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Abstract

The formation of mini black holes is now considered to be a well-established
and inescapable consequence of TeV scale particle collision scenarios in ex-
tra-dimensional/ADD models. Further, such mini black holes have been pre-
dicted to be produced at prodigious rates, of several thousand per year.
Therefore, the continued null results from detector searches so far, including

the most recent LHC runs of /s = 14 TeV, seem to suggest that new ideas
may be critical for further advances in high energy physics. In this manu-
script, we use a geometrical algorithm, inspired by general relativity, in par-
ticular Kerr-Newman de-Sitter black holes, to explore the non-perturbative
(infra-red) sector of QCD. This has led us to a novel and more refined search
criteria for LHC data compared to previous methods. We also explain why
the current search has yielded null results. Our predictions are readily testable
at detector sites. More importantly, our approach provides promising solu-
tions to several long-standing problems, such as the hierarchy problem,
problems with the continued failed attempts to integrate gravity into the
standard model, and finally quark confinement.

Keywords

General Relativity, Hierarchy Problem, LHC Phenomenology, New Black Hole
Search, Gravitational Waves

1. Introduction
1.1. A Radical New Idea Is Needed

It is generally recognized today that the non-perturbative (infra-red) sector of
QCD remains a notoriously intractable problem in theoretical physics. This fol-
lows several decades of intense effort using every available tool, including lattice

QCD, extra/warped-dimensional theories, supersymmetry, gauge/gravity duality
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methods such as AdS/CFT, etc.

Unfortunately, so far, the data collected from the ATLAS collaboration detec-
tors do not seem to vindicate current gauge-gravity or supersymmetric approaches
[1]. Black-hole searches at LHC have also so far yielded null results [2], thereby
questioning the hypothesis of extra/warped dimensions of space-time.

In this work, we attempt to gain fresh insight into this challenging issue by
using geometrical methods based on general relativity. Such a venture is admit-
tedly far more complicated in the prevalent physics climate, where there seems
to be a growing chasm between the way physics is understood by general relativ-
ists versus how it is understood by particle physicists. A real communication
between the two sides is lacking, further exacerbating the status quo. We partly
address this concern in this manuscript by embracing a departure from conven-
tional methods. Instead of the usual string-inspired AdS/CFT gravity-gauge duali-
ty, we use a different type of gauge/gravity duality based on a geometrical algo-
rithm first introduced in [3] [4], and successfully developed over the years by

several other authors [5]-[13].

1.2. Color Confinement vs. Gravitational confinement

The well-known property of color confinement in QCD essentially forbids the
existence of isolated quarks and gluons in the physical vacuum, dooming them
to be forever confined to the inside of the hadrons.

Apparently, the only other known situation where one can encounter this
kind of confinement is the well-known gravitational confinement provided by
black holes.

Based on this, some authors have recently been prompted to draw up an
analogy between the two situations and therefore theorize that there should be a
color version of event horizon, just like its gravitational counterpart [14] [15]
[16].

This leads to the important conjecture that color confinement could lead to a
dual description of the strong interactions in terms of the usual gravitational
confinement of matter inside black holes. So, we basically have two descriptions
for the confinement of quarks inside hadrons that are dual to each other, a geo-
metrical description in terms of a curved space-time background, and the other
description based on usual QCD principles. We will refer to this conjectured
gauge-gravity duality as the “geometrical dual approach” or GDA in the re-

mainder of this manuscript.

1.3. A Geometric Version of Double Copy Formalism

All such geometrical methods seemingly have their roots in a pre-cursor of the
“double copy procedure” recently made popular, which simply states that at a
perturbative level, one can construct a gravitational amplitude from a product of
two gauge theory amplitudes. How widely applicable the double copy procedure

is, has not been resolved, but it seems to apply in several situations. What we do
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know is that it is a general method for obtaining gravitational field solutions in a
non-Abelian gauge theory, starting from gauge solutions. Therefore, gravity so-
lutions should be obtainable from the color QCD solutions.

The double copy was already inherent in the earlier work of Kawai, Lleweyn
and Tye, (KLT) [17], who had shown us back in 1986 that any tree level closed
string amplitude (like the ones representing gravitational interactions) could be
expressed as some kind of a product of two open string amplitudes, such as
those describing gauge interactions. The more recently discovered BCJ double
copy procedure [18] is actually also a form of geometric gauge/gravity duality
and is different from the string-inspired AdS/CFT gravity-gauge duality [19].

As shown below, in the geometric approach of Ne’eman et al [11] [12], they
drew attention to the interesting fact that rather than an effective weak Newto-
nian gravity, an “effective strong gravity” is what seems to emerge in a natural
manner in the IR region of QCD. They had also established early on that the
strong gravity field actually is a double copy of the gluon field. A similar argu-
ment is given in [20].

In particular, using a Stelle-type [21] of quadratic Lagrangian that described
the internal curved space of hadrons, they were able to show that the IR sector of
QCD is dominated by dressed two or more gluon exchanges in QCD leading to
phenomena such as diffeomorphism invariance, and the occurrence of Regge
excitations, which are basically families of resonance states that display rising
Regge trajectories, as well as other hadronic features that mimic gravity, indi-
cating that gravity or an effective gravity-type force must necessarily emerge in
the IR [imit.

More precisely stated, the IR region of QCD can be approximated by the ex-
change of a dressed two-gluon field: G, =BZBf77ab, where B is the color
gluon gauge field, and 7, is the color Cartan-Killing metric. # and v are the
usual space-time indices and take on values from 1 to 3. The main point to note
is that any set of colorless many-gluon exchanges must also include a gravity
component.

The claim we make here is that this double copy feature should arise in all
geometric approaches to QCD, regardless of the actual details of the method
used. This means that the strong (nuclear) force of gravity arises naturally in the
non-perturbative limit can also be approximated by a two-gluon field. This leads

to a new version of the gauge/gravity duality.

1.4. GDA with De-Sitter vs. Anti-de-Sitter Space

In this manuscript, we use this GDA analogy in the context in which it was
originally put forth [6] [7] [8] [9], where the elementary particles are assumed to
be Kerr-Newman “strong gravity” black holes, in the interiors of which gravity
assumes a very high value. We retain the “enormous” value of gravity.

Although this original thread has also been extended in recent years to anti

de-Sitter black holes [22], we are going to focus on de-Sitter black holes. This
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choice is also consistent with recent observations of supernova [23], which
strongly suggest that a de Sitter universe with a positive cosmological constant
might be very relevant to our current understanding of the universe.

The plan of the paper is as follows: In Section 2, we re-examine the hierarchy
problem, and make a crucial case for not ignoring a possible role of gravity in
the micro-world.

In Section 3, we introduce the basic de Sitter class of spacetimes, and discuss
how hadrons can be modeled as Kerr-Newman de Sitter black holes.

In Section 4, we apply the GDA to the dynamics of heavy-ion collisions, and
finally put forth our novel hypothesis, based on the geometrical algorithm dis-
cussed in the first three sections. We also try to show why current searches for
mini-black holes and other TeV scale phenomenological signatures have not met
with success at accelerator sites.

In Section 5, we discuss possible phenomenological signatures and conse-
quences of the geometrical dual approach and suggest how such a geometrical
approach to QCD can be experimentally tested with already existing or planned
equipment, such that it can either be completely justified or falsified.

In Section 6, we present a discussion and analysis of our proposed hypothesis,
followed in Section 7 by concluding remarks. We also look at the exciting possi-
bilities ahead.

2. Methodology
2.1. Introducing Gravity in the Micro-World

Soon after his General Theory of Relativity was published, Albert Einstein posed
the following question (in German) in a 1919 manuscript: “Do gravitational fields
play an essential role in the structure of elementary particles?” [24]. He was
known to always answer this in the affirmative by stating: “There are reasons to
believe that the structure and formation of elementary particles are gravitational in
Nature.” In fact, both Riemann, as well as Einstein endorsed the idea that elemen-
tary particles were just intensely curved local regions of spacetime.

However, even after several decades of intensive research, Einstein’s question
remains without any answer, and gravity has still not been meaningfully inte-
grated into the Standard Model.

The fact that gravity is highly non-renormalizable, has led to the unfortunate
situation where it is deemed more convenient to simply ignore the gravitational
force completely when dealing with the interactions of elementary particles, the
oft-quoted justification being: “because of the weakness of the gravitational in-
teractions compared to the other three fundamental forces...”. This statement of
course seriously lacks content, because there is no way to actually compare the
interactions in a meaningful way. To quote Wilzek: “The question is not ‘why is
gravity so weak’; the real question is: “why is the electron mass so small?”
Another way of putting it would be “Why is the Plank mass so huge relative to
the Standard Model scale? Or why is the Higgs only 125 GeV?” These kinds of
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concerns are generally different versions of the “Hierarchy” problem, which de-
spite our best efforts has defied any solution to date.

A key component of our method is that instead of positing extra warped di-
mensions of space, we introduce a very large value for G inside hadronic par-
ticles. It must be noted that to date no-one has been able to determine the actual
value of the gravitational coupling constant G in the subatomic domain, in par-
ticular inside strongly interacting particles.

After all, it must be remembered that the gravitational coupling constant de-
pends on the energy involved. This is in sharp contrast to the electromagnetic
coupling constant (which remains at 1/137) at all energies! Thus, the gravita-
tional constant would become larger at smaller distance scales, and at the Plank

scale it is expected to become as strong as the strong coupling!

2.2. Large G and Quark Confinement

We use Einstein’s General Relativistic equations for hadronic matter, since in
our scenario, hadrons are simply scaled down versions of the Universe, with a
value of G~ 10*® G,. For example, protons could then be considered to be “nuc-
lear-sized” black hole of the strong gravitational type. This point of view is also
referred to as nuclear or particle-level gravity by various authors.

To clarify this point, consider a typical hadron of mass ~ 1 GeV.

For it to be a Schwarzschild-style black hole, its radius would be given by:

R =2GM . (2.1)

With the usual Newtonian value of G, R, can be calculated to be roughly equal
to:

R =127x107* GeV™ (2.2)

Expressed in units of fermi, R =3x107’ fm, ie, about 10 times smaller

than the radius of a typical hadron, assuming the latter has a radius of R ~ 1 fm.
So, it is of some curiosity to note that in order to make a black hole out of a
typical hadron, the mass of the hadron would have to be squeezed into a volume

3
f (mj , or ~ 10" times as small as the usual hadronic volume! (See
I X

also [25] for a similar conclusion).

However, if one could raise the interaction strength in the hadron from the
gravitation to the strong force, we would then define the “strong” hadron, with a
“strong Schwarzschild radius” given by:

o

R =2——R 2.3
l=2 ok, @3
or R;’ = 2$ (2.4)
M
which gives R’ ~1.2 fm (2.5)

implying that the hadron has a “strong” Schwarzschild radius equal to its con-

finement radius!

DOI: 10.4236/jhepgc.2023.94069 921 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2023.94069

U. Raut

This leads to the very interesting possibility that the confinement of quarks in
the hadron can be looked at as the “strong interaction” version of the usual gra-

vitational confinement of matter in black holes.

3. Hadrons as Black Holes of Color Confinement

3.1. Strongly Interacting Particles as Color Black Holes

We will assume in this work that all strongly interacting particles (hadrons) be-
have like color black holes, that is to say, not black holes of the gravitational
charge, but rather black holes of the “color” charge.

For example, one obvious difference between the gravitational black hole, and
the “color” black hole is the fact that the interaction which dominates the usual
black hole is the universal gravitation of Newton. In contrast, in the case of the
“color’ black hole a “strong” induced gravity appears. This is not the usual New-
tonian gravity, but a strong version that dominates the IR segment of QCD,
sometimes referred to as a “strong chromo-gravity”. This interaction is not only
responsible for color confinement but occurs only in the curved intra-hadronic
spacetime of hadrons and would just reduce to the usual Newtonian gravity out-
side the boundary of the hadrons. The radius of these strong black holes is ~ 1
fm, i.e., just the radius of the hadron.

3.2. Mathematical Formalism

Following the original thread of [6] [7] [8] [9], the key idea is that physical laws
are not only covariant under general co-ordinate transformations, but in addi-

tion are covariant under global discrete dilations.
r
X, =px, 3.1)

where x, represents the co-ordinate system (& x, ; 2), =0, 1, 2, 3, and p can
only have discrete values.
The usual Einstein-Maxwell equations, applicable to our cosmos, with a cos-

mological constant can be written as:

1 8nG
R/tv _Eg/lvR—i—Agyv :c_4T'uV (3.2)
1 o 1 Ap
where T, = FF; —ZFMF & | (3.3)

and A is the cosmological constant, assumed to be positive here).
These will also be the equations that will be used to describe the interior of the
hadron as well,

1 8nG
Rﬂv —EgWR+Ath =—_rT (3.4)

4 av
c

with the difference being that we replace A with A, and G with G, where A, and
G, are respectively the values that are taken on by A and G inside the hadronic
particles.

Note the usual values of Gand A in the regular Einstein equations, describing
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our cosmos, are given by the standard measured values:
Gy =6.7x10" N-m?/kg’> and A, ~10m™ (3.5)

in standard S.I. units, where Gy is the usual Newtonian constant of gravitation,
and A is the usual cosmological constant. Mathematically, (3.1) and (3.4) must

imply dilatation covariance.
Inside the hadron, we adopt Einstein-type equations with explicit under-
hc

PR
e

and the usual cosmological constant will be replaced by the hadronic or “strong”

standing that the gravitational constant is now scaled up to a value of G, ~

cosmological constant of A, =10 m™.

3.3. Ultra-Relativistic Collisions Using KNdS Black Holes

Our framework to analyze the ultra-relativistic heavy-ion collisions will be most
appropriate in that region of the In(1/x) vs In(Q?) plane where the Froissart bound
[26] is saturated to begin with, and the conventional parton picture breaks down to
either the DGLAP [27] [28] [29] [30] or BFKL-type scenarios [31] [32].

In this context, it must be remembered that once parton saturation has taken
over, the very concept of individual partons would not be valid, and any model
using this concept is no longer viable. This was also investigated in the context of
string theory (e.g. Polchinski and Strassler [33]), who could show that at large
energies, parton-like behavior is not the dominant one, and the cross-section for
strong gravitational effects, such as black holes begins to dominate, and finally
take over the other processes.

This helps to argue the case for using colliding KNdS black holes to model
high-energy collisions, since computing a total cross-section for hadronic scat-
tering is inherently a non-perturbative process, and the main degrees of freedom
should be the hadrons, rather than the individual partons.

We further argue that the QCD—induced strong effective gravity in the in-
fra-red sector plays a key role in the dynamics of the collision. This role of grav-
ity has been completely neglected in previous treatments.

It is also worth noting that perturbative treatments such as the CGC [34], fail
to describe the large-x partonic degrees of freedom, since these modes are basically
integrated out when the effective theory is built up. This leads to inconsistencies

with what range of x-values would be permissible for the CGC to be valid.

4. New Paradigms for Hierarchy Problem and TeV Scale
Gravity

4.1. Using a Large “G” for Hierarchy Problem

We would like to challenge the current paradigm of assuming extra/warped di-
mensions as a means of lowering the Plank scale. To solve the hierarchy problem
the suggested traditional methods are to assume the existence of an arbitrary
number of compact extra/warped dimensions [35] [36] [37]. This is supposed to

lead to a modification of gravity at scales smaller than a millimeter. On the other
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hand, however, very little is known of the gravitational force at the higher ener-
gies involved in particle physics, and in fact the gravitational force has only been
measured in the ~ 0.01 cm range, and its properties are virtually unknown in the
regime smaller than 1 mm or so!

The accepted value of the Plank energy in our 4-D space-time is for the Plank
scale, given by the usual expression Ep =~ %, Ep ~ 10" GeV , which is
significantly higher than the electro-weak scale, which is typically in the TeV
range, and therefore completely out or reach by any conceivable experiments.
This situation is referred to as the hierarchy problem, and the suggested current
paradigm for solving this problem is through the introduction of large extra or
warped dimensions.

In this manuscript, we use our dual geometric approach to propose another
solution, using the argument that gravitation itself takes on a large value inside
strongly interacting particles. Rather than reduce the Plank scale by introducing
ad-hoc extra dimensions (for which there is growing doubt about their existence

per accelerator data), it is just as possible to introduce a large value of G in the

5
expression for the Plank scale energy £, =, / % , thereby giving us the expression:

E, = % (Gis replaced by G,) (4.1)

It is clear that if instead of the usual Newtonian value of G, =6.7x10™"" in
S.I units, we use instead the strong nuclear strength gravitation, which as seen in
Section 2 of this manuscript, is equal to G, =10*G,,, this would significantly
reduce the Plank scale, similar to introducing any kind of extra/warped dimen-
sions of space-time.

Substituting all numerical values in the expression above, it turns out that the
Plank scale is reduced to not the TeV range, but even lower, to the GeV range!
There is currently no known argument that can forbid this scenario to be the

one favored by Nature!

4.2. A TeV Scale Does Not Fix the Hierarchy Problem!

What remains unclear is why the TeV scale was chosen to solve the hierarchy
problem in the first place. The main motivation was based on supersymmetry
arguments, with the possibility of new physics appearing at the TeV scale, and
the conjectured existence of TeV scale supersymmetry. Another reason is that
for the Higgs mass to be 125 GeV, the supersymmetry breaking parameters
would have to be at a minimum of the order of the TeV range. None of these
arguments have been justified or validated.

On the contrary, several authors have shown [38] that the TeV paradigm
seems, in actual fact to have created more problems than it has solved. Not only
does it fail to address most of the on-going issues with the Standard model but it

has actually created several more issues of its own, which are even worse. For
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example, as emphasized in [39], there are new problems caused by the fla-
vor-changing neutral currents, and electric dipole moments from loops created
with supersymmetric partners. There is also a huge problem with explaining why
the supersymmetric Higgs/Higgsino mass squared parameter, x4, of the Standard
Model in the expression W, = ,uI:Iu ‘H o for the super potential term W, is
comparable to supersymmetry breaking [40]. More recent speculation is that the
1974 GUT hypothesis is itself the starting point that led the high energy physics
field into this quagmire.

As to whether a GeV scale for the Plank scale is feasible, it must be remem-
bered that currently, there are huge, largely unresolved uncertainties due to model
dependent and other free parameters, and therefore there is no agreed upon
value of a minimal grand unification scale. Further, erroneous assumptions in
the high energy community have led to the belief that signatures of new physics
would definitely appear when the Plank scale is reduced to the TeV range, and
further, if one went any lower, it is assumed there will be no distinct signatures,
since we have not seen any.

That reasoning is flawed. As we will see in the next couple of sections, signa-
tures of the GeV scale might already be very much present in current accelerator
data, in the form of continuous creation of new hadrons. In fact, there has been a
production of 59 new hadrons in currently available data. Ultra-relativistic colli-
sions of the KNdS black holes would lead to production of larger hadronic black

holes and their resonances, in accordance with Hawking’s Area Law [41].

4.3. Hoop Conjecture and Feasibility of “Hadronic” Black Hole
Production

Consider particle collisions with
E=2ymyc’ >M,,. (4.2)

Of course, one of the first things to consider should be whether ultra-relativistic
two-particle scattering can theoretically produce a black hole in the first place,
especially if the impact parameter is small.

A theoretical argument known as the “hoop conjecture”, put forth by Kip
Thorne [39] in 1972, imposes conditions under which a black hole can form. Ac-
cording to this conjecture, a black hole horizon should form when a self-gravitating
system of total mass M gets compacted inside a region of circumference C, satis-
fying the condition:

C<2nR, (4.3)

R, being the Schwarzschild radius for the system:

R = ZGZM (4.4)
C
Thus,
c<Cy (4.5)
C
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This is clearly based entirely on the classical general relativity. However, since
we are applying it to the collision of hadrons, quantum mechanical arguments
must necessarily enter the picture. This is done by taking R = R, as the largest
value of the hoop radius, the rest-frame radius, R, being the Compton wave-
length, and make equal the fundamental length scales from the two pillars of
modern physics.

Further, if mj is the rest-mass of each colliding particle (taken to be equal for
simplicity), we have the total mass trapped inside the Schwarzschild radius as
M =2ym,, ym, being the Lorentz transformed mass of each particle, and y
is the Lorentz boost factor,

2
- (4.6)

7 =4
C

Using the basic hoop conjecture, we obtain, the condition for formation of a
black hole through the relation:

4
> Rc

> 4.7
4G, m, (4.7)

Here m, represents the rest mass of each nucleus, so that for a system
boosted to ¥, the total mass of the system would be M =2ym,. R can normal-
ly be taken to be the Compton radius R = Ac/M, to which the system collapses.

The above condition is very hard to satisfy if we assume G to be the regular
Newtonian value given by Gy = 6.67 x 107" in standard S.I units. But in the con-
text of our dual space-time approach to the strong interactions, we replace G, by
G,, where G, is the nuclear “chromo-gravity” value given by G, =10"G, .

With this new hadronic value of G, we expect the condition above to be easily
satisfied, suggesting the formation of an abundance of black holes. These “new”
black holes formed from the mergers will be larger hadrons, or “resonances”,
since we are modeling all hadrons as well as nuclei by “strong nuclear” black
holes. These can ideally decay via thermal Hawking radiation to all kinds of par-
ticle-antiparticle pairs.

In terms of energy, the center-of -mass energy of the system must exceed the
Plank energy for a black hole to form, and therefore for the emission of gravita-

tional waves. Again, taking R to be the de Broglie wavelength given by the
Compton wavelength R =%, we can derive the condition for black hole for-
mation as when:

5
P (4.8)

[
where G, is as before the large “nuclear” value that G takes on inside the strongly
interacting particles. Here again we see that with the usual Newtonian gravita-
tion, this criterion is very hard to satisfy, unless we change the Plank scale ener-
gy to a much lower value. This has been done so far exclusively by means of in-

troducing large extra dimensions or “warped” dimensions. On the other hand,
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we get the same results by merely using a geometrical algorithm, which leads to

a large value of Ginside hadronic particles in a very natural manner.

4.4. Gravitational Dominance in High-Energy Collisions

For collisions where the center-of-mass collision energies E., > M , quantum

»o
gravity effects are known to be suppressed as powers of the ratio M,/ E.,,. This
implies that ultra-relativistic collisions at very high center-of-mass energies can
be treated like a classical process, rather than as a quantum process. A similar
argument was put forth in 1983 by t'Hooft [42], who emphasized the dominance
of gravitational force over all the other interactions in collisions at or above the
Plank scale, justifying using the classical tools of GR. So, at ultra-relativistic
energies, when graviton exchange dominates over all other processes, we are
dealing theoretically with the highly non-linear regime of the strong gravitation-
al fields. Therefore, black hole production becomes an inevitable consequence.
See also [43] [44] [45].

The main issues of concern are the dynamics of black hole formation, and the
inelasticity, ¢, of the collision process, ie. that fraction of the initial energy of the
system, E, that is converted to gravitational energy and radiated away. There
have traditionally been two approaches to study this problem. One is by analysis
using Hawking’s Area Law [41], and the second is by modeling each of the col-

liding particles as shock waves, and using an apparent horizon bound [46].

4.5. Inelasticity Bounds
4.5.1. Bounds Using Apparent Horizon and Trapped Surface

In this approach, relativistic heavy-ion collisions are modeled using two Aichel-
berg-Sexl [46] gravitational shock waves moving towards each other at the speed
of light. In 1971, Aichelberg and Sexl applied a boost to the Schwarzschild me-
tric. While keeping the lab frame energy, £, fixed, they allowed the boost para-
meter y to become arbitrarily large, Z.e. y — . Since there is a dominance of
kinetic energy, we can therefore assume that the very high energy collision of

particles can be described by a semi-classical process, characterized by a relative

1
J1=v?

At velocities v — ¢, the severe relativistic length contraction would turn the

boost parameter, y = in units where ¢= 1, and an impact parameter, b.

initial state into two “planar shockwave” slices of curved space, the rest of the
geometry being approximated by a flat space (see metric below). This means that
although before the collision, curvatures can be made arbitrarily small, com-
pared to other characteristic scales, the energy in the infinite boost limit must
describe the geometry of a gravitational shock wave.

We use null co-ordinates u, v; along with X'and ¥, where the zand vare de-

fined in terms of fand Zaccording to:

u :L(I—Z) and (4.9)

N
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v:i(Hz) (4.10)

NG

As we saw, J-function singularities must appear in the expression for the cur-
vature tensor of the metric. So, each of the colliding particles can be written as

an Aichelberg-Sexl shock metric in the form:

ds’ = 2dudv+4E,,, In(X* + )5 (u)du’ —dX* -d¥?, (4.11)

E_, isthe energy in the lab frame.

The spacetime describing the collision process is then a union of the two AS
shock waves. The fact that a closed trapped surface appears in the future of the
collision must signal the production of a black hole (assuming, of course that
cosmic censorship does actually still hold!).This approach gives us a value of
29% for the total CM energy to be radiated away as gravitational waves (This is

the same result obtained in [47]).

4.5.2. Bounds Using Hawking’s Area Theorem

We do an area calculation here in the in the context of GDA, and show for the
first time that that we get the same inelasticity factor as that of Hawking [41] and
Penrose [47].

According to the statement of Hawking’s Area Theorem, during any process
involving black holes, the area of the event horizon can only increase or remain
constant but can never decrease.

Let us apply this to the two colliding Kerr-Neumann nuclei.

Let S, and S, be the surface areas of the two colliding nuclei and let S;indicate
the area of the final merged black hole. Then according to Hawking’s Area
Theorem, we should have the inequality:

S, 25+, (4.12)

For a Kerr-Neumann black hole, with mass A4, charge Q, and angular mo-
mentum, /, the surface area is no longer spherical, and we no longer have a fixed
radius as such.

Using Boyer-Lindquist coordinates [48], we can write down an expression for
the horizons, that occur at r =r_, where r_ can be written in terms of the total
mass M, the angular momentum J/, and the charge Q.

In order to solve for the horizons, the condition for a zero cosmological con-
stant is [49]

P’ =2Mr+a’ +Q* =0 (4.13)
Therefore, as shown in Sec 4, in the special case of a zero cosmological con-

stant, one obtains either 0 or 2 horizons, corresponding to the rvalues given by:

r,=m% m’ —a* -0’ (4.14)

Regge-like conditions are obtained when m’ =a” +Q”, which is obtained as
one of the stable solutions of the black hole, since it leads to temperature 7, =0,

when r. =r =m [50].
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In the special case of a zero cosmological constant, one obtains either 0 or 2

horizons, corresponding to the two radial values given by:

2
GM _|[(GMY (G J Y
e J( ) (IQJ -(3%) w13
In geometrical units, we have:

r,=m*m’ —a’-Q* ,where a=J/Mc, m=GM/c*

The event horizon we want is the outer event horizon r,.

H»N

The appropriate line element ds, on the surface r, can be written as:

dS} = g,d0” + g¢¢d¢2

a* (2Mr, -0’ )sin’ 0 (4.16)
= (1;2 +a’ cos’ 9)d92 + P +a’ + 5 sin” 6d ¢
r.+a cos” 6
1/2
ds, =(g4)" (g,,) d6dg (4.17)

The horizon area would be the surface integral of the above expression, car-

ried out over appropriate limits for 6 and ¢:
i 2n 12 12
S* :.[0 deJ.O (gg,g) ( go(o) d¢ (418)

After integration and simplification, we finally get the expression for the sur-

face of the horizon as:

. = 4{& +(Mic]2} (4.19)
S, = 47r(2M2 ~0* +2M (M —a® - Q? )'/2) (4.20)

Dropping the + sign for simplicity, let S, S, and S, denote respectively the
surface areas of the two colliding ions, and the final merged black hole, M, M,

and M to represent the corresponding mass terms, etc., we have:
) 1/2
S, =4n(2M ~0; +2M (M} -a} - 0}) ) (4.21)

Now, we will use the area theorem 4.11, to determine the inelasticity of the
collision and the maximum percentage radiated away as gravitational waves:
Assuming that the initial colliding objects have identical masses, charges and
spins, denoted by A, Jand Q, (for example, they could be two identical protons
colliding with each other), and let us assume that the final charge of the merger
isstill O, =0, though the resulting spin is different, given by a,.
2M? -20* +2M , (M} -a2 - 07)"

(4.22)
> 2M7 - Q" +2M, (M —a* - 0*)" +2M] 0" +2M, (M} —a* = 0*)

Now, imposing the condition, m” =4’ +Q”, in all the cases, which leads to
the desired Regge-like behaviour, we get:
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2M_f. -20% >4M* 20, implying: (4.23)
M, 2\2Mm (4.24)

We thus have the lower bound for the resultant black hole as /2 times the
initial mass of each black hole, or at least as massive as 71% of the total com-
bined mass (2M).

This should give us the upper bound for total radiation emitted as gravitation-

al energy to be the remaining, which can be extracted as:

E, <2M (M) <2M -\2M <(2-\2)M (4.25)

This is the same result obtained by Penrose [43]. It is interesting to note that
our geometrical dual approach, leads to the same upper bound, which is that a
maximum of 29% of the total initial mass can be radiated away as gravitational
waves. Incidentally, other methods [51] [52], and even those using Bondi News
function [53] have also yielded similar results (ie. an inelasticity of 29%). This
further supports the idea that GDA matches all earlier results and could well pro-
vide an alternate route to the dynamics of ultra-relativistic heavy-ion collisions.

Another important feature of our unique approach is the following: the use of
“color black holes” for colliding ions would imply that the final results of the
“ultra-relativistic” collision will be totally insensitive to the details of the struc-
ture of the colliding objects, 7.e. matter does not matter’. Therefore, the GDA
does allow for a universal analysis, implying that the exact quark structure is no
longer so relevant! This is an important example of the kind of universality one
looks for in physics.

We end this section by noting that in the context of AdS/CFT, see for exam-
ple, in [54], arguments indicate that the dynamics of shock wave collisions does
not have a suitable description within AdS/CFT. Thus, since the formation and
existence of a trapped surface must necessarily indicate that a black hole has
formed, the GDA approach is more viable in this context also, versus the AdS/
CFT.

4.6. Preliminary Analysis

In this manuscript, a brand new, unorthodox scenario for lowering the Plank
energy in D = 4 is proposed, without the need for any extra or any curled-up
dimensions. This is done in the context of the proposed dual curved spacetime
geometrical description of the strong interactions, where the strong force takes
on the characteristics of an effective “strong gravity” in the IR section, and the
spacetime inside hadrons is approximated by a Kerr-Newman de Sitter black
hole type of metric.

The main finding of our work is this: In the collision of high-speed nuclei,
modeled as “strong color black holes”, high frequency gravitational waves (per-
haps of the QCD induced strong gravitational or chromo-gravity type), should
be produced in moderate to copious amounts, and moreover, these should be

capable of detection with existing/modified LIGO equipment.
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Further, we are claiming that the total energy lost to gravitational radjation is
significantly higher in our new paradigm, and in fact dominates the missing
energy.

Our GDA formalism also predicts that black holes will be produced at collid-
ers in high numbers. However, these black holes are vastly different from the
ones that are predicted in ADD/RS scenarios. Owing to the very high energy
gravitational waves, the black hole that are produced in the geometrical algo-
rithm will be much smaller than the ADD black holes, and will be in the GeV
range In fact, these black holes will just be regular hadrons, and hadronic re-
sonances, arising from the merger of the colliding protons and nucleons.

Being just regular Standard Model particles, our GDA black holes will there-
fore not display the tell-tale phenomenological radiation signatures of the ex-
tra-dimensional black holes.

We would like to emphasize here that the focus at detectors should not be on
a search for specific signatures of black hole production, but rather a search for
signatures of the high frequency gravitational waves (HFGW) that we predict
will be produced.

5. Phenomenology

In modelling the ultra-relativistic collision of heavy ions, we have assumed a
gravity dominance, and have ignored all other forces. This strategy is completely
justified, and has been supported by several authors, especially in the context of
ultra-relativistic high-energy collisions. It is even more true in the classical set-
ting we are assuming, where gravity is the only force that gets stronger at in-

creasing energies.

5.1. Gravitational Waves and Black Holes as GDA Main
Observables

The semi-classical black holes that characterize the ADD mergers are supposed
to be very hot, typically hundreds of GeV, and therefore decay extremely fast, in
the extremely short lifespan of t ~ 107 sec, using arguments from classical GR
black holes. So, in the case of ADD black holes, one would expect spectacular
displays, including high multiplicity, highly democratic and spherical decays,
such that the final state particles carrying away hundreds of GeV of energy. Such
dramatic events should have shown up but, in reality, have never been observed
in any of the LHC runs.

In contrast, In the GDA scenario, we do not expect any spectacular decay sig-
natures. The color black hole mergers formed immediately after the collision will
be unstable, and we expect them to decay also in multi-phase stages, like the
ADD black holes, but they will eventually decay to regular hadrons of the Stan-
dard Model.

The usual four-stage process is expected for the GDA black holes as well,

namely 1) appearance of a CTS (closed trapped surface) from the merger of the
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two AS shock waves; 2) the balding phase, where the newly formed asymmetrical
merged black hole is expected to emit the HFGW by emitting characteristic
ringing Quasi-Normal modes (QNM’s), before finally settling down into a cy-
lindrically symmetric Kerr rotating hole. So, after this phase, the merged black
hole would just settle into a regular hadronic black hole, rather than the Myers-
Perry multi-dimensional black hole of ADD scenarios; 3) A spin-down phase,
the black hole might lose angular momentum through the emission of Hawking
radiation; 4) The mass and/or the Hawking temperature approaches the Plank
scale, which is now much lower. Information loss problem is avoided in the
GDA scenario, since the black holes will not decay completely, or leave a rem-
nant, but reach the Plank mass, and become stable.

As shown in Section 4, our predicted black holes will be in a much a smaller
energy range, Le., ~ a few GeV, as well as have the masses in the proton range,
rather than 5000 times the mass of the proton. Also, they will have the dimen-
sions of a fm (Fermi), the size of a proton, rather than being 1/1000" of a fm. We
expect a large number of these new black holes to form at the GeV range, by the
mergers of the original colliding KNdS black holes. As a consequence, a signifi-
cant amount of energy is predicted to be lost to the very energetic high frequen-
cy gravitational waves. Further, all emissions including any SM particles, as well
as gravitational radiation are emitted into our regular four dimensions of space-
time, there being no distinction between “brane” and “bulk” in the GDA scena-
rio [55]. Hence the only real observable signature is predicted to be the high to

ultra-high frequency gravitational waves emitted during the merging phase.

5.2. Why Current LHC Searches Have Failed

1) Current gray body factors from the Monte Carlo event generators for both
the inelasticity as well as the energy and size range of the black holes produced
are based on the ADD/extra/warped dimensional scenarios, and therefore are
inaccurate, leading to the prediction of the incorrect range of black holes, and
thereby the inability to detect them.

2) Our GDA black holes will be in the GeV range, and therefore likely to be
just regular hadrons, and hadronic resonances.

3) Current searches are for gravitational waves are in the wrong frequency
range, hence the inability to observe them. Most of the collision energy is ra-

diated away as high to ultra-high frequency gravitational waves.

5.3. New Search Criteria: Detection of Gravitational Waves

In our scenario, all hadronic particles (including the colliding nuclei at RHIC),
are modeled as Kerr Newman de Sitter black holes. In an ultra-relativistic colli-
sion of such black holes, where a strong nuclear-strength gravity is the dominant
force, classical relativity tells us that gravitational waves appropriate to the “ha-
dronic” black holes undergoing collisions should be produced.

We also predict that at impact parameters smaller than the Schwarzschild ra-
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dius for the relevant parameters, the cross-section would be dominated by an in-
elastic process, in which the collision produces a bigger black hole. For large and
intermediate impact parameters, there would be various two-body scattering
amplitudes, and the scattering would be harder to predict.

In our GDA scenario, both the merger and ring-down phases are expected to
produce copious amounts of high frequency gravitational waves. The GW signal
would give us significant information about the structure of the black holes that
were merged, also shedding light on whether spacetime is curved inside their re-
gions. Therefore, such detection and testing is crucial.

It is anticipated that future upgrades to advanced LIGO may be needed to
detect subtle measurements such as those required for QNM’s from mergers of
Kerr-Newman de-Sitter black holes. We expect GR to pass the test in this strong
gravity sector also.

Special signatures for the gravitational waves would be present because of the
formation of the quark-gluon plasma, or for other situations such as if cosmic

censorship is violated, etc.

5.4. Luminosity, Amplitude and Frequency of Proposed
Gravitational Waves

With the same approximation we used for the colliding black holes, we now use
rough order of magnitude calculations to obtain expressions for the luminosity
of the gravitational waves, the amplitude as well as the frequency, so as to better
estimate the feasibility of detection. More detailed calculations will be left for a
future manuscript. Here we attempt to show that these gravitational waves
would indeed be of very high frequency.
Using for simplicity the linearized Einstein equations with source term, we
start with the usual solution giving the wave amplitude:
po K ITM (=[x =, x')

-~ 3.0
ym ] dx (5.1)

The quadrupole moment of the source can be written as:
1
Qz :Ip(xpx“ —§5mr2jd3x. (5.2)

The wave amplitude is therefore seen to be proportional to the second time

derivative of the source, and can be written as:
2G .
h’ = E g (t—r/c) R (5.3)

In the above, p represents the average matter density, Of (1—r/c) is the
quadrupole moment in the transverse-traceless gauge, measured at the retarded
. r
time 7 =f——.
c
Although the above results were derived for the black hole binary, they are va-

lid for all sources, as long as the wavelength is longer that the size R of the
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source.

We now write down expressions for the quadrupole gravitational power, or
the luminosity in the gravitational waves. In general, gravitational power ra-
diated is given in terms of the third-order time derivative of the quadrupole

moment tensor, Ze.

:&|:6 Qab:| (54)

S ol BT

In the above, we are using the strong hadronic gravitational coupling constant
G, in place of the regular Newtonian gravitational constant, G,

The quadrupole moment of a system can be roughly estimated as the product
of the total mass M of the part that moves, and the square of the average size, R,
of the system.

Then the quadrupole triple derivative is given by:
0’0, MR? v
— - —~M—, 5.5
o T T 59
where v is the velocity of the moving part, so that the right hand side is just the
kinetic energy of the non-spherical moving part.
R3
GM

for this self-gravitating system, we can now get a rough estimate of the gravita-

Take v = R/ T as the average velocity of the moving mass M. and T =

tional wave luminosity, which can then be written as:

2
G, | My’
= 2 (5.6)
50| T
4 5 4 2
w :G—hSM—SzG—hS M V6 (5.7)
5 R 5\ R
. . . 26, M
Writing down the Schwarzschild radius of our source as R, =———, we can
c

finally write down for the luminosity:

S (v R ’
t=g2) (%) o)

The maximum luminosity can be found by if the size of the system is the

Schwarzschild radius, and v becomes equal to the velocity of light, which matches
our conditions of ultra-relativistic collisions of elementary particle sized strong
black holes!

So, maximum power is generated for these waves. At these ultra-relativistic

velocities, we can write

T=-% (5.9)

This gives us the frequency, v of the gravitational wave quanta, as well as the

energy per high frequency graviton as:
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v:% and Eq=hv (5.10)

The total mass M of the colliding nuclei can be estimated to be ~14 TeV/c,
giving a total energy involved in the collision to be ~14 TeV.

The corresponding Schwarzschild radius is:
_2G,M

s 2
C

R ~10"" m (5.11)

This gives the time scale of the collision as
t~107 sec (5.12)

We next write compute the total energy released in the form of gravitational

waves, which is given by:

E:ﬂ{MV } ¢ (5.13)

e’ t

For two typical colliding nuclei, the total energy of the “Little Bang” is Mc,
where M is the total mass involved (combined mass of the two nuclei).

Using equations above for vand £, this finally allows us to get the energy of
each high frequency gravitational quanta as £, ~ 70 - 100 MeV, and the fre-
quency of the gravitational wave expected to be emitted turns out to be in a

much higher range than seen before with a frequency of

v=10"Hz! (5.14)
Finally, the estimate of amplitude: Using the same order of magnitude calcu-
lations:

2G,

= rh ot (t—r/c) (5.15)
rc
2G, G

W =—LK~—tcE,, (5.16)
rc

where K is the kinetic energy contribution from the relevant motion that can
generate the gravitational waves, and ¢ is the efficiency of this conversion.

Thus, relevant mathematical analysis from (5.16), along with the enormous
value of G, leads to the inevitable conclusion that the gravitational luminosity, as
well as the amplitude can indeed both be sizable, indicating that we do have the
capability to detect these high frequency waves!!

So, although such HFGW’s have not theoretically shown so far to be relevant
to our universe, our calculations reveal that they should be an outcome of heavy
ion collisions at RHIC and other accelerator sites, and further, should be pro-

duced in copious amounts, and detectable by future planned LIGO!

6. Main Results and Discussion

Interestingly, we have shown that no matter the approach used for the descrip-
tion of hadrons using geometrical algorithms, a strong “pseudo” or “chro-

mo-gravity” is an inevitable consequence. This is not the usual weak gravity of

DOI: 10.4236/jhepgc.2023.94069

935 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2023.94069

U. Raut

Newton, but a gravity in the strong regime, from which quark confinement aris-
es in a completely natural manner.

This “strong” field inside the hadron has been completely identified by several
authors and several different methods with a “strong” gravitational field which
has a strength of 10*® times the gravitational force that we experience on Earth.
Therefore, in ultra-relativistic high-energy collisions, this strong gravity would
dominate, producing “strong” QCD-induced gravitational waves, and in copious
amounts, in both the “merger” and “ring-down” phases.

Our main results from this radical new approach are summarized below.

1) “Naturalness” has been restored and the hierarchy problem has been solved
by introducing gravity into the Standard Model, in the form of a “strong gravi-
ty/gauge” coupling that is relevant in the IR segment of QCD. This prevents the
need for unreasonable “fine-tuning”, where one has to add huge quantum cor-
rections to the Higgs mass just to push the electroweak scale up to the Planck
scale.

2) Jet-quenching: The near total suppression of hard scattering events (known
as jet quenching) has a ready explanation in the GDA paradigm. In perturbative
QCD (due to asymptotic freedom), there are typically a multitude of hard scatter-
ing events, with large transverse momentum. However, collider data shows a sig-
nificant attenuation or absorption of such hard scattering events (jet-quenching)
over the tiny length scales of the QGP, suggesting the presence of a very strong
coupling. This phenomenon has currently no satisfactory explanation within the
framework of perturbative QCD, except to introduce the problematic Color glass
Condensate (CGC). On the other hand, in our approach, the CGC is replaced by
the merged black hole resulting from the two colliding color KNdS black holes,
and this process is indeed dominated by the strong coupling force of gravity. In
such a non-perturbative regime, we can expect significant jet quenching, and
further, it is easy to establish a one-to-one correspondence between properties of
the black hole, and that of the resulting perfect fluid.

3) The GDA provides a natural explanation for the very difficult problem of
color confinement [6] [11] [12].

4) Rising Regge trajectories of baryons and mesons are also predicted as ob-
served at detectors! [9] [11].

5) We have explained why the current search criteria at LHC has failed, and
what to search for instead.

6) Our most exciting result is our mathematical analysis revealing that HFGW’s
must emerge as a testable outcome of the presence of gravity in hadronic mat-
ter.

We present a Table 1 to display our main results.

7. Concluding Remarks

It has been shown that a geometrical version of the gauge/gravity correspon-

dence promises to be a new and effective tool for exploring the IR segment of

DOI: 10.4236/jhepgc.2023.94069

936 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2023.94069

U. Raut

Table 1. Summary of main results.

Status using our proposed GR

Current Status in String based based geometrical dual

Unresolved Issue )
scenarios

approach.
Extra dimensional and AdS/CFT  The GUT scale is significantly
methods have been unable to lowered without the need for
Hierarchy Problem resolve the issue, and the SUSY -based scenarios, and
predictions they make are not without the need for
supported by collider data. extra/warped dimensions.

SUSY-based models as well as
Integrating gravity methods based on gauge-gravity
into the standard  connections like AdS/CFT have
model generally been proven to be

In our GR-based dual gravity
approach, gravity in the strong
sector automatically emerges in

non-perturbative QCD.
ineffective, so far. P Q
Cannot be currently explained Readily emerges as a natural
using conventional quantum  consequence of the geometrical
Quark confinement ) ] .
field-theoretic and/or algorithm used and arises from
string-based methods. color confinement.
Has no satisfactory explanation Explanation described in Sec 5 of

et Quenchin
Jet Q & within any of the current models manuscript

QCD. Unlike lattice QCD, the need to assume an unreasonably large number of
colors does not arise, and unlike the AdS/CFT based gauge/gravity theories.
there is no need for supersymmetry or extra dimensional spaces.

Using the conjectured equivalence between gravitational confinement and
color confinement, in the context of KNdS black holes, it has been successfully
shown why the current parameters for LHC searches are wrong, and more im-
portantly, what the new search criteria should entail.

Perhaps more importantly, it has been shown for the first time that if a strong
gravity, or “effective” gravity is in fact operative in the nuclear domain, and if
General Relativity continues to be valid in this regime, the tell-tale signatures of
such a force should be manifest in the phenomenology at LHC and RHIC, in the
form of high to ultra-high frequency gravitational waves, and not in the form
being currently sought after. The proposed waves should be capable of detection
by current or planned LIGO detectors.

If found, these waves could open up an unprecedented window into several
new and unchartered territories and launch the brand-new field of high fre-
quency gravitational wave physics. This would, without a doubt, carry the seeds

for incredible engineering applications.
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