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We study the graviton phenomenology of TeV little string theory by exploiting its holographic gravity
dual five-dimensional theory. This dual corresponds to a linear dilaton background with a large bulk that
constrains the standard model fields on the boundary of space. The linear dilaton geometry produces a
unique Kaluza-Klein graviton spectrum that exhibits a ~TeV mass gap followed by a near continuum of
narrow resonances that are separated from each other by only ~30 GeV. Resonant production of these
particles at the LHC is the signature of this framework that distinguishes it from large extra dimensions,
where the Kaluza-Klein states are almost a continuum with no mass gap, and warped models, where the
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states are separated by a TeV.
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Introduction.—String theory is the leading candidate for
a theory of quantum gravity. Its mathematical consistency
dictates the existence of extra dimensions. However, the
fundamental string scale M| as well as the size of the extra
dimensions are not necessarily tied to the four-dimensional
Planck mass Mp;, and string theory may become relevant at
much lower energies [1,2]. This opens the exciting possi-
bility that the string scale is at TeV, and string theory
provides a solution to the hierarchy problem. The string
theoretic relation

1
8
where g, is the string coupling and Vy the six-dimensional
internal volume, suggests two distinct scenarios. One is the
well known Antoniadis—Arkani-Hamed-Dimopoulos—
Dvali (AADD) framework of large extra dimensions [3],
where the enormity of the Planck mass is accounted for by
the large volume of the extra dimensions where gravity
propagates and thus becomes weak, while the standard
model interactions are localized effectively in our three
spatial dimensions [4].

The other possibility arises when both the string scale as
well as the size of the extra dimensions are at a TeV [5]. In
this case, the weakness of gravity is attributed to the small-
ness of g, [6]. The hierarchy problem is now equivalent to
understanding the smallness of g,. A nontrivial limit of
zero string coupling in string theory gives rise to a class of
theories known as little string theories (LSTs), where
gravity is completely decoupled [7.8] (see, e.g., [9,10]
for review and [11] and references therein for a more recent
work). On the other hand, gauge couplings, determined by
geometric moduli, are independent of g, and can thus be
order one.

M3 = = M3V, (1)
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LSTs can be generated by stacks of NS5-branes, similar
to the way stacks of D3-branes may give rise to the
Randall-Sundrum (RS) scenario [12,13]. More precisely,
in the gravity decoupling limit, D3-branes generate four-
dimensional (4D) N =4 supersymmetric gauge field
theories, while NS5-branes give rise to 6D LSTs which
are notoriously hard to study; they are strongly coupled
nonlocal theories that appear to have no Lagrangian
description. Holography, though, allows us to study
n-dimensional theories without gravity in the strongly
coupled regime by weakly coupled dual theories of gravity
embedded in n + 1 dimensions [14]. In the well-known RS
case, the gravity dual is a 5D anti—de Sitter background
(AdSs), while for LSTs one obtains a 7Dtheory with a
linear dilaton background configuration in the infinite extra
dimension [15]. It turns out that the level of difficulty is
reversed in the dual theories: String theory on an AdS
background is very hard to study, while the linear dilaton
has an exact world-sheet description. Thus, in contrast to
the RS scenario whose string embedding is challenging,
LST models have, in principle, a well-defined string
realization.

In order to realistically associate the LST framework
with the hierarchy problem and have a finite Planck scale,
the infinite extra dimension of the dual theory needs to be
rendered finite and the additional two transverse dimen-
sions need to be compactified. This gives rise to a cigar-
type throat connected to an asymptotically flat spacetime.
In this Letter, we use a 5D analog of this geometry that
nicely captures many of the LST properties. We discuss the
graviton Kaluza-Klein (KK) spectrum and the possibility
of having ordinary particles in the bulk. We finally discuss
the collider phenomenology of this framework and how it
can be distinguished from other possibilities.
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The 5D model.—As discussed above, the gravity dual of
little string theory can be approximated by the following
action in the bulk:

Sbulk = ‘[dsxaz—ge_@/Mi/z)[MgR + (Vd))z - A] (2)

d is the dilaton field, and Mj is the five-dimensional cut-
off, where bulk gravity becomes strong and is of the order
of the string scale in the fundamental theory. The extra
dimension is finite and compactified on an interval, de-
scribed by a circle with a Z, symmetry. We identify the
boundary at x5 = y = 0 with the standard model (visible
sector) brane, while at y = r, there is a hidden sector
brane, and the corresponding actions are, respectively [16],

_ 32
Syis(hid) = f d*x/—ge (P/Ms )(LSM(hid) — Vsistia))- (3)

In order to study the properties of this setup, we can go to
the Einstein frame, where the curvature term no longer has
a dilaton field dependence. This is achieved by the confor-
mal transformation

- _ 32
g=e MM, )

and the above actions are rewritten as

Shulk = f dx— g(Mgzé - %(vcp)z — /3 @/M) A),

&)

— 32y, ~
Syis(hid) :[d4x\/_ge(l/3)(q)/M5 )(LSM(hid) = Vsisthia))- (6)

The LST solution arises when we impose a linear dilaton
background ﬁ = a|y|. The gravity equations of motion
5

in this background are solved by the following bulk metric:
ds* = e~ ?Pabl(y  dxrdx” + dy?) (7
with the following conditions:

A= _M:;a2 and Vvis = _Vhid = 4C¥M§’ (8)

Similar to the case for RS, there are two tuning conditions.
One is needed to cancel our 4D cosmological constant, and
the other results in the tuning of the radion potential. This
second tuning becomes irrelevant after a stabilization
mechanism is taken into account.

The Planck scale is determined by the size of the extra
dimension, the slope of the dilaton field, and the 5D cutoft:

M3
M3 = 2/ dye MIME = -2 (em e — 1), (9)
0 [e%

Given that the cutoff is of around the TeV scale, it is first
obvious that o < 0. In addition, this relation shows that
gravity decouples when r. — o0, as expected from the LST
picture. The sign of « is indeed compatible with the
relation between our model and LST: One may think about

the N'S5-branes as being located at y = 0, where the string
coupling exp(d/ Mg/ %) is large, while the asymptotically
flat regime away from the branes is at y = r., where
g2 = e%< < 1. Moreover, a and M; are related to the
other two parameters of the dual LST on the stack of
NS5-branes, M, and the number of branes N, by
LM s MV
VN’ SN/

In order to develop a better intuition for this framework,
it is worth rewriting the metric in a form that is familiar for
RS geometries using the coordinate transformation
dz = e~ 1P gy

(10)

dste = (119 e + a2 11
SEsT = 3 ) Muvdxtdx z- (11)

We see that the gravity dual of LST is a geometry with
power law warping and a logarithmically varying dilaton.
Thus, when we impose the constraint for the value of
Mopncx given the TeV scale cutoff, we find that the proper
length of the extra dimension is quite large in fundamental
units, zo = (100 eV)~! (~10 nm). In order to understand
the physical implications of this dimension, it is essential
to calculate the graviton KK spectrum.

Graviton Kaluza-Klein modes.—We find the spectrum of
spin-2 excitations of the graviton hi’f,),
ing parametrization of the metric:

by taking the follow-

e @by, + KiD)dxrdx” + dy*]  (12)

Working in the transverse-traceless gauge, we find that the
equation of motion for these modes is

nPRa,0, A + 020 — ad bl = 0. (13)

The Neumann boundary conditions imposed by the sym-
metry result in a massless mode that is flat in the extra
dimension, while the rest of the KK modes have a wave
function localized close to the standard model brane:

) = N%e(“/zﬂy'(— 2’MTCOSMleI + sinnﬂlyl)ei”x,
ar, e r,

(14)

where NEZ’Z accounts for a normalization factor and the
tensor indices. Their mass is given by

2
m3=<"£)2+1; n=+1,%2.... (15
r 4
We see that this metric gives rise to a quite special
spectrum—there is a mass gap of the order of the curvature
scale followed by what essentially is a continuum of
modes. This type of spectrum has been pointed out before
in the LST literature (see, e.g., [9]). This behavior of the
geometry can be understood by rewriting the equation of
motion for these modes as a Schrodinger equation with a

potential by defining A\l) = e/l

c
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2
I (n 27 (n) _ a” ~, _
7753 ,0, A7), + a2h) T A, = o. (16)

This shows that the metric provides a bulk mass for the
graviton modes, while only one remains massless because
of symmetry. Above the mass gap, the spectrum is quan-
tized as we would expect for a particle moving in a box of
size r, ~ (30 GeV)~!. This value comes in stark contrast
to the proper length of the extra dimension, z, ~ 10 nm, as
seen from Eq. (11). The puzzle is solved once we calculate
the time it takes for a massless particle in this geometry to
travel from one brane to the other, which is nothing else
but ~(30 GeV) ! —this sets the size of the “box’’ in which
the gravitons propagate.

In addition to the peculiarity of the mass spectrum, we
expect the couplings of these excitations to be suppressed
only by the TeV scale and not by the Planck mass, as they
are localized close to the IR brane in our geometry. As a
result, these modes can be produced and studied at col-
liders providing a smoking gun of our framework. We will
discuss in more detail the couplings and the phenomenol-
ogy of these modes below. Finally, note that, just as in the
case of RS, there are no vector KK modes from gravity due
to the Z, symmetry of the bulk.

KK graviton phenomenology.—We previously showed
that the KK excitations of the graviton are localized close
to the standard model brane and thus couple with a strength
much larger than Mp,'. Their exact couplings ﬁ are

determined by the wave-function normalization:
) Far|
fdylhﬁf,),h("’wl =1 (17)
This condition gives

1 1 fla\1/2 1 4n?1? /
o -\ PP 5 . (18)
A Ms \M; lar |2 \dn*7? + (ar.)

Equation (18) shows that each one of these modes couples
with strength slightly smaller than M !, There is a factor of
roughly 30 suppression coming from «ar,, which needs to
be large to get the correct value of Mp; as well as from the
requirement of perturbativity |a| <Ms. It is also
worth pointing out that the total inclusive production cross
section of these states saturates unitarity at energies that are
close to M5, as expected.

Because of their relatively large coupling, these modes
can be produced at colliders and appear as resonances in
dilepton and dijet events. The search strategies are very
similar to those for RS gravitons, and the most stringent
constraint currently comes from their off-shell production
at the Tevatron [17]. Their contribution to contact
interactions depends on the convergent sum:

11
> ———. (19)

n A;r_l)Z s my

In Fig. 1, we present the current Tevatron bounds from
contact interactions as we extrapolated from RS studies
[17], assuming s < m?2. We also show the expected reach at
the LHC for these interactions. In the same figure, we also
present the current bounds from resonant KK production in
the diphoton channel coming from the Tevatron with
5.4 fb~! of data. The direct bounds have been extrapolated
from current RS searches [18] and evaluated for different
values of the KK number. In Fig. 1, the resulting exclusion
regions for different KK numbers have been superimposed,
producing the dashed contour. As Eq. (18) shows, it is a
higher n-number KK mode that will be primarily produced
and set the most stringent bounds, since the KK coupling
increases with n and the KK states are closely separated in
mass. Figure 1 should thus be taken as approximate, and an
analysis is under way to get the precise bounds [19]. This
analysis will also include bounds from the latest LHC
results, which seem to push M5 to around 3 TeV.

It is obvious that there is plenty of parameter space to be
explored by the LHC. The KK modes may be light enough
to be directly produced at the LHC, and, given the small
mass splitting between the modes, several of them can be
simultaneously accessible. In addition, the width of the KK
states is much smaller than the mass splitting due to the
coupling (18). Thus, with a good energy resolution at the
LHC, they can appear as distinct resonant peaks, making
the mass relation predicted by this framework directly
testable.
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FIG. 1 (color online). Bounds on the LST parameter space
from off-shell exchange of KK gravitons at Tevatron and the
reach at the LHC. Starting from the darkest shade of blue (gray),
the shaded regions represent the part of the parameter space
(1) where the 5D curvature ¥ o is larger than M3, (2) that is
excluded by the Tevatron with 5.4 fb~! of data, and (3) is
accessible to a 14 TeV LHC with 10 fb~! of data. Region (4)
contoured by the dashed line is the region excluded by direct
searches in diphoton events at the Tevatron for 5.4 fb~! of data.
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It is worth considering what happens to the allowed
parameter space as « goes to zero. In the case of Fig. 1,
the assumption s < m2 no longer holds, the KK gravitons
are very light, and the bounds can be approximated by
those for AADD models. Astrophysical bounds also
start becoming important when m,, is less than roughly
100 MeV, and when m,, is smaller than 1073 eV, i.e.,
a <1073 eV, fifth force experiments already exclude
this scenario.

Farticles in the bulk.—An important phenomenological
feature of the setup is the behavior of ordinary particles in
the bulk. In order to see if the standard model can be
removed from the boundary, we need to consider bulk gauge
bosons. For these fields it is straightforward to see from the
equation of motion (choosing As = n#”9,A, = 0)

dye 1AM g ABFyp = 0 (20)

that the zero mode has to be flat in the extra dimension, as
expected by gauge invariance. The normalization of the
mode in this metric is given by

N2=-9
a

(e—(l/S)arl, _ 1) (21)
The corresponding effective 4D gauge coupling becomes so
small that it forbids putting standard model gauge fields in
this bulk.

Discussion.—In our discussions we neglected to exam-
ine a very important aspect of the SD LST framework:
stability and the properties of the radion. It is easy to find
the relevant modes by using the analysis in Ref. [20]. As
presented, our setup has two massless modes from the
radion and dilaton fields as well as a bulk size that has
nowhere been dynamically determined. But we do not
expect this to be a problem; an analog of the Goldberger-
Wise mechanism [21] for this framework should be enough
to stabilize the size and give mass to any massless modes
without a large backreaction to the geometry. In this case,
the dilaton itself is the Goldberger-Wise field, after its
value on the boundary is fixed [20]. The dilaton potential
can be stabilized with supersymmetry breaking, giving rise
to what is known as a racetrack potential. The phenome-
nology of the radion deserves further study.

Moreover, our toy model does not capture all the
features of “LST at a TeV™ [5] such as perturbative fun-
damental string excitations, little string excitations, and
KK modes of the two compact dimensions along the
NSS5-branes world volume, as well as the KK excitations
associated with the angular directions of the cigar geome-
try, that are all part of the full dual string theory descrip-
tion. The latter are actually the most relevant ones at low
energies, since they appear at a scale of the order of |a],
together with the mass gap we discussed here.

In this work, we have seen that the LST phenomenology
has certain characteristics of the more well studied

frameworks of AADD and RS. It is a warped geometry,
like RS, but with a large bulk that confines standard model
fields on the brane, like AADD. It is these characteristics
that give rise to a unique KK graviton spectrum that can be
discovered at the LHC.
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