
Large Extra Dimensions

George Vemogiannis
University of Crete

Department of Physics

June 5, 2021

Abstract

According to the Large Extra Dimensions (LED) model of Arkani-Hamed,Dimopoulos,
and Dvali (ADD), in addition to the (3+1) observed space-time dimensions, there exists
n gravity-only spatial dimensions. Due to the presence of the additional dimensions,
the Planck scale of gravity should be brought down from 1016 TeV to the TeV scale,
near the electroweak scale, and thus solve the hierarchy problem. Based on the ADD
theory, Kaluza-Klein (KK) gravitons, having masses of the order 100MeV and lifetimes
of the order of billions of years, are expected to be produced within supernovae cores
by nucleon-nucleon gravi-bremsstrahlung in the LED model. Once produced, they are
predicted to be trapped by the gravitational potential of subsequently formed neutron
stars(NS), and their decay is predicted to contribute to a measurable gamma-ray flux
from NS.

In the first part, the model of Large Extra Dimensions is presented, as well as the
graviton emission process that the ADD model predicts. Furthermore the theory behind
the emission of KK Gravitons by Nucleon-Nucleon Bremsstrahlung is shown, as well as
differential fluxes (from KK Graviton Decay) for various sources. Lastly other proposed
theories of extra dimensions are briefly shown.

In the second part, experimental constraints are portrayed. More explicitly, this
section starts with previous experimental constraints setted on Newtonian inverse square
law and the Yukawa parametrization, collider constraints (TeVatron, LHC), and astroph-
ysical constraints. In addition, analysed data from LHC Run 2 (2015 & 2016) are
presented from the ATLAS and CMS Collaborations, which set lower limits on the
minimum black hole masses, the ADD and RS1 models predicts, and on the ADD
model parameter MD.
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L.E.D. Introduction

1 Introduction

The conventional paradigm for High Energy Physics –which dates back to at least
1974– postulates that there are two fundamental scales, the weak interaction and
the Planck scale. The large disparity between these scales has been the major force
driving most attempts to go beyond the Standard Model, such as supersymmetry and
technicolor. It’s been proposed that an alternate framework in which gravity and the
gauge forces are united at the weak scale. As a consequence, gravity lives in more than
four dimensions at macroscopic distances, leading to potentially measurable deviations
from Newton’s inverse square law at sub-mm distances. The LHC and NLC are now
even more interesting machines. In addition to their traditional role of probing the
electroweak scale, they are quantum-gravity machines, which can also look into extra
dimensions of space via exotic phenomena such as apparent violations of energy,the
disappearance and reappearance of particles from extra dimensions.

It has been more than 300 years since Newton published Principia, introducing
the Newtonian universal gravitational law (1687). Unlike the case of Coulomb’s law,
at the time the gravitational law was introduced, there was no direct experimental
data confirming the validity of the inverse square law. Even now, the law remains the
least precisely tested of all fundamental physical laws. In fact, Newtonian gravitational
constant has been determined only to a precision of 10−4, while, for example, the fine
structure constant aF is known to a precision of 10−10. Here Newtonian gravity FN is
defined by

FN = G∞
Mm

r2
,

where G∞ is the gravitational constant for two point masses, M and m, that are
separated by distance r. Here, G∞ refers to the ideal gravitational constant that has
no r dependence. In addition to the value of G∞, the distance dependence of the

gravitational force F ∝ 1

r2
also remains untested to good precision, especially at small

and large scales compared with the scale of the Earth-Moon system. The gravitational
inverse square law has been tested to a precision of 10−10 only near the scale of the
Earth-Moon system. This should be compared with the precision of Coulomb’s law

which is knows to have q < 10−16 in the form of F ∝ 1

r2+q
(Williams et al. 1971, Fulcher

1986). Although it is obviously inadequate to assume that Newton’s law applies far
beyond the region that has been experimentally tested, we still tend to do so without
question. For an example, for the Planck mass

Mpl =

√
~c
G

= 1.22× 1016TeV/c2,

we assume that the gravitational constant remains atG = G∞ down to a very small scale
of the Planck lenght, Lpl = 10−35m. This is bolt estimate extrapolates the inverse square
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L.E.D. Introduction

law over a scale of more than 1030 from the exerimentally tested region. Compared with
the other three interactions, our experience with gravity is very limited. Indeed no one
has succeeded in observing a gravitational phenomenon below 10µm. Therefore, we
can say that even the existence of gravity has not yet confirmed at microscopic scales.

Then in 1998, a striking model of large extra-dimensions was proposed by Arkani
Hamed, Dimopoulos and Dvali(ADD Model). This model predicts a violation of the
gravitational inverse square law at approximately 0.1mm, provided that there are two
additional ”large” extra spatial dimensions outside our four dimensional space time;
these extra-dimensions were invoked to naturally resolve the so-called hierarchy problem
[1],[6]. Figure 1 illustrates the force strength F of the four fundamental interactions as
functions of distance r between two quarks or two electrons. The linear slopes represent

the inverse square law F ∝ 1

r2
. Although Figure 1 is not based on rigorous calculation,

we can grasp a rough estimate of the relation between the fundamental interactions.
Note that the gravitational inverse square law has been precisely tested only at above
the laboratory scale, where the line is solid; the region wherein the gravitational force
has not been observed is shown as dashed line. In contrast, the electric force law has
only been tested at below laboratory scale. The other two interactions, the strong and
weak interactions, tend, by a renormalization calculation, to have the same order of
force strength as the electric force around 10 − 20 m. From Figure 1 the hierarchy
problem can be visually interpreted as the big gap between gravity and the three other
interactions at below collider scales of 10−19 m, which corresponds to a de-Brogile length

λ =
h

p
at TeV energies.

There are at least two seemingly fundamental energy scales in nature, the electroweak
scale mEW ∼ 103 GeV and the Plank scale Mpl = G

−1/2
∞ ∼ 1018 GeV , where gravity

becomes as strong as the gauge interactions. Here we wish to take the philosophy that
mEW is the only fundamental short distance scale in nature, even setting the scale for
the strength of the gravitational interaction. A very simple idea [1] is to suppose that
there are n extra compact spatial dimensions of radius ∼ R. The Planck scale Mpl(4+n)

of this (4 + n) dimensional theory is taken to be ∼ mEW according to our philosophy.
Two test masses of m1,m2 placed within a distance r � R will feel a gravitational
potential directed by Gauss’s law in (4 + n) dimensions:

V (r) ∼ m1m2

Mn+2
pl(4+n)

1

rn+1
(1)

and for r � R:

V (r) ∼ m1m2

Mn+2
pl(4+n)R

n

1

r
(2)

so our effective 4 dimensional Mpl is : M2
pl = Mn+2

pl(4+n)R
n
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Figure 1: Illustration of four fundamental force strengths between two quarks or
electrons. Electromagnetic, strong, weak and gravitational force strengths are shown
as functions of their distance

[26]

Putting Mpl(4+n) ∼ mEW and demanding that R can be chosen to reproduce the
observes Mpl yields:

R ∼ 10
30
n
−7cm×

(
1TeV

mEW

)1+ 2
n

i) For n=1, R ∼ 1013 cm implying deviations from Newtonian gravity over solar
system distances, so this case is empirically excluded.

ii) For all n ≥ 2, however the modification of gravity only becomes noticeable at
distances smaller than those currently probed by experiment.

The case for n=2 (R ∼ 100 µm−1 mm) is particularly exciting because experiments
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looking for deviations are performed the last few years looking for deviations from
gravity in precisely this range of distances.

While gravity has not been probed at distances smaller than a millimiter, the
SM gauge forces have certainly been accurately measured at weak scale distances.
Therefore, the SM particles cannot freely propagate in the extra n dimension, but must
be localized to a 4 dimensional submanifold. Since we assume that mEW is the only
short-distance scale in the theory, our 4-dimensional world should have a ”thickness”
∼ m−1EW in the extra n dimensions. The only fields propagating in the (4+n) dimensional
bulk are the (4 + n) dimensional graviton, with couplings suppressed by the (4 + n)
dimensional Planck mass ∼ mEW .

Any extension of the SM at the weak scale must also not give dangerously large
corrections to precision electroweak observables. However, at least the purely gravitatio-
nal corrections do not introduce any new electroweak breakings beyond the W,Z masses

and therefore should not decouble as loop factor×
(
mW,Z

mEW

)2
, which is already quite small

even for mEW ∼ 1 TeV .
We are imagining that the space-time is R4 × Mn for n ≥ 2, where Mn is an n

dimensional compact manifold of volume Rn. While the graviton is free to propagate in
all (4 + n) dimensions, the SM fields must be localized on a 4-dimensional submanifold
of thickness m−1EW in the extra n dimensions.

It is interesting that in this framework supersymmetry is no longer needed from the
low energey point of view for stabilizing the hierarchy. However, it may still be crucial
for the self-consistency of the theory of quantum gravity above the mEW scale; indeed,
the theory above mEW may be a superstring theory.

There are a number of dramatic experimental consequences of this framework:

1. Gravity becomes comparable in strength to the gauge interactions at energies
mEW ∼ TeV .

2. For the case of 2 extra dimensions, the gravitational force law should change from
1

r2
to

1

r4
on distances ∼ 100 µm − 1 mm, and this deviation could be observed

in the experiments taking place these years measuring gravity at sub-millimeter
distances.

3. Since the SM fields are only localized within the m−1EW in the extra n dimensions,
in sufficiently hard collisons of energy Eesc & mEW , they can acquire momentum
in the extra dimensions and escape from our 4−D world, carrying away energy.
In fact for energies above the threshold Eesc, escape into the extra dimensions
is enormously favored by phase space. This implies a sharp upper limit to the
transverse momentum which can be seen in 4 dimensions at pT = Eesc, which
may be seen at the LHC or NLC if the beam energies are high enough to yield
collisons with energies greater than Eesc.
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L.E.D. Theory

Notice that while energy can be lost into the extra dimensions, electric charge
(or any other unbroken gauge charge) cannot be lost. This is because the massless
photon is localized in our Universe and an isolated charge cannot exist in the region
where electric field cannot penetrate, so charges cannot freely escape into the bulk. In
either case, charge is conserved in the 4-dimensional world, although energy may be
lost in the form of neutral particles propagating in the bulk. Similar conclusions can
be reached by considering a soft photon emission process. Once the particles escape
into the extra dimensions, they may or may not return to the 4-dimensional world,
depending on the shape and/or the topology of the n dimensional compact manifold
Mn. In the most interesting case the particles orbit around the extra dimensions,
periodically returning, colliding with and depositing energy to our 4-dimensional space
with frequency R−1 ∼ 10(27− 30

n
) Hz. This will lead to continuous “fireworks”, which in

the case for n = 2 can give rise to ∼ mm displaced vertices.

2 Theory

The Standard Model(SM) of Physics has been successful at describing electromagnetic
force, the weak force, and the strong nuclear forces in an unified SU(3)×SU(2)×U(1)
framework. The forces appear to be different, but due to the running of the coupling
constants according to the renormalization group, the forces unify at some scale, as
shown in Figure 2. However the SM is not a theory of everything, because it doesn’t
describe gravity in a fundamental way. Gravity is not unified with other forces, as the
hierarchy problem makes obvious. One of the motivations for beyond the SM theories,
such as supersymmetry and string theory, is to resolve this problem. In addition, the
SM doesn’t address the question of dark matter. Dark matter particles arise naturally
in some scenarios of extra dimensions.

2.1 Model of Large Extra Dimensions

In the scenario of large extra dimensions (LED), only the gravitational force would
propagate in the n extra dimensions; other forces would be restricted to the ordinary
(3 + 1)-dimensional world, or 3-brane in string theory terminology [1]. For simplicity,
Nima Arkani-Hamed and Savas Dimopoulos, assumed that all the extra dimensions
were compactified with the same radius R. If test masses are placed apart at distances
less than R, the gravitational potential would obey equation (1). On the other hand,
if test masses are placed apart at distances larger than R, the gravitational potential
would return to the familiar dependence, i.e equation (2). Thus, due to the presence of
additional dimensions, the effective Planck Scale in (n+ 4) dimensions, Mn+2

pl(4+n), would
be brought closer to the TeV scale according to the relation:

M
2

pl = RnMn+2
pl(4+n)
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L.E.D. Model of Large Extra Dimensions

Figure 2: Running of the coupling constants as a function of energy
[2]

where the reduced Planck mass Mpl =
Mpl√

8π
= 2.43 × 1015 TeV . This behaviour

can be shown by a simple exercise of higher dimensional version of Gauss’ law, where
the action is given by:

SE =
M

2+n

pl(4+n)

2

∫
d4xd4y

√
−det(g)R(g)

where x denotes the 4-coordinates, y denotes the extra-dimensional coordinates, g
denotes the metric tensor, and R describes the curvature. Integrating over the extra
dimensions, the integral over dny becomes a volume in the extra dimensional space,
which is proportional to Rn .

One of the most notable predictions of this theory was large dimensions at submilimeter
scales. By setting Mn+2

pl(4+n) ∼ mEW , they obtained:

R ∼ 10( 30
n
−7) cm×

(
1TeV

mEW

)1+ 2
n

A prediction of the ADD model is that the gravitational force is mediated by
a gauge boson called a Kaluza-Klein(KK) graviton. Unlike the graviton of general
relativity(GR), this graviton has a mass. The KK excitations of the graviton, denoted
as GKK, are expected to form a tower of states, with a mass observable in the 3-brane
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L.E.D. Model of Large Extra Dimensions

which arises from the momentum of the zero-mass KK graviton in the hidden extra
dimensions.

In 4−D space, the metric tensor is given by the familiar Minkowski metric:

ηµν =


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1


which corresponds to the equation:

ds2 = c2dt2 − dxidxi, where, i = 1, 2, 3, the spatial coordinates of the 4−D spacetime.

In the presence of extra dimensions, the relevant tensor becomes:

GMN = ηMN +
hMN

M
(n+2)/2
pl(4+n)

where M,N are indexed into the 4−D space and the extra dimensional space. The
tensor hµν can be expresses as:

hµν =
∑
j

1√
Rn

hµν
~j exp

(
i~j · ~y
R

)

where ~j is the n-dimensional momentum vector, ~y is the n-dimensional coordinate
vector, and R is the radii of the extra dimensions [3][4]. It follows that the mass arising
in the 3-brane can be written as:

m2
j =
|~j|2

R2
+m2

0

where m0 is the mass of the zero mode.

Deriviation of the Mass Tower

Here we will show a pseudo-derivation of the KK mass tower. Following the method
of Rizzo [5]. Suppose there is only one additional space-like dimension, y.

p2 = gABp
ApB = p20 − ~p2 − p25

where the metric tensor gAB = diag(1,−1,−1,−1,−1,−1). According to Lorentz
invariance,

p20 − ~p2 = pµp
µ = m2

The 5−D Klein Gordon equation is given by,

∂A∂
AΦ = (∂µ∂

µ − ∂2y)Φ(x, y) = 0
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L.E.D. Model of Large Extra Dimensions

Separating variables and summing over the modes, we obtain the following form for
Φ:

Φ =
∑
l

χl(y)ϕl(x)

Plugging this from the Φ back into the Klein-Gordon equation, we obtain the
following form: ∑

n

(χl∂µ∂
µϕl − ϕl∂2yχl)

With the relation that

∂2yχl = −m2
l χl

the following can be obtained∑
l

χl(∂µ∂
µ +m2

l )ϕl = 0

The preceding equation expresses that the 4 − D scalar fields, ϕl, have discrete
masses. The fields χl are the wave functions of the various KK states in the 5th

dimension and may be expresses as simple harmonic functions:

χl = Ale
imly +Ble

−imly

Since the extra dimensions is compact and not infinite, boundary conditions apply,
such that the following constrain holds:

0 < y < πL

The solutions for χ are given by

χl ∝ sin(ly/L)

so the masses are quantized as:

m2
l = l2/L2

This argument can easily be extended to the case of n extra dimensions, where

0 < yi < πL

where i = 1, . . . , n.
In this case, if

~j =
∑
i

liêi

then

m2
j =
|~j|2

L2

which is similar to the result we saw earlier, with L ∝ R, but not including
the zero-point mass term.
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L.E.D. Graviton Emission

2.2 Graviton Emission

Arkani-Hamed, Dimopoulos, and Dvali further proposed that the process of graviton
emission occurs within supernovae cores. This competes with the process of neutrino
emission as a cooling mechanism in radiative energy transfer, while neutrino emission
occurs by diffusion due to the exotic conditions of densities of order 1014g · cm−3,
and temperatures of approximately 30 MeV . Specifically in the case of SN1987A, a
core-collapse supernovae event whose neutrino flux was monitored terrestrially by the
Kamiokande detector in Japan, they argued that the observed signal was consistent
with the graviton emission scenario they proposed [6]. Long duration and the low-rate
indicated it was a diffusion process of KK graviton production within the core of the
supernova, or proto-neutron star, was nucleon-nucleon bremsstrahlung1, NN → NNh,
with cross section on order 30millibarns. First, they calculated the graviton luminosity,
Lgrav from NN bremsstrahlung1 as:

Lgrav ∼MSN ·
n2
N

ρ
· 30mb ·

(
T

Mn+4

)n+2

T

where MSN ∼ 1.6M� ∼ 1057GeV , is the supernova mass, nN ∼ 10−3 GeV 3 is the
nucleon number density within the supernova core, the matter density ρ ∼ 10−4 GeV 4

and T ∼ 30 MeV is the temperature of the supernova core. They equated the Lgrav
with the release of gravitational binding energy of 1053 erg/s, and then quoted a lower
bound for 2 additional dimensions, with Mpl,6 of 30 TeV 2.

When making the predictions about LED, ADD assumed that the nucleon-nucleon
(NN) bremsstrahlung1 was mediated by pion-exchange via the strong force [1],[6].
Cullen and Perelstein assumed this as well when placing limits from SN1987A [7].
On the other hand, Hanhard, Reddy and Savage used the simplifying assumptions
of an effective theory. Assuming gravitons were emitted with energy lower than the
energy of the incoming nucleons, i.e., soft-radiation approximation, and keeping leading
order terms in nucleon energy, they were able to relate the quantum amplitude for the
process to the on-shell NN scattering amplitude. This is none in analogy to Weinberg’s
calculation for massless graviton emission bremsstrahlung1 in 4 dimensions.

1Bremsstrahlung is electromagnetic radiation produced by the deceleration of a charged particle
when deflected by another charged particle, typically an electron by an atomic nucleus. The moving
particle loses kinetic energy, which is converted into radiation (i.e., photons), thus satisfying the law
of conservation of energy.

2Another process for producing gravitons is the gravi-Primakoff process, in which a graviton is
emitted from a photon in the EM field of a nucleus, but which was shown by ADD to yield less
restrictive limits on LED and will not be considered in calculations.
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L.E.D. Obtaining the Differential Flux from KK Graviton Decay

2.3 Obtaining the Differential Flux from KK Graviton Decay

In supernova cores, with number densities of nucleons approaching 0.16fm−3, nucleon-
nucleon interactions are dominant. The originators of the LED model, as well as other
investigators, assumed virtual pion exchange as the mechanism for nucleon-nucleon
gravi-bremsstrahlung. Nucleon-nucleon gravi-bremsstrahlung is a strong force of inter-
action, and pion exchange was assumed since pions mediate the nuclear force over
longer distances. However, this overlooks some of the nuclear physics of the problem.
Subsequently, Hanhart, Savage and others developed a theory of nucleon-nucleon gravi-
bremsstrahlung as a nucleon-nucleon scattering process [3].Although a full treatment
would require using the nuclear scattering t-matrix, they invoked low-energy theorems
for nucleon-nucleon bremsstrahlung to simplify the calculation. They determined that
the quantum amplitude for the process was related to nucleon-nucleon scattering data
in the limit of soft radiation, i.e., graviton energy much lower than the energy of the
scattering nucleons. Hannestad and Raffelt proposed the concept that such produced
KK gravitons could be trapped in the gravitational potential of neutron stars from a
progenitor supernova [8].Essential points of the theory of Hannestad and Raffelt are
described here, as relevant to the derivation of the spectral energy distribution (SED)
of neutron stars.

2.3.1 Emmision of KK Gravitons by Nucleon-Nucleon Bremsstrahlung

Nucleon-nucleon bremsstrahlung occurs during supernova core collapse, and KK
gravitons are emitted. This invlolvses a nucleon-nucleon scattering amplitude, as
depicted in Figure 3. In the limit of soft radiation, where the energy of the emitted
graviton is much less than the energy of the incoming nucleons, the actual details of
the scattering process are not important.

Figure 3: The Feynman diagram for KK graviton (GKK) emission, assuming a
nucleon-nucleon scattering process. Nucleons are denoted by solid lines and the KK
modes GKK is denoted by dashed line. The solid oval containing an A denotes an
insertion of the full NN scattering amplitude

According to theory, the energy loss rate into any type of radiation in the long
wavelength limit, i.e., where the energy transfer ω is small (so can be ignored), can be
expresses as:
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L.E.D. Emmision of KK Gravitons by Nucleon-Nucleon Bremsstrahlung

Q =

∫
d3k

2ω(2π3)
ωS(−ω) (3)

S(−ω) has been defined by Raffelt as the structure function for bremsstrahlung
emission, while S(ω) denotes bremsstrahlung absorption, with the convention that
negative sign refers to energy loss.

According to detailed balancing, the ratio of amplitudes between emission and
absorption of a particle of energy ω is:

S(−ω)

S(ω)
= exp(−ω/T ),

where T ≈ 30 MeV is the presumed supernova core temperature [9], in units of
energy (MeV )3. It thus follows that :

S(−ω) + S(ω) = S(ω)(1 + exp(−ω/T )),

or

S(−ω) = S(ω)
2

1 + eω/T
,

with the definition

S(ω) =
1

2
[S(−ω) + S(ω)] (4)

To leading order, according to equations (3)and (4), the differential energy-loss rate
becomes:

dQ

dω
=

ω2

(2π)2
S(ω)

2

1 + exp(ω/T )
,

with:

S(ω) =
S0

ω2
,

where:

S0 =
1024
√
pi

5

G∞σn
2
BT

5/2

Mσ1/2
,

where GN = 6.708 × 10−33~c (MeV/c2)−2, σ is the nucleon-cnucleon scattering
cross section of 25 mb, nB is the number density of baryons of 0.16 fm−3, and M is
the isospin-averaged nucleon mass of 938 MeV/c2 [3]4, [8].

We are concerned with the square of the amplitude of the process, |A|2, and this is
related in terms of the nucleon-nucleon differential scattering cross section:

3The conversion constant between temperature (kelvin) and energy corresponding to that
temperature is Boltzmann’s constant kB = 8.82× 10−22 MeV/K

4The integrated cross-section σ is determined as 25 mb as related to experimental proton-proton
scattering data corrected for Coulomb effects , assuming non-degenerate nuclear matter
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dσ

dΩ
=
M2π4|A|2

(2π)6
,

Assuming that the emission of soft gravitons (ω → 0) is a classical process, we
obtain the usual flat bremsstrahlung process:

dEg
dω

=
32G∞

5π
E2
i sin2 θCM ,

Then the differential energy-loss rate for a neutron medium in the long wavelength
limit may be expresses as:

dQ

dω

∣∣∣∣
ω→0

=

∫
dΓS|A|232G∞

5π
E2
i sin2 θCM ,

where S = 1
4

represents a statistics factor for identical particles in the initial and
final states, and dΓ represents neutron phase-space integrations. The following relation:

Γnn =
∫
dΓS|A|2 = σn2

B

(
4T
πM

)1/2
,

is used to integrate the differential energy-loss rate, which evaluates to:

dQ

dω

∣∣∣∣
ω→0

= Γnn
128

5π
G∞T

2 =
256

5π3/2

G∞σn
2
BT

5/2

M1/2
=

S0

(2π)2
,

representing the classical bremsstrahlung losses of the medium and relation to the
previously defined constant S0. The sum over KK-graviton modes, in the limit of
continuously spaced KK modes, becomes:

Σm → ΩnR
n
∫
dm mn−1, (5)

where Ωn is the surface of the n-dimensional unit sphere, given in terms of the
Gamma function as :

Ωn =
2πn/2

Γ(n/2)
,

In addition, by relativistic kinematics, k can be expressed in terms of ω and m as√
ω2 −m2. Thus the emission rate, per unit time per unit volume, as expressed in (3)

should be written as a double integral over m and ω. Furthermore, the quantum field
theory calculations by Hanhard, Reddy and Savage have shown that for a fixed KK
graviton mode of mass m, the nergy loss rate should be multiplied by the following
factor [3]: (

19

18
+

11

9

m2

ω2
+

2

9

m4

ω4

)
, (6)

Combining the contributions to the graviton emission rate from equations (3),(5)
and (6), we obtain as the energy loss rate into gravitons as
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Qn =
ΩnR

n

(2π)2

∫ ∞
0

dωS(−ω)ωn+1×
∫ ω

0

dm
(m
ω

)n−1√
1−

(m
ω

)2(19

18
+

11

9

m2

ω2
+

2

9

m4

ω4

)
,

which can be expressed in the notation:

Qn =
ΩnR

n

(2π)2

∫ ∞
0

dωS(−ω)ωn+1

∫ 1

0

dµGn−1(µ),

where Gp = µp
√

1− µ2
(
19
18

+ 11
9
µ2 + 2

9
µ4
)
, and µ = m/ω. The previous equation

may be written in the form:

Qn = gnfn(RT )nQ0

with the following definitions:

gn = Ωn

∫ 1

0

dµGn−1(µ)

fn =

∫ ∞
0

d(ω/T )
(ω/T )n+2

1 + exp(ω/T )

Q0 =
512

5π3/2

G∞σn
2
BT

7/2

M1/2
=

= 1.467× 1022 MeV cm−3 s−1 (T/30MeV )7/2 (ρ/3× 1014 gcm−3)2 (fKK/0.01).

fKK ≈ 0.01 is the estimated fraction of core-collapse energy radiated away as GKK

[10],[11].

2.3.2 KK Gravitons in the Gravitational Potential of Proto-Neutron Star

Assuming a Newtonian model for the gravitational potential of the neutron star, the
potential per unit mass is:

U(r) =


−G∞MNS

RNS

(
3

2
− 1

2
r2
)
, r < 1

−G∞MNS

RNS

1

r
, r ≥ 1

where r is the radial distance from the neutron star center, scaled to the neutron star
radius (r = 0 at the NS center, r = 1 at the surface), UNS = −G∞MNS/RNS = −0.159,
and MNS = 1.4M� is the NS mass and RNS = 13.0 km is the NS radius. The value of
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the neutron star radius is determined simplistically from assuming a constant density
of 3× 1014g/cm3 for the nuclear matter in the newtron star5.

In the case of trapping of the gravitons produced in the supernovae core, whose
volume is defined by the proto-neutron star, gn bay be replaced by g

(trap)
n .

g
(trap)
n = 3

∫ 1

0

r2dr

∫ 1

1+U(r)

Gn−1(µ)dµ

To calculate g
(trap)
n , one integrates over all accessible µ, averaged over the volume of

the neutron star. Values for are tabulated in Table 1.

Table 1: n-dependent constants, computed from integrals, related to the energy loss
rate and number emissivity of KK gravitons

Here it is assumed, as was done by Hannestad and Raffelt, that the gravitons are
on radial orbits. The lower bound on µ = 1 + U(r) arises from the relation that a g
remains trapped if the sum of kinetic and potential energy is less than zero, namely,
U(r) + 1

2
υ2 < 0, where υ =

√
1− µ26. Values of g

(trap)
n differ from those in the paper

because they cited an incorrect numerical constant of UNS = −0.1139 [2].

2.3.3 Differential Fluxes for the Various Sources

Following HR, we start with the differential distribution of GKK created during the
proto-neutron star core collapse with total energy ω and mass m:

d2NKK,n

dωdµ
=

d2Qn

ωdωdµ
∆tNSVNS, (7)

where ∆tNS ≈ 7.5 sec is the time scale for emission of GKK during the core collapse,
and VNS = 4

3
πR3

NS is the volume of the proto-neutron star (and current neutron star)
of radius RNS ≈ 13 km. According to HR, we have:

5The constants such as density mass, and radius are representative values choses by Hannestad and
Raffelt, which do vary between actual neutron stars.

6µ2 > 2[1 + U(r)] implies µ ≥ 1 + U(r)
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d2Qn

dωdµ
= Q0(RT )nΩnGn−1(µ)Fn

(ω
T

)
, (8)

where R is the extra dimension size, as in the Introduction, T & 30MeV is the
supernova temperature and, Ωn = 2πn/2/Γ(n/2) is the surface of the n-dimensional
unit hypersphere, with Γ(. . .) as the Gamma function. In equation (8) , the following
functions are defined , where q is an integer:

Gq(µ) = µq
√

1− µ2

(
19

18
+

11

9
µ2 +

2

9
µ4

)

Fq(ω/T ) =
(ω/T )q

1 + exp(ω/T )

Finally the integral for the case of trapped KK gravitons , which make up the initial
could bound to the NS, is given by:

NKK,n(t = 0) = 3

∫ ∞
0

dω

∫ 1

0

r2dr

∫ 1

1+U(r)

dµ
d2NKK,n

dωdµ
(9)

In equation (9), HR assume that the graviton creation is isotropic at the dimension-
less radian distance from the neutron star center, r, scaled to the neutron star, radius,
RNS. The integration over r is performed from the proto-neutron star’s center to
its surface, where r = 1 and the condition µ > 1 + U(r) selects the GKK that are
gravitationally trapped.

Since the GKK decay, at the time t from the core-collapse event, we have:

NKK,n(t) = NKK,n(t = 0) exp

(
− µt

τ(m)

)
Then, the time derivative (absolute value), of equation (9), is given by:

∣∣∣∣dṄKK,n

dµdω

∣∣∣∣ = κ
m4

ω
NKK,n(t) =

= Q0(RT )nΩn∆tNSVNST
2Gn+3(µ)Fn+2(ω/T ) exp

(
− µt

τ(m)

)
(10),

We determine the differential flux according to a Monte Carlo simulation that uses
equation (10), as shown by Bijan Berenji in [2].

We define a parameter, η, which quantifies the attenuation of the GKK decay signal,
due to decay and pair-production:

η ≡
(∫ 400MeV

100MeV

dNn

dEγ
dEγ

)/(∫ 400MeV

100MeV

dNn

dEγ

∣∣∣∣
non−atten

dEγ

)
. (10)
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Table 2: Table of values of the attenuation parameter η, defined by equation (10), for the
different sources analysed. These attenuation effects can be quite large. HR used only
source RXJ1856-3754 and J0953+0755. These values are calculated for 100 MeV ≤
Eγ ≤ 400 MeV .

The attenuation parameters, η, for the various sources and different n, are shown
in Table 2.

The actual differential fluxes, with correction for pair production and attenuation,
are shown in Figures 4 through 9. It may be observed that the expected SED7 from PSR
J0108-1431 experiences greater degree of attenuation than the other sources considered,
due to its greater age.

Figure 4: Differential fluxes for n=2 for the 6 sources and the non-attenuated spectrum.

7Spectral Energy Distribution
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Figure 5: Differential fluxes for n=3 for the 6 sources and the non-attenuated spectrum.

Figure 6: Differential fluxes for n=4 for the 6 sources and the non-attenuated spectrum.
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Figure 7: Differential fluxes for n=5 for the 6 sources and the non-attenuated spectrum.

Figure 8: Differential fluxes for n=6 for the 6 sources and the non-attenuated spectrum.
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Figure 9: Differential fluxes for n=7 for the 6 sources and the non-attenuated spectrum.

2.4 Other Extra Dimension Scenarios

There exist several proposed theories of extra dimensions under active consideration.
The ADD model is only one such model, and one of the earlier proposed. It is
worth mentioning that there are other models proposed in the late 1990s, including
the Randall-Sundrum (RS) model.

2.4.1 Randall-Sundrum Model

The RS model generates the mass hierarchy in a different mechanism. According to
this scenario, in which there is only one additional “small” dimension along with the
ordinary 3 + 1 space-time dimensions, the metric of the usual 4 dimensional space-time
is multiplied with an exponential ”warp” factor [12]. The line element, with the 4−D
coordinates xµ and 5−D-coordinate y, is given by:

ds2 = exp(−2k|y|)ηµνdxµdxν − dy2,

where 1/k is of the order of the 5D Planck mass.
The Planck mass in this model is given by:

M2
pl,5 = [1− exp(−2πkR)]M3

P/k

and the masses of the modes are given by:
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mN = ke−kRjn

where jn are the roots of the Bessel function, J1(jn) = 0
The previous equation implies that the mass splittings between graviton modes are

of TeV scale.

2.4.2 LED extra Dimensions with Warping

Warped extra dimensions can be viewed as a limiting case of ADD extra dimensions
in the case of n = 1, 2 under certain assumptions, as proposed by Patrick Fox [13].

According to this idea, the correction to the gravitational coupling κ =
√

16πG∞,
is:

κ→ κ

√(
1 +

5

2
kWRn

)
where kW is a constant related to the degree of warping; kW = 0 recovers the

non-warped LED scenario.

2.4.3 Universal Extra Dimensions

Another model is the Universal Extra Dimensions (UED) theory, where the SM fields
propagate in all dimensions. This model enjoys current interest due to predictions of a
signal within the reach of a TeVatron and LHC, and of a Lightest Kaluza-Klein Particle
(LKP) which has properties suitable for a dark matter candidate [14].
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3 Experiments

Constraints on extra-dimensional models arise from astrophysical and cosmological
considerations. Tabletop experiments exploring gravity at sub-mm distances, and
collider experiments. Collider limits on extra-dimensional models are dominated by
LHC results (ATLAS and CMS). This section includes previous experimental constraints
on the inverse square force law and the Yukawa parametrization, Collider constraints,
and astrophysical constraints. In addition, there are the early results on the ADD model
from LHC Run 2 dated back at 2016. Lastly analysis data and results from CMS and
ATLAS collaborations are shown, about the mass of microscopic black holes the ADD
and RS1 model predicts and lower limits on the ADD model parameter MD through
the years (2017-2019).

3.1 Previous Experimental Constraints

3.1.1 Tabletop Experiments of the Inverse Square Force Law

On small length scales, deviations from the inverse square force law have been studied.
Deviations from the ISL, for masses m1 and m2 at a distance r, have been parametrized
as a Newtonian interaction plus Yukawa-type term:

V (r) = −G∞
m1m2

r
[1 + α exp(−r/λ)], (11)

The Yukawa term is an appropriate choice, since it arises from exchange of a boson
of mass m = ~/(cλ).

Tabletop experiments at sub-millimeter and at the sub-micron scales have placed
useful constraints and are continually undergoing improvements in resolution. When
comparing the gravitational force law with the n toroidally-compactified extra dimensi-
ons, the parameter α = 8n/3 and λ, the Compton wavelength of the first KK mode, is
equal to R. One of the most sensitive experiments to KK gravitons, the University of
Washington experiments, utilized torsion pendulums and rotating attractors to probe
deviations from ISL [15],[16]. For the n = 2 case, from Figure 10, R < 37 µm and
Mpl,(4+n) > 3.6 TeV . At 95% C.L., they reported no apparent deviations from ISL.

Another sensitive experiment, from Stanford group of David Weld, Jing Xia, Blas
Cabrera and Aharon Kapitulnik, used cryogenic micro-cantilevers to measure forces
of the order of 10−18 N [17]. The bounds in α − λ space, shown in Figure 10, were
determined from computing the value of α that would produce that force at each λ,
given the experimental geometry.

3.1.2 Collider Constraints

TeVatron Constraints

The collision of standard model particles can lead to missing energy signatures at
colliders. At LEP(CERN), the following processes have been investigated:
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Figure 10: Deviations from Newtonian gravity parametrized with a Yukawa-type
interaction according to equation (11). Boundaries from 95% exclusion regions from
various experiments (shaded areas) are shown from different regions as dark curves.

[17]

e+e− → γ + /E
e+e− → Z + /E

At TeVatron (Fermilab), diphoton and dilepton modes have been investigated with
CDF and D/O:

pp→ γγ
pp→ e+e−

These processes are mediated by virtual graviton exchange. In addition, states with
missing energy were probed with CDF and D/O. In these modes, the final-state hadronic
jet or photon recoils against the graviton, which is not detected and result in missing
transverse energy, /ET :

pp→ jet+ /ET

pp→ γ + /ET
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Figure 11: Left, schematic of KK graviton (G) emission. Right, schematic of graviton
exchange. f represents SM quarks and leptons, while A are the gauge bosons γ, W,
Z, or gluon. The vertical direction indicates the space in extra dimensions, out of 4D
space.

[18]

The processes for virtual exchange and graviton emission are depicted in Figure 11.
Graviton exchange processes introduce an ultraviolet cut-off Λ,

L =
4λ

Λ4
T iµνT

µν
f

where λ ∼ 1 and T iµνT
µν
f is a dimension-8 operator introduced by tree-lever graviton

exchange, with T µν being the SM energy-momentum tensor[19].

Constraints from LHC

Experiments at LHC, a proton-proton collider, including ATLAS and CMS, have
been searching for extra dimensions. Investigators have been studying the processes:

pp→ γγ
pp→ jet+ jet

Figure 12 shows regions of parameter space for the mass scale Mpl(4+n), where Λ
is an ultraviolet cutoff parameter, of the order unity, arising from graviton exchange
processes. The ratio Λ/Mpl(4+n) parametrizes how strongly or weakly coupled quantum
gravity is, and therefore controls the unknown relative importance of tree-level versus
loop graviton effects.
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Figure 12: 95% confidence level limits on the variable MD ≡ Mpl(4+n), presented as
regions of Λ/MD vs MD. The shaded region shows the excluded region. The vertical
blue line shows the combined TeVatron-LEP bound from graviton emission, ignoring the
dependence of Λ. The red line is the LEP bount on loop graviton exchange, estimated
according to naive dimensional analysis. The black solid curve shows the bound from
CMS, while the black dashed curve shows the bounds from ATLAS.

[20]
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In the following tables 3, 4, we see limits placed (2008-2009) on the compactification
radius R of the extra dimensions and the LED-Planck scale Mpl,(n+4)

Table 3: Comparison of 95% CL upper limits on the size of extra dimensions, R.
Previous limits obtained in the article by Hannestad and Raffelt in 2003 are compared
with combined limits from the sources.

[2],[8]

Table 4: Comparison of 95% CL lower limits on Mpl,(n+4)TeV with previous
astrophysical limits and collider limits. HR2003 refers to the 2003 article by Hannestad
and Raffelt. Combined and collider limits are taken from the following references.
ATLAS and CMS results are quoted where Λ/Mpl,(n+4) = 1. ATLAS results are quoted
with 3.1pb−2 of data; CMS results are quoted with 36pm−1 of data.

[2],[8],[20],[21],[22],[23]

,
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3.1.3 Astrophysical Constraints

In 2003, Hannestad and Raffelt(HR) subsequently extended the analysis of KK
graviton emission from supernovae, and argued that the KK gravitons would be gravita-
tionally trapped from the time of production during supernovae core collapse, so that
neutron stars would be surrounded in a “cloud” of gravitons. They postulated that the
decay of gravitons surrounding neutron stars would lead to flux of photons measurable
by gamma-ray observatories, such as EGRET and Fermi. Based on EGRET data, their
analysis placed more restrictive limits than available from the SN1987A signal; i.e.,
they increased the lower bounds for the mass scale, Mpl,(4+n), and decreased the upper
bounds on the compactification radius R [24]. More restrictive limits can be obtained
with the Fermi Large Area Telescope (LAT). A schematic depicting a neutron star, KK
graviton cloud, gamma rays, and the Fermi-LAT is shown in Figure 13 .

Figure 13: A schematic depicting a neutron star (NS), dipole magnetic field lines, a
surrounding KK graviton cloud, gamma rays arising from KK graviton decays, and the
Fermi-LAT role in observing gamma-rays.

Other ideas for constraining extra dimensions with KK gravitons have been investigated.
In 2004, Cassé, Paul, Sigl, and Bertone set limits from averaging over a population of
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neutron stars in the galactic center [25]. They inferred the number of neutron stars in
the galactic center using the Salpeter mass function. Using the distance of the galactic
center of 8 kpc, and the EGRET flux from the galactic center, they were able to obtain
a more restrictive limit than HR. Limits can also be placed from measurements of
the diffuse gamma-ray background, bases on the assumption that KK gravitons were
formed in the early universe.

3.2 Constraints on the Yukawa parametrization

Results from existing experiments can be interpreted as constraints on the parameter
space [26].

Figure 14 summarizes results from nearly all experimental attempts to test the
inverse square law at laboratory scales. Most of the experiments that set constraints at
λ > 10µm scales were Cavendish-type experiments [27] using torsion balances. These
experiments measure gravitational torques from source masses placed near a test mass
attached to torsion balance bars. The constraint curves are taken from the original
publications and were estimated by the original authors. In Figure 14, all curves
correspond to the 95% confidence level.

Figure 14: α−λ plot for the laboratory scale experiments. Light shaded area correspond
to constraints obtained after the ADD prediction.

[26]

For experiments performed below µm scales, results are shown in Figure 15. Experim-
ents in λ = 10 ∼ 100 µm scales used cantilevers as the force sensor instead of torsion
balances. Such microscale experiments were performed as gravitational resonance
searches at the moving frequency of the source. Experimental sensitivities are far above
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the Newtonian gravity; therefore, the resulting constraints on α are very big numbers
at α� 1.

Figure 15: α− λ plot for below µm scale experiments.
[26]

At distance scales below 10 µm, experiments measuring the Casimir force were used
as the input data to constrain the strong gravity. At this scale, electromagnetic shielding
is difficult to place between the source and test masses. Therefore, the dominant
forces on the system are the remaining direct electromagnetic forces. Some curves
were obtained by independent authors using published experimental data. Especially
for the Casimir force measurements, theoretical estimates are themselves complex.

In Figure 15, results from atomic, nuclear and particle physics data are also plotted.
Just as for the Casimir force region, the dominant forces on these systems are known
SM interactions, such as electromagnetic interactions, as well as strong and weak
interactions. Therefore, these constraints are estimated to be maximum allowed strength
of strong gravity within the experimental precision of the SM interactions. Most
of these constraints on α − λ parameter space(hydrogen atom, antiprotonic helium
atom, muonic hydrogen, LEP/TEVATRON/LHC) were obtained in [26]. Note that
the results from high-energy collider experiments assume graviton-producing pheno-
mena; in contrast, other nuclear and atomic data were analysed by assuming classical
gravitational phenomena. Therefore, the theoretical reliabilities used in the evaluations
are very different.
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3.3 Constraints on the power-law parametrization

Constraints on the power-law parameter space have not been reported for most
experiments, except collider experiments, which did not report results for the Yukawa
parametrization. To set experimental constraints on the n − λ parameter space in
the power-law parametrization without using raw experimental data,such as δ, several
typical constraint curves on the α−λ space were chosen, as showin in Figure 16. These
representative curves were selected to reproduce the important kink points, using the
point-mass formula [26]:

α =
δ(

1 + rnear

λ

)
e−rnear/λ − (δ + 1)

(
1 +

rfar
λ

)
e−rfar/λ

,

Then, the corresponding values of δ for these representative curves can be obtained;
this enables us to interpret the constraints in the Yukawa form in terms of the power
law form. The results are shown in Figure 17. Results from collider experiments were
obtain assuming the ADD model; this allows us to interpret the results obtained as “n
vs MD” in the form of α−λ. The upper limits on λ were obtained from the Washington
data for n = 2 and from the LHC data for n ≥ 3.

α =
δ

1 + rexp
λ

erexp/λ ∼ δerexp/λ, rexp � λ (11), [26]

λ =

(
δ/(1 + n)

1− (δ + 1)(rnear/rfar)n

)1/n

rnear, (12), [26]
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Figure 16: α− λ plot showing typical curves representing important kink points, going
to be used in n− λ plot after interpretation via corresponding δ. Representing curves
are set around region of Irvine, Washington, Stanford, Casimir. Curves p̄-He and
LHC curves are set exactly using the present analysis. The curves are drawm using
single exponential formula of equation (11). Straight slopes showing modified apowern (λ)
equation (12) are drawn for the LHC (n = 2, 3, 4, 5, 6) and for the Washington (n = 2).

[26]
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Figure 17: n−λ plot for representing Irvine, Washington, Stanford, Casimir, p̄-He and
LHC/CDF/LEP results, which are corresponding to that in Figure 16. The λ values of
the collider results are calculated using the ADD model. Marked points are obtained
for LEP (2004), TEVATRON (Altonen et al. 2008), LHC (Aad et al. 2013, Aad et
al. 2011).Curves are drawn using equation (14). Shaded area (large λ) are excluded
regions. For n = 2 , the Washington data sets the best limit to λ < 23 µm.

[26],[28] ,[29],[30]

3.4 Discussion on the ADD model

To compare results from the short-range experiments and those from collider experim-
ents, it is useful to express the results in n−MD parameter space. The relation between
λ and MD assuming the ADD model:

λ =
(Mpl/

√
8π)2/n

M
1+2/n
D

~
c

, (13)

where the Planck mass Mpl/
√

8π =
√

~c/κ2 = 2.44× 1015 TeV/c2 was estimated using
Einstein’s gravitational constant and κ2 = 8πG∞ instead of Newtonian gravitational
constant. Figure 18 shows the resulting n−MD plot that corresponds to the n−λ plot
in Figure 17. Moreover, the experimental lower limits on MD were determined from
the Washington data for n = 2 and from the LHC data for n ≥ 3.

The results from the Washington data at n = 2 are interpreted as MD > 4.6 TeV
and λ < 23 µm. This constraint is stronger than that in the original publication by
the University of Washington group [31] wherein corresponding values were estimated
from an α−λ plot by searching over λ at α = 8/3 [32] and assuming Yukawa potential
approximation; the latter is valid if the experiment is performed around λ. The ADD
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model is primarily expressed in a power-law functional form. However, the conventional
Yukawa form can only be applied near λ ∼ r by assuming that lowest order diagram
exchanged the lightest graviton. Indeed, interpretation of n in the ADD model in
terms of the Yukawa parameter α is possible, as has been calculated by some authors
[32],[33]. For a very small experimental distance r � λ, G(r) must become very large
due to the power-law form. However, such magnification at very short distances cannot
be represented by constant α parameter in the Yukawa parametrization. In fact, α
should be modified if the Yukawa parametrization is applied to analyse experimental
data obtained at r � λ. Setting aY ukawa(r) = apower(r) indicates that physical
phenomena obey a power-law-type dependence, but for experimental data analysed
using the Yukawa form, a modified α can be expressed by:

α′(λ) =
(1 + n)

(
λ
r

)n(
1 + r

λ

)
e−r/λ

→ (1 + n)

(
λ

r

)n
(r/λ→ 0),

for point-mass calculations. This means that α seems to be amplified at a small
experimental scale r � λ, if the actual gravitational potential obeys the power-law
form. To obtain the original strength α at r ∼ λ, the amplification factor must be
removed. The amplification factor is

A(λ) =
α′(λ)

α′(λ = r)
=

(
λ
r

)n(
1 + r

λ

)2er/λ−1,

and a corrected α for the simple exponential function in (11) can be obtained

αpowern (λ) =
α(λ)

A(λ)
=
e

2
δ
( r
λ

)n
, (14),

which is not constant but a function of n and r. The resulting corrected αpower

is plotted in Figure 16 for the LHC data in n = 2 − 6, and for the Washington data
at n = 2. It is now clear that the experimental sensitivities should be compared the
inclined lines αpower for each n. For n = 2 the slope is λ−2. To compare the sensitivities
in the ADD model on the α−λ plot, the constraint curves need to be rotated until the
corrected lines λ−n become horizontal. Then, the Washington kink is the deepest valley
in the vertical direction for this n = 2 line. Figure 16 clearly shows that the tightest
constraints are set by LHC data for n ≥ 3 and that the µm scale is the best position
to constraint for n = 2.
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Figure 18: n −MD plot for representing Irvine, Washington, Stanford, Casimir, p̄-He
and LHC/CDF/LEP results, which are corresponding to that in Figure 17. The marked
MD values of the collider results are obtained in one jet production cross section at LEP
(2004), TEVATRON (Altonen et al. 2008), LHC (Aad et al. 2013, Aad et al. 2011).
Curves are drawn using equation (12), combined with equation (13). Shaded area
(small MD) are excluded regions. For n = 2 , the Washington data sets the best limit
to MD > 4.6 TeV .

[26],[28] ,[29],[30]

3.5 Large Extra Dimensions at LHC Run 2 (2016)

One can identify different kind of signals that could be observed at LHC,[20],[34],[35],[36]:

1. Tree-level exchange of virtual gravitons generating an EFT operator τ of
dimension 8:

Lint = Cτ × τ =
8

M4
T

× 1

2

(
T µνTµν −

T µµ T
ν
ν

n− 2

)
(15)

where Tµν is the energy-momentum tensor of SM particles. As discussed in
[37], this operator is predominantly generated by ultraviolet part of the graviton
spectrum (except in the case n = 1, that is usually not considered, as the
additional dimension would be too large and would modify gravity on astrophysical
scales, even though there are some possible ways out [35]). For this reason the
parameter MT

8 cannot be determined without knowing the UV quantum gravity

8MT is related to MD by some model-dependent coefficient[38]
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theory, but it is possible to parametrize it as a function of some cutoff energy
scale Λ. This operator contributes to parton-level processes qq̄, gg → ff̄ , gg, γγ,
and can therefore be probed using Dijet, Dilepton and Diphoton.

2. Missing pT from emission of real massive gravitons of the Kaluza-Klein
tower. This signal is independent of the ultraviolet cut-off Λeff as long as the
collider energy is higher than such cutoff. This operator contributes to parton-level
processes qg → qg, qγ, and can be probed therefore with Mono-Jet and Mono-
Photon.

3. Virtual graviton exchanges at one-loop level, that may become more import-
ant than the tree-level operator τ of equation (15) because they generate EFT
operators of dimension 6, while the tree-level exchange generates the dimension-8
τ operator [38]

In its first stage of Run 2 with lower statistics, LHC is more sensitive to the
operator in equation (15), that get enhanced due to its high dimensionality thanks
to the high center of mass energy of the collisions at LHC. Limits coming from Monojet
are considerably weakly using the current datasets because the statistics were not high
enough to consider values for the pT cuts that would yield an observable signal to
background ratio for values of MD yet unconstrained by Di-jet. Because of this, in this
section we see limits on the parameters of the model only considering Virtual Graviton
Exchange, using Di-jet angular distributions data [39],[40]. Such limits are usually
stronger [20] than the ones coming from Di-lepton or Di-photon.

3.5.1 Tree-level Virtual Graviton Exchange Effective Operator

In the ADD model in the low energy approximation, one can reconsider (15) and
calculate the coefficient for the operator τ . This, in general, is a function of the center
of mass energy s, that is usually called S(s) [20], and is obtained by summing over the
tower of Kaluza-Klein (KK) gravitons. This sum can be usually approximated with an
integral [20] over q, the graviton momentum. This integral is UV divergent for n > 1,
and can be regularized by imposing an arbitrary cutoff Λ. The resulting operator gets
a coefficient that depends on the center of mass energy [41]

τ = S(s)

(
TµνT

µν −
T µµ T

ν
ν

n− 2

)
(16)

The value of the ratio Λ/MD gives the effective coupling of gravity, so larger(lower)
value will mean the gravity is strongly(weakly) coupled [38]. For n > 2, the main
contribution of the integral comes from the heaviest graviton with mass m ∼ Λ and
this, if s � Λ2, one can consider the s → 0 limit for the function S, in the way the
scattering amplitude can be estimated by the EFT operator of equation (15) with a
coefficient that is usually defined as 8/M4

T .
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However, as the dominant LHC bound will come from the most energetic events
because of the high dimension of the operator (considering only high-energy regions
also helps reducing the SM QCD background), it is more appropriate to keep the full
amplitude, including the Λ dependence.

3.5.2 Approximated effective operator

Here we compare the Run II data [39]and [40] to the physics described by equation
(15). The following analysis applies to any number n > 2 of extra dimensions, as
the double trace term in T having a n−dependent coefficient is irrelevant because the
masses of the particles involved in the collision are much smaller than the center of
mass energy.

In Figure 19 [34], we see the SM predictions for the angular distributions for
ATLAS kinematical cuts [40]. Together with them we see the distributions for MT =
8.3 TeV (MT = 7.1 TeV ), for positive(negative) interference.9

Figure 19: pp → jj angular distribution with Mjj > 5.4 TeV in the SM (black line)
and for the ADD with MT = 8.3 TeV (positive interference, red dashed line) and
MT = 7.1 TeV (negative, interference blue dashed line). The data are from ATLAS.

In Figure 20 is the analogue of Figure 19 for CMS kinematical cuts [39]. The chosen
values of MT in this case are MT = 6.8 TeV (MT = 6.0 TeV ), for positive(negative)
interference. The two panels refer to the two most energetic signal regions.9

The obtained limits on MT are reported in Table 5, together with the ones [20]
coming from older datasets, for comparison purposes, and the projected exclusion reach
for Run 2 with 3000 fb−1 integrated luminosity and systematics of 1%. The limit on MT

coming from CMS dataset obtained in the simplified analysis reproduces the one from

9More details about the figure see [34]
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Figure 20: pp→ jj angular distribution with 4.8 TeV > Mjj > 4.2 TeV (left panel) and
Mjj > 4.8 TeV (right panel) in the SM (black line) and for the ADD withMT = 6.8 TeV
(positive interference, red dashed line) and MT = 6.0 TeV (negative, interference blue
dashed line). The data are from ATLAS.

CMS preliminary analysis [39] up to 15%. This difference is probably due to different
QCD NLO K factors that significantly affects the bounds, as reported previously.

The result of the analysis here indicates that the limits obtained from ATLAS are
even higher than the ones from CMS. This is probably due to the higher integrated
luminosity reached by ATLAS, that permits the use of a more stringent kinematical
cut on the invariant mass of the two jets for the most energetic signal region.

Table 5: 95% CL bounds on MT (in TeV) for the dimension-8 operator of equation
(15) for positive and negative interference, and projected sensitivity for Run 2 with
3000fb−1 integrated luminosity and systematics of 1%

3.5.3 Fill graviton exchange amplitude

Here we will use the operator of equation (16) to set the limits in the MD, Λ/MD

plane. Using the energy-dependent coefficient S(s) one expects to find stronger limits
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as the coefficient grows with center of mass energy. The results of the fit are shown in
Figure 21. The 95% CL bounds are defined as χ2 < χ2

SM + 3.84, as before. The
ratio Λ/MD, as said before, is an effective parameter of the unknown strength of
quantum-gravity.[34]

3.6 CMS and ATLAS Latest Results

3.6.1 2017

CMS:

At high-energy hadron colliders, such as the CERN LHC, if the collision energy
exceeds MD, both the ADD and RS1 models allow for the formation of microscopic
black holes (BHs) [42]-[46]. In the simplest scenario, microscopic BHs are produced
when the distance of closest approach between two colliding particles is less than the
Schwarzschild radius Rs, which for a BH in a (3 + n)−dimensional space is given by
[47]:

Rs =
1√
πMD

[
MBH

MD

(
8Γ(n+3

2
)

n+ 2

)] 1
n+1

,

where MBH is the bass of the BH.The patron-level production cross section of such
processes is expected to be simply πR2

S [42],[43].
CMS collaboration conducted a search for new physics in multiparticle final states

in a data sample of proton-proton collisions at
√
s = 13 TeV collected with the CMS

detector, corresponding to an integrated luminosity of 2.3 fb−1 [48]. The lower limits
it sets on the minimum QBH mass span the 7.4− 9.0 TeV range for the ADD (n > 2)
and 5.1− 6.2 TeV range for the RS1 (n = 1) QBHs, as seen in Figure 22. These limits
extend significantly those obtained in the LHC Run 1 (4.6− 6.2 TeV ).

ATLAS:
Searches for new phenomena in high mass diphoton final states with the ATLAS

experiment at the LHC took place here. The proton-proton collision data corresponding
to an integrated luminosity of 36.7 fb−1 were recorded in 2015 and 2016 at a centre-of-
mass energy of

√
s = 13 TeV [49]. The lower limits on the ultraviolet cutoff scale Ms

in the ADD model for different theoretical formalisms can be seen in Table 6.
So in the ADD scenario, lower limits between 5.7 TeV and 8.6 TeV are set on

the ultraviolet cutoff scale Ms
10 depending on the number of extra dimensions and the

theoretical formalism used.

10Ms is the scale parameter of models in which the ADD scenario is embedded in a string theory at
the TeV scale
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Figure 21: The coloured area is the region excluded at 95% CL by ATLAS after 3.6/fb.
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Figure 22: The 95% CL lower limits on minimum quantum black hole mass as a function
of the Planck ScaleMD for several benchmark models. The blue (lower) line corresponds
to quantum back holes in the RS1 model; while the other lines correspond to the ADD
model for the number of extra dimensions n = 2, . . . , 6.

Table 6: Observed 95% CL lower limits on the ADD model parameter Ms for the
GRW, the Hewett (with positive interference) and the HLZ formalisms. For the HLZ
formalism, the number of extra dimensions (n) is varied between 3 and 6. The second
row shows results based on MC samples generated at LO by SHERPA 2.2.1. A K-factor
was computed using ADD samples generated at LO and NLO, and is included in the
results shown in the third row to indicate the potential impact from the higher-order
calculation.
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3.6.2 2018

CMS:

1. May:

A Search for dark matter particles, invisible decays of SM-like Higgs boson, and
extra spatial dimensions took place using events with one or more energetic jets
and large missing transverse momentum in proton-proton collisions recorded at√
s = 13 TeV , using a sample of data corresponding to an integrated luminosity

of 35.9 fb−1[50].

The 95% CL lower limits on the fundamental Planck scale MD of the ADD
model are presented as a function of the number of extra spatial dimensions
n. The efficiency of the full event selection in the monojet (Mono-V) category
for this model ranges between 15(1)% and 20(1.5)% depending on the values of
the parameters MD and n. An upper limit on the signal strength µ = σ/σth
is presented for the ADD graviton production for n = 2 EDs, as a function of
MD in Figure 23. In addition, Figure 23 shows the observed exclusion of MD

which varies from 9.9 TeV for n = 2 to 5.3 TeV for n = 6. The results of this
are also compared to earlier ones obtained by the CMS collaboration with Run 1
data corresponding to an integrated luminosity of 19.7 fb−1 at a centre-of-mass
energy of 8 TeV [51].The upper limits on the signal production cross sections and
MD exclusions are also provided in Table 7 as a function of the number of extra
dimensions. Compared to previous CMS publications in this channel, the lower
limits on MD show a factor of 2 improvement.

Table 7: Upper limits on the signal production cross section in the ADD model and
lower limits on MD, both as functions of the number of extra spatial dimensions (n)

2. October

A search took place for physics beyond the SM, based on normalized dijet angular
distributions obtained in 2016 from proton-proton collisions at the LHC. The data
sample corresponds to an integrated luminosity of 35.9 fb−1[52]

They lower limits were set here on the ultraviolet cutoff in the ADD model,
which are in the range of 8.5 − 12 TeV . For the Quantum black hole masses
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Figure 23: The 95% CL expected (dotted) and observed (solid) upper limits on
the signal strength µ = σ/σth for ADD graviton production (left),as a function of
fundamental Planck scale (MD for n = 2, where n is the number of extra spatial
dimensions). The 95% CL expected (dotted) and observed (solid) lower limits (right)
on MD as a function of n in the ADD model. The results are also compared to earlier
ones obtained by the CMS Collaboration with data corresponding to an integrated
luminosity of 19.7 fb−1 at a centre-of-mass energy 8 TeV (blue points).

below 8.2 TeV are excluded in the model with six large extra spatial dimensions,
and below 5.9 TeV in the RL1 model. See Table 8.

3. November

A search has been performed for physics beyond the standard model in high-mass
diphoton events from proton-proton collisions at a center-of-mass energy of 13 TeV .
The data used correspond to an integrated luminosity of 35.9 fb−1 collected
by the CMS detector in 2016 [53]. A resonant peak in the diphoton invariant
mass spectrum could indicate the existence of a new scalar particle, such as
a heavy Higgs boson, or of a Kaluza–Klein excitation of the graviton in the
Randall–Sundrum model of warped extra dimensions. A nonresonant excess
could be a signature of large extra dimensions, in the scenario by Arkani-Hamed,
Dimopoulos, and Dvali, or a continuum clockwork model.

For the ADD model, upper limits are set at 95% CL on the signal strength, which
translated into lower limits on the mass scale Ms by interpolating the value of Ms

that has a signal strength of 1.0 excluded. Table 9 summarized the results for all
ADD model conventions probed. The excluded values of Ms range from 5.6 to
9.7 TeV , depending on the convention.
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Table 8: Observed (2nd column) and expected (3rd column) exclusions limits at 95%
for ADD and QBH models. The 65% ranges of expectation for the expected limit are
given as well.

Table 9: Exclusion lower limits obtained on the mass scale Ms (TeV ) for various
conventions used in the calculation of the ADD large extra dimensional scenario, as
described here in [53].The total asymmetric uncertainties shown on the expected limits.

11

ATLAS:

1. July

A search for a heavy particle decaying into an eµ, eτ, or µτ final state is conducted
using 36.1 fb−1 of proton-proton collision data at

√
s = 13 TeV recorded by the

ATLAS detector at the LHC[54]. On the threshold mass for quantum black-hole
production in the context of ADD (RS1) model we have 5.6 (3.4), 4.9 (2.9), 4.5(2.6)
TeV (see Table 10). The quantum black hole limits extracted are below those
extracted in dijet searches, since the branching ratio to dijet is expected to be
much larger than to dilepton. Figures 24-26 show the upper limits on the QBH
ADD and RS1 production cross-section times branching ratio for each decay
studied in this experiment.

11See section 4 in [53]
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Table 10: Expected and observed 95% credibility-level lower limits on the mass of
a Z’ boson with lepton-flavour-violating couplings, a supersymmetric τ-sneutrino with
R-parity-violating couplings, and the threshold mass for quantum black-hole production
for the ADD n = 6 and RS n = 1 models.

Figure 24: The observed and expected 95% credibility-lever upper limits on the QBH
ADD and RS1 production cross-section times branching ratio for decays into eµ final
state with and without b-veto requirement. The signal theoretical cross-section times
branching ratio lines are obtained from the simulation of each process. The acceptance
times efficiency of the ADD and RS QBH models agree within 1%, and the same curve is
used for limit extraction. The expected limits are shown with the ±1 and ±2 standard
deviation uncertainty bands on the results with the b-veto requirement.
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Figure 25: The observed and expected 95% credibility-lever upper limits on the QBH
ADD and RS1 production cross-section times branching ratio for decays into eτ final
state with and without b-veto requirement. The signal theoretical cross-section times
branching ratio lines are obtained from the simulation of each process. The acceptance
times efficiency of the ADD and RS QBH models agree within 1%, and the same curve is
used for limit extraction. The expected limits are shown with the ±1 and ±2 standard
deviation uncertainty bands on the results with the b-veto requirement.

Figure 26: The observed and expected 95% credibility-lever upper limits on the QBH
ADD and RS1 production cross-section times branching ratio for decays into µτ final
state with and without b-veto requirement. The signal theoretical cross-section times
branching ratio lines are obtained from the simulation of each process. The acceptance
times efficiency of the ADD and RS QBH models agree within 1%, and the same curve is
used for limit extraction. The expected limits are shown with the ±1 and ±2 standard
deviation uncertainty bands on the results with the b-veto requirement.
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Figure 27: Observed and expected 95% CL lower limits on the fundamental Planck scale
in 4 + n dimensions, MD, as a function of the number of extra dimensions. The bands
indicate the ±1σ theory uncertainties in the observed limit and the ±1σ and ±2σ ranges
of the expected limit in the absence of a signal. The 95% CL limits are computed with
no suppression of the events with ŝ > M2

D. The results from this analysis are compared
to previous results from the ATLAS Collaboration using 3.2 fb−1 of

√
s = 13 TeV data.

[56]

2. February

A search for new phenomena in events with an energetic jet and large missing
transverse momentum in proton-proton collisions at

√
s = 13 TeV at the LHC,

based on data corresponding to an integrated luminosity of 36.1fb−1 collected
by the ATLAS detector in 2015 and 2016.[55]. In terms of lower limits on the
fundamental Planck scale MD in (4 + n) dimensions, versus the number of extra
spatial dimensions in the ADD LED model. Values of MD below 7.7 TeV at n = 2
and below 4.8 TeV at n = 6 are excluded at 95% CL. The results are shown in
Table 11 and Figure 27.
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Table 11: The 95% CL observed and expected lower limits on the fundamental Planck
scale in 4 + n dimensions, MD, as a function of the number of extra dimensions n,
considering nominal LO signal cross sections. The impact of the ±1σ theoretical
uncertainty on the observed limits and the expected ±1σ range of limits in the absence
of a signal are also given. Finally, the 95% CL observed limits after damping of the
signal cross section for ŝ > M2

D are quoted

3.6.3 2019

CMS:

1. March

Proton-proton collisions producing a high transverse momentum photon and large
missing transverse momentum have been investigated to search for new phenome-
na, using a data set corresponding to 35. 9fb−1 of integrated luminosity recorded
at
√
s = 13 TeV at the LHC. Figure 28 shows the upper limit and the theoretically

calculated ADD graviton production cross section for n = 3 extra dimensions, as
a function of MD. Lower limits on MD for various values of n extra dimensions
are summarized in Table 12, and in Figure 29. Values of MD up to 2.90 TeV for
n = 6 are excluded by the current analysis [57].

The sensitivity of the analysis to new physics, as measured by the stringency of
the expected cross section upper limits, has improved by approximately 70% in
comparison to the previous CMS results [58].

Table 12: The 95% CL observed and expected lower limits on MD as a function of n,
the number of ADD extra dimensions.
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Figure 28: The 95% CL upper limits on the ADD graviton production cross section as
a function of MD, for n = 3 extra dimensions

Figure 29: Lower limit on MD as a function of n, the number of ADD extra dimensions.
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2. April

A search for non-resonant excesses in the invariant mass spectra of electron and
muon pairs has been presented. The data set recorded with the CMS detector
during 2016 is analysed, corresponding to an integrated luminosity of 35.9 (36.3)
fb−1 for the electron (muon) channel. No significant deviations from the SM
expectations are observed [59].

The ADD model of L.E.D., (Figure 30) values of the ultraviolet cutoff parameter
ΛT (in the Giudice-Rattazzi-Wells, GRW, convention) below 6.9 TeV have been
excluded at the 95% CL (Figure 31). This corresponds to an exclusion on the
string scaleMS below 6.1 TeV in the Hewett convention; in the Han-Lykken-Zhang
(HLZ) convention, lower limits are set on MS that range from 5.5 to 8.2 TeV ,
depending on the number of extra dimensions. When combined with the results
from the latest CMS diphoton analysis [53], these limits improve to 7.7 TeV
(GRW), 6.9 TeV (Hewett), and the range 6.1 to 9.3 TeV (HLZ), respectively.

The results presented here for the ADD model improve on previous CMS results
at
√
s = 8 TeV (Figure 32) in the dilepton final state [60]. The results reported

here are are the first measurements at
√
s = 13 TeV in the dilepton final state.

The combination with the CMS diphoton analysis yields the most sensitive results
in non-hadronic final states to date.

Figure 30: Exclusion limits at 95% CL on the UV cutoff for the electron (left) and
muon (right) channels with mll > 1.8 TeV in the GRW, Hewett, and HLZ conventions
for the ADD model. Signal modenl cross sections are calculated up to leading order and
a correction factor of 1.3 is applied. The results are compared to previous combined
result from CMS.

[60]
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Figure 31: Combined dilepton 95% CL exclusion limit on the cross section in the
GRW convention (left) and on the UV cutoff for all parameter conventions (right)
with mll > 1.6 TeV for the ADD model. The curves labelled ADD in the left plot
show the theoretical signal cross section calculated by PYTHIA, as a function of the
cutoff parameter ΛT , and signal contributions with mll > ΛT are set to 0. Signal
model cross sections are calculated up to a leading order and,where indicated by the
appropriate label, a correction factor of 1.3 is applied. The results are compared to
previous combined result from CMS.

[60]

Figure 32: Individual and combined dilepton (current) and diphoton (previous) 95%
CL expected (left) and observed (right) exclusion limits as a summary of all parameter
conventions for the ADD model. Signal model cross sections are calculated up to a
leading order. The dilepton limits from the

√
s = 8 TeV measurement are also shown.

[53],[60]

51



L.E.D. Summary

4 Summary

In how many dimensions do we live? Could they be more than the four we are
aware of? If so, why don’t we see the other dimensions? Is there a way to detect
them? It seems that a quantum theory of gravity requires that we live in more than
four dimensions. The remaining (space-like) dimensions are hidden to us: observed
particles do not propagate in them. The theory does not tell us yet why four and only
four have been accessible to us. However, it predicts that this is only a low-energy
effect: with increasing energy, particles which propagate in a higher dimensional space
could be produced.

This is exactly what high-energy hadron colliders are trying to do with proton-proton
collisions at

√
s = 13 TeV (older experiments at

√
s = 8 TeV ). They performed a search

for physics beyond the standard model (i.e., extra spatial dimensions and formation of
microscopic quantum-black holes -our case-, dark matter particles, invisible decays of
SM-like Higgs boson, etc.), ata collected by the CMS and ATLAS detectors were showed
here. First lower limits on MD were 1.5 TeV to 2.0 TeV from ATLAS and 3.2 TeV to
3.4 TeV from CMS for extra-spatial dimensions n = 2 through n = 612, the coefficient
MT (∼MD) in equation (15) has lower limits 3.4− 4.2 TeV (CMS) and 3.2− 4.2 TeV
(ATLAS).

Improved results came from run 2 at LHC, in more detail, the coefficient MT (∼MD)
in equation (15) has lower limits 6.0−6.8 TeV (CMS) and 7.1−8.3 TeV (ATLAS), were
we see that ATLAS’s limits are higher than the ones from CMS, probably due to the
higher integrated luminosity reached by ATLAS.From data corresponding to 36.7 fb−1

luminosity, the ATLAS collaboration setted lower limits on the ultraviolet cutoff scale
Ms: 5.7 − 8.6 TeV depending on the extra dimensions and the theoretical formalism
used. The CMS Collab. then published a bit stringent results on the fundamental
Planck Scale MD as a function of the n-spatial dimensions n = 2− 6, i.e 5.4− 9.9 TeV ,
and for the ultraviolet cutoff scale Ms > 5.6− 9.7 TeV for various conventions used in
the ADD model.

The most stringent limits on microscopic black holes arise from LHC searches
which observed no excesses above the SM background in high-multiplicity final states.
These results can be used to provide constraints of models of low-scale gravity and
weakly-coupled string theory. CMS collab. setted lower limits on the mass of a quantum
black hole, at first for the ADD model (n > 2) MQbh > 7.4− 9.0 TeV and for the RS1
model MQbh > 5.1 − 6.2 TeV and then stringent limits of > 8.2 TeV for ADD and
> 5.9 TeV for RS1. ATLAS collab. on the other hand setter lower limits on MQbh for
the ADD model 4.5− 5.6 TeV and 2.6− 3.4 TeV for the RS1 model.

Stringent limits were placed on the LED-Planck scale MD and the radius R of the
extra dimensions. In the case of flat LED, based on lower limits on MD, we find that
n ≥ 4 extra dimensions is favoured. This favours certain models of supersymmetry and
supergravity. For n = 2, 3 the interpretation of the results suggests that if a unification

12where Λcutoff/MD = 1
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is to occur at the TeV scale, there must be a more complicated topology of the extra
dimensions than toroidal compactification, for instance this may occur when some of
the extra dimensions have different sizes [6].
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