2

1� 2c
�1�2c �

2�1þ2cp2ð�2 � p2Þ�1=2þc�ð1� 2cÞ�ðcþ c�ffiffiffiffiffiffiffiffiffiffiffi
�2�p2

p Þ
�ð2cÞ�ð1� cþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ : (31)

Notice that in the case �1=2< c< 1=2, since �1�2c !
0 in the conformal limit, the first term in Eq. (31) can be
ignored. In this limit, we notice that there is always a
massless mode associated with the CFToperator and there-
fore the CFT is chiral. We see from this last expression that

effectively there is pole located at p2 ¼ 0 which corre-
sponds to the zero mode found in Eq. (19). Furthermore,
when p2 >�2, we find a branch-cut and thus the beginning
of the continuum. In the case �1=2< c< 0, besides the
massless pole, there are momenta in the range p2 <�2
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where the function �ð1� cþ c�=ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p ÞÞ can also
become large and it is possible for the first and second
terms to be comparable and cancel each other. This leads to
exactly the condition found in the Appendix, Eq. (A4), by
solving for the extra-dimensional wave functions using
Eqs. (21) and (22). The corresponding series of poles
with p2 ��2 can be related to the Hydrogen-like solutions
expected from Eq. (24). This series of poles remains in the
conformal limit. Again, for p2 >�2 we find a branch-cut
that signals the beginning of the continuum.

In the case of the continuum spectrum above the mass
gap, p2 >�2, the spectral density function is,

�ðp2Þ ¼ 1

R0

Im½�F�c
�; (32)

and we have normalized it1 with respect to the residues of
the corresponding Standard Model (SM) zero-mode fields
with R0 being the residue coming from the zero-mode pole.
The expression for the zero-mode residue is very simple to
obtain since we already know that the pole comes from the
prefactor in Eq. (15). Thus we have,

R0 ¼ 2��
Wð�c; 1=2þ c; 2��Þ
Wð�c;�1=2þ c; 2��Þ (33)

In Fig. 1 we plot the spectral density as a function of
momentum for two values of c. The spectral density peaks
at higher momenta for higher values of c.

In the region c > 1=2, for small �, the correlator reduces
after proper rescaling to,

��1
s 	 p2

�
�ð2c� 1Þ
�ð2cÞ þ �2c�1

2�1þ2cð�2 � p2Þ�1=2þc�ð1� 2cÞ�ðcþ c�ffiffiffiffiffiffiffiffiffiffiffi
�2�p2

p Þ
�ð2cÞ�ð1� cþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ

�
; (34)

and in the limit � ! 0 we get,

�s;c 	 2c� 1

p2
: (35)

Notice that there is still a massless pole, corresponding to a free field in the CFT. On the other hand, when c <�1=2, after
proper normalization, we find,

�s 	 �
2ðp2 ��ð�þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2 � p2
p ÞÞ�ð�1� 2cÞ�ð1� cþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ

p2��1�2c�ð1� 2cÞ�ð�cþ c�ffiffiffiffiffiffiffiffiffiffiffi
�2�p2

p Þ þ
21�2cð�2 � p2Þ1=2�c�ð2cÞ�ð1� cþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ

p2�ð1� 2cÞ�ðcþ c�ffiffiffiffiffiffiffiffiffiffiffi
�2�p2

p Þ
(36)

1 2 3 4 5
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p
1

T
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2

FIG. 1 (color online). Continuum spectral density function
with � ¼ 10�19 GeV�1 and � ¼ 1 TeV, as a function of mo-
menta p in TeV. In the first example (red curve) c ¼ �0:3 and in
the second example (green curve) c ¼ 0:3.

1We are forced to normalize the spectral function in this way since in the range �1=2< c< 1=2, the integral
R
1=�
� �ðp2Þpdp

diverges as a power of the cutoff.
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which in the limit p2 ! 0 reduces to,

�s 	 1

��1�2cð1þ 2cÞ þ
21�2c�1�2c

p2�ð1� 2cÞ : (37)

Notice there is a UV sensitivity that can be cancelled by
adding a proper SUSY term in the boundary action [15].
The massless pole always remains in the spectrum, even in
the CFT limit �. Furthermore, its existence depends com-
pletely on �, since when � vanishes the massless pole
disappears from the spectrum.

IV. SUSY BREAKING

Now we introduce SUSY breaking on the boundary by
means of a scalar mass term,

S ¼ 1

2

Z
d4x

�
R

zUV

�
3 Z

dzðm2zUV ����þ H:c:Þ
� ðz� zUVÞ: (38)

The mass m has dimension one, since a scalar field has
dimensions d½�� ¼ 3=2. This new term has the effect of
modifying the boundary conditions, which now take the
form,

FcðzUVÞ ¼ F0
c þm2zUV�

�ðzUVÞ; c ðzUVÞ ¼ c 0;

�cðzUVÞ ¼ �0
c: (39)

Using Eq. (8), (19), and (38), we find that �Fc
now

corresponds to,

�Fc
ðp2Þ ¼

�
R

zUV

�
3 fL
pfR �m2zUVfL

: (40)

As was done in the previous section, we study the new
scalar propagator modified by SUSY breaking in the CFT
limit � ! 0. In this case, in the region of bulk mass,
�1=2< c < 1=2, after proper normalization of the corre-
lator, we find,

��1
s ðp2Þ 	 m2�1�2c � p2

2c� 1
�1�2c �

2�1þ2cp2ð�2 � p2Þ�1=2þc�ð1� 2cÞ�ðcþ c�ffiffiffiffiffiffiffiffiffiffiffi
�2�p2

p Þ
�ð2cÞ�ð1� cþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ : (41)

In the limit when p2 
 �2 we can easily solve for the
new displaced poles. In this case, we find that the pole
which was at zero momentum in the SUSY conserving
action has been displaced to a nonzero value due to the
SUSY-breaking mass term we added to the scalar action.
The new pole location is at

p2
pole ¼

2ð2c� 1Þm2ð��Þ1�2c

ð�4c þ 21þ2ccÞ�ð1� 2cÞ : (42)

We plot in Fig. 2 the dependence of the ratio m2=p2
pole as a

function of the constant bulk mass c. An important thing to
notice is that as c goes from�1=2 to 1=2, for a given value

of p2
pole, the necessary value of m2 decreases. This is easy

to understand, since as c becomes negative, the zero-mode
profile,

fL;0 / e��zz�c; (43)

is less localized near the UV brane and therefore is less
affected for a given SUSY-breaking mass m. In Fig. 3 we
give a specific example of how the pole shifts for a given
SUSY-breaking mass; the position of the pole is given by
the zero of the inverse correlator.

0.4 0.2 0.0 0.2 0.4
1

106

1012

1018

1024

1030

c

m2

ppole
2

FIG. 2 (color online). Plot of m2=p2
pole vs c, with � ¼

10�19 GeV�1 and � ¼ 1 TeV. Notice that as c gets closer to
1=2, for a given value of p2

pole, the value of m2 decreases.
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0.0
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1 s,
c

p
T
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2

c
1

FIG. 3 (color online). Inverse correlator in the case of positive
c with, m ¼ 0 GeV (blue curve, solid) and m ¼ 4� 107 GeV
(red curve, dashed), � ¼ 10�19 GeV�1, � ¼ 1 TeV and c ¼
0:2. Notice how the pole has shifted from p2 ¼ 0 at m ¼ 0 to
p2 	 600 GeV2 at m ¼ 4� 107 GeV.
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For c > 0, the zero mode is the only pole below the
continuum. As m increases, the zero-mode pole moves
closer into the continuum with which it eventually merges.
Thus, we see that one possibility is a superpartner which
only has a continuum spectrum, i.e., unparticle behavior.
This has important consequences for phenomenology
which will be briefly discussed later. We can get an ap-
proximate analytical expression for the displaced zero-
mode poles in the vicinity of p 	 �. For that, we solve
Eqs. (21) and (22) with the constraint of Eq. (19) and (20)
for p ¼ �� 
 , with 
 
 �. Replacing the solutions in
Eq. (40) and analyzing the result in the CFT limit, � ! 0,
we find that the pole, in the case of 0< c < 1=2, has
shifted to

ppole	� ¼ �

2
� 1

2

�ð1� 2cÞm2

�

� 4cc2c��1þ2c�2c�ð2� 2cÞ
�ð1þ 2cÞ

�
; (44)

so for

m2 *
�2

1� 2c

�
4cc2c�ð2� 2cÞð��Þ2c�1

�ð1þ 2cÞ � 1

�
(45)

the zero mode merges into the continuum. The value of the
SUSY-breaking mass on the UV boundary where the pole
just merges into the continuum as a function of c is plotted
in Fig. 4.

The shape of the continuum spectrum is also modified in
the presence of a SUSY-breaking mass term. As mentioned
previously, we normalized with respect to the SM fields
pole residues. We plot the spectral density functions for
several different SUSY-breaking masses in Fig. 5. We see
that the peak shifts to larger values of momenta with

increasing values of m, in particular, after the pole merges
with the continuum.
For c < 0, there are also resonant KK-like states below

the continuum besides the zero mode. Looking at Eq. (41),
we notice that as m2 increases, the resonant KK-like
states for c < 0 will also move towards the continuum.
However, they never disappear into the continuum as the
last term in Eq. (41) can become arbitrarily large, when

5 10 15 20 25 30
0.00

0.05

0.10

0.15

p TeV

p
1

T
eV

2

FIG. 5 (color online). Spectral function for four examples of
boundary UV SUSY-breaking masses m ¼ 2� 107 GeV (blue
curve, dashed), m ¼ 8� 106 GeV (green curve, solid), m ¼
2� 106 GeV (purple curve, dot-dashed) and m ¼ 105 GeV
(red curve, dotted). The red and purple curves correspond to
zero-mode poles localized at p 	 50 GeV (red curve) and p 	
950 GeV (purple curve), that have not merged with the contin-
uum. On the other hand, the green and blue curves correspond to
the cases where the pole has merged into the continuum. In the
examples, � ¼ 10�19 GeV�1, � ¼ 1 TeV and c ¼ 0:3. We can
see how the continuum peaks to higher momenta as the SUSY-
breaking mass m increases, specially as the pole merges into the
continuum.
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104
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1010
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FIG. 4 (color online). SUSY-breaking mass vs bulk constant
mass parameter c, such that the zero-mode pole exactly merges
with the continuum. In this example, � ¼ 1 TeV and � ¼
10�19 GeV�1.
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FIG. 6 (color online). Inverse correlator for two examples of
boundary UV SUSY-breaking masses: m ¼ 1013 GeV (blue
curve) and m ¼ 2� 1014 GeV (red curve, dashed). In the ex-
amples, � ¼ 10�19 GeV�1, � ¼ 1 TeV and c ¼ �0:2. We can
see how the series of poles shift into the continuum with
increasing values of m.
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cþ ðc�Þ=ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p Þ gets close to a negative integer, to
compensate the first term independently of how large m is.
It is difficult to obtain an analytical expression for the
displaced poles. However we can see the effects numeri-
cally as shown in Fig. 6, where the poles are given by the
positions of the zeroes in the plot.

We can obtain an approximate analytical expression for
the shift of the KK-like resonances below the continuum
for c < 0 in the limit that the first term in Eq. (41) domi-
nates over the second term. In that case we expect small
modifications to the SUSY spectrum and we find that the
following relationship is satisfied,

1� cþ c�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p ¼ �nþ C; (46)

where the constant C is given by,

C ¼ ð�1Þnþ14�cð1þ nÞc�2c�ð2cÞ
ð1� 2cþ nÞ�ð�2cÞ�ð2þ nÞ2ð1þ cþ nÞ�1�2c

�
�
m2

�2

�
ð��Þ1�2c: (47)

Notice that for m2 ! 0, C vanishes, recovering the unper-
turbed solution.
Again, for completeness we analyze the case c > 1=2.

We find that the correlator, in the limit � ! 0 reduces to,

��1
s ðp2Þ 	 m2 � p2

2c� 1
: (48)

where the pole has shifted as expected. For c <�1=2, after
proper normalization, we find,

�sðp2Þ 	 1

ð1þ 2cÞ��2c�1
þ 21�2c�1�2c

p2cð2þ 4cþ ð�2m2 þ ð1þ 2cÞ�2Þ�2Þ�ð�1� 2cÞ ; (49)

where once again we notice how the pole has been dis-
placed by the nonzero soft mass. In the exact CFT limit we
notice a UV sensitivity as we found previously for this
region of parameter space in the SUSY case.

V. GAUGE FIELDS

In this section we discuss the gauge fields. As was shown
in [14], a 4DN ¼ 2 vector supermultiplet can be decom-
posed into an N ¼ 1 vector supermultiplet V ¼
ðA�; �1; DÞ and a chiralN ¼ 1 supermultiplet� ¼ ðð�þ
iA5Þ=

ffiffiffi
2

p
; �2; F�Þ. We cannot proceed as before by intro-

ducing a bulk mass term for the gauge fields since this
would break gauge invariance. Thus, we add a dilaton
superfield interaction2 that softly breaks the conformal
symmetry in the IR. This has also the consequence of
providing a correct match between the 4D effective gauge
coupling with the 5D gauge coupling in the limit of zIR !
þ1 as was shown in [12]. We therefore write the bulk
action for the vector supermultiplet as [14],

SV ¼
Z

d4xdz � R
z

�
1

4

Z
d2�W�W

��þ H:c:

þ 1

2

Z
d4�

�
@zV � R

z

ð�þ �yÞffiffiffi
2

p
�
2ð�þ�yÞ

�
; (50)

and assume that the dilaton superfield acquires a VEV in its
scalar component, h�i ¼ e�2uz=g25. In order to obtain the

same expressions as those found in [22], we rescale the

fields as, A5 ! z
R A5, �1 ! ðRzÞ3=2�1 and �2 ! iðRzÞ1=2�2

and get the bulk action in components. The action for the
bosonic component fields (AM, �, D) is given by,

SB ¼
Z

d5x
R

z
� e

�2uz

g25
�
�
� 1

4
F��F

�� � 1

2
ð@zA�Þ2

þ @zA�@
�A5 � 1

2
ð@�A5Þ2 þ 1

2

�
R

z

�
2 ��@�@��

� R

z
��@zDþ 1

2
D2 þ �F�F�

�
R

z

�
2
�

(51)

As can be seen in Eq. (51), there is a mixing term between
A� and A5. We can add a gauge fixing term to remove such

mixing,

SGF ¼ �
Z

d5x
R

z
� e

�2uz

g25
� 1
2

�
@�A

� þ z

R
@z

�
R

z
A5

�

� 2uA5

�
2

(52)

which corresponds to the unitary gauge in our model.
Substituting � by its VEV in the Lagrangian, we find
that the longitudinal components of the excited gauge
bosons states A� are related to the scalar field A5 in the

following way3:

p�A�ðp; zÞ þ
�
@z � 1

z
� 2u

�
A5ðp; zÞ ¼ 0: (53)2We could have proceeded in a similar fashion for the hyper-

multiplet case and added a dilaton interaction in addition to the
bulk z-dependent mass. However, the dilaton VEV can be
absorbed by a wave function redefinition and as shown below,
this would only provide a shift in the particular value of �
considered.

3This would correspond to the longitudinal modes A5 which
are eaten by the A� KK gauge bosons.
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The auxiliary fields F� and D can be integrated out
using their equations of motion,

F� ¼ 0; D ¼ �R

z

�
@z � 2

z
� 2u

�
�: (54)

We would like to concentrate on the gaugino sector and
study the effects of SUSY breaking on the spectrum. For
that purpose, we calculate the gaugino bulk action,

SF ¼
Z

d5x

�
R

z

�
4 � e

�2uz

g25
�
�
�i�1�

�@� ��1 � i�2�
�@� ��2

þ 1

2
�2@z

$
�1 � 1

2
��1@z

$
��2 þ 1

z

�
1

2
þ uz

�
�1�2

þ 1

z

�
1

2
þ uz

�
��1
��2

�
: (55)

As can be seen in Eq. (55), the dilaton field modifies the
gaugino mass term, introducing a z-dependent bulk mass
which leads to a mass gap in the continuum, as we found
for the matter fields. As a matter of fact, this action is
exactly analogous to the fermion matter field action in the
case c ¼ 1=2.

By analogy with the matter fields, we can construct in a
simple manner the solutions to the 5D profiles after rescal-
ing all component fields by a factor euz,

�1ðp; zÞ ¼ �4ðpÞeuz
�

z

zUV

�
2
hL;

A�ðp; zÞ ¼ A�4ðpÞeuz
�

z

zUV

�
1=2

hL;

(56)

�2ðp; zÞ ¼ c 4ðpÞeuz
�

z

zUV

�
2
hR;

� ¼ �4ðpÞeuz
�

z

zUV

�
3=2

hR;

(57)

where hL;R represents fL;R evaluated at c ¼ 1=2. In the

following, we assume that �ðzUVÞ ¼ 0. In this case the
vector superfield acts as the source of a vector superfield
CFT operator with canonical dimensions [15].

We study how SUSY breaking affects the supervector
CFT operator using the holographic language. For this
purpose, we add a Majorana mass term for the �1 gauginos
on the UV brane,

S ¼
Z

d4x

�
R

zUV

�
4 Z

dzðmzUV�1�1 þ H:c:Þðz� zUVÞ:
(58)

In analogy with the matter field case, we can calculate
the kinetic term for the �2 gauginos, which are related to
the correlator of the fermionic CFT operator �f ¼ ���2

,

as:

��2
ðp2Þ ¼

�
R

zUV

�
4 hL
hR �mzUVhL

p��
�

p
: (59)

In the conformal limit � ! 0, the correlator takes the form,

�f 	 � 1

�p2 þ p2 ln½2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 � p2

p
�� � ffiffiffiffiffiffi

p2
p

m
p��

�; (60)

where the pole, in the case p 
 u, is localized at,

p2
pole ¼

m2

ð�þ ln½2u��Þ2 : (61)

In the casem2 ¼ 0 the pole is localized at zero momenta as
expected. The continuum spectra starts at momenta p > u.
As an example, for u ¼ 1 TeV, � ¼ 10�19 GeV�1 and
m ¼ 40 TeV, the pole merges with the continuum.

VI. PHENOMENOLOGYAND CONCLUSIONS

In this paper we discussed a novel possibility for super-
symmetric extensions of the standard model, where there
are continuum excitations of the SM fields and their super-
partners arising from conformal dynamics. Using the AdS/
CFT correspondence we can explicitly construct the mod-
els and explore the properties of the continuum states. In
the supersymmetric limit, the SM particles and their super-
partners are zero modes in the 5D theory, and there is a
continuum excitation for each of them starting at some
mass gap due to conformal breaking in the infrared. After
SUSY breaking, the zero-mode superpartners acquire
SUSY-breaking masses and are lifted from the massless
spectrum. For large enough SUSY breaking, the super-
partner may merge into the continuum and there is no
longer a well-defined superpartner state of a definite
mass. In the simple setup considered in this paper where
SUSY breaking is localized on UV brane, the mass gap for
the continuum governed by the infrared conformal break-
ing does not change due to locality in the extra dimension,
but the shape of the spectral density is modified by SUSY
breaking. One can imagine that in a more general setup, the
continuum excitations of the SM particles and their super-
partners will have different mass gaps.
As we have seen in the discussions of the previous

sections, the properties of superpartners can be quite differ-
ent in this type of model, depending on the parameters. The
superpartner of a SM particle could be either a discrete
mode below a continuum, the first of a series of discrete
modes, or just a continuum. The last case will of course be
the most challenging to uncover experimentally. At the
LHC we would expect that most of the time the super-
partner is produced near the bottom of the continuum due
to the fall off in parton distribution functions. It will be
difficult to construct any peak or edge since there is an
additional smearing of the mass by the continuous spec-
trum itself. If the superpartner is produced well above the
threshold, then there is also the possibility of extended
decay chains. This arises when the superpartner decays
to another state, if the new state is above the original
threshold, then it can decay back to the original super-
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partner, just at a lower point in the continuum spectrum.
These events are expected to have large multiplicities and
more spherical shapes, as a reflection of the underlying
conformal theory [23]. The collider phenomenology of
such models is currently under investigation. Serious
work will need to be done to extend current LHC analysis
to cover this type of new physics.
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APPENDIX: WAVE FUNCTIONS

We now obtain the spectrum by solving for the wave
functions of the modes. As mentioned before in the text,
the general solution to the EOM is a linear combination of
Whittaker functions of the first and second order. Now if
we consider a left-handed zero mode which therefore has a
Neumann (even) boundary condition at the UV brane, the
accompanying right-handed solution has a Dirichlet (odd)
boundary condition at the same brane. Furthermore, for
momenta smaller than the mass gap, the wave function is
normalizable in the sense that it is squared integrable when
the IR branes is taken to infinity. Thus we have,

fRðp; �Þ ¼ 0;
Z 1

�

�
R

z

�
�
��������
�
z

�

�
�
fRðp; zÞ

��������
21

�
dz ¼ 1;

(A1)

where for fermions � ¼ 4 and � ¼ 2, and for scalars � ¼
3 and � ¼ 3=2. These two conditions completely fix the
solution to the EOM and the spectrum for momenta smaller
than the mass gap.

There are two independent solutions to the second order
equations of motion, Mð	;m; 
Þ and Mð	;�m; 
Þ. These
two solutions tend to diverge as z ! þ1. However one
can construct a linear combination of them which is ex-
ponentially decaying as z ! þ1. This linear combination
turns out to be the Whittaker function of the second kind,
Wð	;m; 
Þ, defined through Eq. (18). The condition of
normalizability forces us to drop the divergent component
Mð	;m; 
Þ in Eq. (15) and only keep Wð	;m; 
Þ.

Let us analyze how the expected massless pole arises by
inspecting Eq. (15) in the limit p ! 0. From the solution to
Eq. (19), which is always normalizable for �> 0, inde-
pendent of the value of c, we expect to always find a
solution to Eq. (A1) for vanishing momentum, p, and
positive �. This in fact, turns out to be always the case

since the prefactor p=ð�þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p Þ in the second term
of Eq. (15) vanishes at p ¼ 0 and furthermore for non-

vanishing �, Wð�c;�1=2þ c; 2j�j�Þ is regular and non-
zero for any value of c. This important prefactor arises
when relating the normalizable solutions [for p2 <�2] to
Eqs. (21) and (22) by Eqs. (19) and (20). Thus, we see that
the appearance of a massless mode, independent of the
value of c, is very different from the previously gapless
(� ¼ 0) cases analyzed in the literature [15,16] where
massless modes arise only for certain values of c. We
thus expect that the corresponding CFT operator will al-
ways have a massless chiral mode for nonzero �. Since
Eqs. (19) and (20) are symmetric under the exchange
mðzÞ ! �mðzÞ and fR ! �fL we see that flipping the
sign of � simply flips the handedness of the zero-mode.
Now, let us concentrate for a moment on nonvanishing

momenta and demand that we satisfy the UV-boundary
condition, fRðp; �Þ ¼ 0. From the last discussion we real-
ize we need to demand,

W

�
� c�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2 � p2
p ; 1=2� c; 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
�

�
¼ 0: (A2)

To analyze this last expression, let us expand for small 


Eq. (18) using Eq. (17), Mð	;m; 
Þ 	 
1=2þm,

Wð	;m; 
Þ 	 �ð�2mÞ
�ð1=2�m� 	Þ 


1=2þm

þ �ð2mÞ
�ð1=2þm� 	Þ 


1=2�m: (A3)

In our case, m ¼ 1=2� c, 	 ¼ �c�=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p
and 
 ¼

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p
z. The two terms then can compensate each

other and we find that the following relation is satisfied,

�ð�1þ 2cÞ
�ðcþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ 2

1�2cð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
�Þ1�2c

þ �ð1� 2cÞ
�ð1� cþ c�ffiffiffiffiffiffiffiffiffiffiffi

�2�p2
p Þ ¼ 0: (A4)

We are interested in range�1=2< c< 1=2, so we see that
the first term in Eq. (A4) vanishes as � ! 0. Thus, in order
to satisfy the UV-boundary condition, we have,

1� cþ c�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

p ¼ �nþ ; n 2 Zþ
0 ; (A5)

which can only be satisfied for c < 0. We can approxi-
mately solve for , as the solution of,

�ð�1þ 2cÞ
�ð�1þ 2c� nÞ 2

1�c

�
c�

�1þ c� n
zUV

�
1�c

þ �ð1� 2cÞ
�ð�nþ Þ 2

c

�
c�

�1þ c� n
zUV

�
c ¼ 0 (A6)

and find that,
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 	 ð��Þ1�2c ð�1Þnð2c=ðc� n� 1ÞÞ1�2c�ð�1þ 2cÞ
�ð1� 2cÞ�ð�1þ 2c� nÞ�ð1þ nÞ ;

(A7)

which is tiny in the limit � ! 0. As an example, in the case
of c ¼ �0:2, � ¼ 200 GeV, � ¼ 10�19 GeV�1 and n ¼
1, we find  	 10�24, so we can safely neglect this
correction.

Neglecting , we rewrite Eq. (A5) asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � p2

q
¼ c�

c� 1� n
: (A8)

So we require that �> 0 for this expression to be positive
(with �1=2< c< 0). Solving for p2 we obtain,

p2 ¼
�
1� c2

ð1� cþ nÞ2
�
�2: (A9)

Analyzing this solution, we find that most resonances are
localized near p�� where they accumulate. We can see
this by taking the limit n ! þ1 in Eq. (A9) and find that
p2 ! �2.
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