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ABSTRACT

We have considered the theories of extra dimensions from Large Extra Dimensions and Randall-
Sundrum models to the E8 x E8 heterotic sting theory identified with the 11-dimensional M-theory.
Within the three models of extra dimensions and with the help of computer program PYTHIA were
calculated the production cross sections for Kaluza-Klein gravitons and Kaluza-Klein vector bosons
with the cms energy range 2 -14 TeV at the LHC. It was performed a comparison of the theoretical
predictions with the data of computer modeling and found a satisfactory agreement. Searches on
heavy gauge bosons performed by the ATLAS and CMS experiments collected during 2012 at the
LHC were used for comparison with our calculations for masses of Kaluza-Klein gauge boson. The
obtained results are important for future searches of Kaluza-Klein gravitons and vector bosons with

the cms 14 TeV at the LHC.

Keywords: Models of extra dimensions; heterotic string theory; M-theory; Kaluza Klein graviton;
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1. INTRODUCTION

For unification of gravity and electromagnetism
by Kaluza-Klein (KK) theory [1] was proposed the
unification of geometric symmetries with internal
symmetries for treatment all observables as
symmetry motions in extended space with extra
dimensions. This idea was used for inclusion
non-abelian gauge fields and then generalized
by superstring theory for resolution the hierarchy
problem of theoretical high energy physics. The
most studied superstring compactification is
heterotic string theory compactified on a Calabi-
Yau space in six-dimensions. The other attractive
theory that includes gravity is supergravity in
D=11 dimensions with 4-space-time and
compact 7-manifold.

As known, when strings are compactified, they
have a fascinating extra property because can
wind around a compact dimension. A closed
string can wind around a periodic dimension an
integral number of times with a momentum which
goes as p=wWR, (W= 0,1,2,...). As the compact
dimension becomes small these winding modes
becomes lightt When n dimensions are
compactified into circles, this is called toroidal
compactification, because the product of n
copies of a circle is an n-torus.

These general models all have in common that
the spacetime is a direct product

E4+d = M 4 X X d ,
where M? is the four-dimensional noncompact
. d . . .

spacetime, and X~ is d-dimensional compact
internal space of characteristic size R. This
means that the metric on M* doesn't depend on
the coordinates in the internal space. The metric
of the direct product space with ¢ =0,1, 2,3and

m=12,...,d is
dg =G, (YA"dX’ =g, (NAX‘AX + ;. (x y)dy'dy"

In this case, the gravitational coupling constant
as Newton's constant Gy in (4+d) dimensions of
the superstring theory is given by

Gn =G4 =Gy /Vx .,

Vy ~ RY is the volume of the space of extra
dimensions. In terms of the Planck mass M p s

Mp =(G,) ™2 =1.210'° GeV this relationship
becomes

M3 =Vy M2

the mass M is the fundamental mass scale of
the full n-dimensional theory. A consequence of
these assumptions is that the effective 4d scale
is related to the fundamental Planck scale of the
(4+n)-dimensional theory. It was the first extra
dimensional models, the large extra dimensions
scenario of  Arkani-Hamed, Dvali, and
Dimopoulos (ADD) [2] in which the compactified
dimensions can be of macroscopic size, and they
are referred to as “large extra dimensions” (LED)
models.

If the space of extra dimensions is the d-
dimensional torus, we’ll consider the linear
deviation of the metric around the (4 + d)-

dimensional 77y

2
Gun (% Y) = Twn "‘W hn (%, )

( 1 _i nmy
n
with hyy (x,y) = Z b (X e °
n (d)
The masses of KK particles are
1 n
m, ==n2+nZ+...+n? EU,
R R

The Newton potential between masses m; and
m, is given by

V()= GN(4)mlmzZ$ ol GN(4)m_’I.m2[r+Zr e nr/R]

nz0
with contribution of massless graviton (first part)
and massive gravitons in the second part of this
expression. It is necessary to stress, that within
this model were analyzed decays of the graviton
KK-modes into the SM particles [3], that will be
considered later in our paper.

As is known from [4] the Eg x Eg heterotic string
can be identified with the 11-dimensional M-
theory with one additional dimension
compactified to the 81/22 orbifold with the
corresponding set of Eg gauge fields. By
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compactifying this theory on the Calabi-Yau
manifold one arrives at a theory which, behaves
like a 5D N = 1 supersymmetric (SUSY) model
with one dimension compactified on SYz,. The
effective action of this theory was derived in [5].

The metric of the theory is the following
dsfy =7, (YR’ —RE(AX)2. VG 3 pet b

with four-dimensional indices v, o,...=0,1,2,3,
indices A,B,C, e e« = 4, « ¢« 9 for the Calabi—-Yau
space, Q g is a Calabi-Yau metric and moduli

Vo , Rg are the Calabi-Yau volume and the
orbifold radius, respectively.

In the Kaluza-Klein picture, the extra dimensions
are rolled up in compact space with a very small
volume, with massive states called Kaluza-Klein
particles.

The braneworld scenario relies on allowing the
extra dimensions to be noncompact, but with a
warped metric that depends on the extra
dimensions. In 5-dimensional warped
geometry theory our universe is presented as a
five-dimensional anti-de Sitter space with the
elementary particles localized on a (3 + 1)-
dimensional brane and graviton localized in fifth
extra dimension, see Fig. 1. (URL:
https://inspirehep.net/record/1082990/plots).

ﬁum‘l{
i \; gravity

AdSs

Fig. 1. Setup of the minimal Randall-Sundrum
model

The Randall-Sundrum model (RS1) with metric in
five spacetime dimensions

ds? = e_ZerMU'W dx”dx” +r.de?
p=-¢ |gsm

The three-dimensional space that is a three-
dimensional subspace, called a 3-brane, located

at ¢ =0, with another 3-brane located at ¢ = 71.

The full four-dimensional space, or five-
dimensional spacetime, is the bulk. Since the
extra space dimension is noncompact and the
law of gravity changed, the graviton falls away in
the direction of the extra dimension. This model
is rather perspective describing spectra of KK
partners of the graviton and the vector boson in
five-dimensional space-time with nonfactorizable
geometry [6].

It solves the problem of the hierarchy, t. e.
connects two different energy scale (the Planck

scale Mp =10%Gev and the Tev scale
M =10* GeV) using the formula

3
M I%I — MT (1_ e—2kl’cﬂ),

where k = 10° GeV and R = 10" cm determine
the size of extra dimensions and therefore, the
processes going on at the Planck energy, should
be observed at the Large Hadron Collider (LHC).

One of the interesting models of extra
dimensions that used in the paper is TeV! sized
extra dimension model, which arises in
braneworld theories [7].

The considered theoretical models of gravity and
particle physics before they can make predictions
of new physics they should not contradict any
existing theoretical or experimental knowledge.
In  superstring theory with Kaluza-Klein
compactification, there are several different
energy scales in going from a string theory to a
low energy effective particle theory that is
consistent with observed particle physics and
cosmology. The attribute of superstring theory is
its possible experimental detection.
Supersymmetry breaking and compactification of
higher dimensions have to give the low energy
physics observed in accelerators.

The ideology of the presented models will be
used throughout the article.

2. COMPUTER MODELING OF
PRODUCTION CROSS SECTIONS FOR
KK GRAVITONS AND VECTOR
BOSONS

Heavy resonances are predicted by several
models beyond the Standard Model. Three
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models of extra dimensions are considered in our
paper: RS1 model, TeV ™" model and LED.

For five-dimensional metric of gravity of RS1
model KK-masses are determined by formula
MSA = BSAK  For k=1 TeV the masses of

KK gravitons take the values 3.83; 7.02; 10.17;
13.32;... TeV and the masses of vector bosons
are 2.40; 5.52; 8.65; 11.79;... TeV [8].

In [9] was performed computer modeling of KK
parameters for the graviton (Fig. 2).
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o
| IR <My 10 fb™'30 b 6015 |
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O
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™
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Fig. 2. Five o discovery plane for graviton
production as a function of the coupling
parameter ¢ and the graviton mass from [9]

So, for coupling parameter c= k/M =0.1 we can
receive mass of graviton about 3.8 TeV, that
agree with the calculations of graviton spectra.
This coupling parameter will be used for the
further calculations of the KK-particles production
Cross sections.

Using the computer program PYTHIA8.2 [10] we
calculated the production cross section of
graviton KK-modes as function of energy at the
LHC, presented in Fig. 3.

It is seen the increase of the production cross
section with the growth of the center of mass
energy at the LHC. We have considered only two
processes of graviton KK-modes gluon-gluon

(gg - G*) and fermion-antifermion ( ff_ G*)
as the most important.

It was interesting to consider possible
resonances corresponding to c¢=0.1 for KK
gravitons of the RS1 model. Fig. 4 presents the
results of our calculations for KK graviton
production cross sections in the energy scale 10-
11 TeV.

Gaussian distribution in the M=10.5 TeV is
consistent with previously calculated result for
mass of RS1 KK graviton M=10.17 TeV.

In Fig. 5 presented results for KK graviton
production cross sections in the energy scale 12-
14 TeV.

Pythia cross sections
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Fig. 3. Production cross section of graviton KK-modes as function of energy at the LHC in the
RS1 model
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Pythia cross sections
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Fig. 4. KK graviton production cross sections in the energy scale 10-11 TeV at the LHC in the
RS1 model
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Fig. 5. KK graviton production cross sections in the energy scale 12-14 TeV at the LHC in the
RS1 model

The resonance in the M=13.1 TeV is consistent
with calculated result for mass of RS1 KK
graviton M=13.32 TeV.

With the help of computer program PYTHIA8.2
[10] we have calculated the production cross
section of vector boson KK-modes as function of
energy in the cms at the LHC, presented in Fig.
6.

We have used TeV' sized extra dimension
model. According to this model, the Standard
Model fermions are confined to the brane but the
gauge fields of the SM exist in the bulk.

It was important to consider the processes

ffov ffouty, ff -e'e,

wY
f f — tt with pure Zx contribution, n=10 and
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M.=4 TeV. From Fig. 6 could be seen the lepton

flavor symmetry and predominance of the tt
production. Moreover, production cross section
of KK vector boson an order of magnitude less
than KK graviton production cross section.

The masses of the gauge bosons in the extra
dimensions of TeV' model are equivalent to
towers of KK states with masses described by

m, = Mg —~n?M 2, with M, the mass of the

SM gauge boson, M. — compactification scale
and the number of KK-modes n=1,2,.... From
this expression for mass it would be interesting to
see the possible resonances of this model,
presented in Fig. 7.

It can be seen from Fig. 7, that resonances for
KK vector boson masses m; =5500 GeV and m;
=11790 GeV are manifested weakly and the
magnitude of production cross sections for KK
vector bosons with the selected parameters is
much smaller (two orders (a) and three orders (b)
of magnitude) than the production cross sections
of Fig. 6. So, it was of interest to calculate the
dependence of the production cross section on
the KK vector boson masses with the LHC
energy 14 TeV, presented in Fig. 8.

It can be seen from Fig. 8 the difference of the
cross sections for the KK vector boson with n=1

and n=10 in narrow mass range 2-4 TeV, where
the result for n=10 exceeds the result for n=1. In
other mass range these calculations are
practically coincide.

As was noticed above, KK graviton falls away
in the direction of the extra dimension, so
the searches for new heavy resonances are
possible only through the decays into the
particles of SM. The lepton decay channels of
KK-modes provide a clean signature at the LHC
(CMS and ATLAS). So we calculated with the
help of PYTHIA8.2 the production cross section
for the following LED processes with virtual
graviton exchange:

. ff o (LEDG') -y
+ 99— (LEDG') - py
. ff L (LEDG") -l

- g9 - (LEDG") - 1I.

The results are presented in Fig. 9.

From these Fig. 9 we see the dominance of the
gluon-gluon fusion over the results for fermion —
antifermion fusion in the same final decay
channels. The increase of cross section with
energy is a natural.
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Fig. 6. Production cross section of KK vector boson as function of energy at the LHC with

n=10 and M.=4 TeV in the TeV' model
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Pythia cross sections. gmZmode=5, n=1,m=5500
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Fig. 7. KK vector boson production cross sections in the energy scale
a) 5-6 TeV with parameters n =1, M.=5.5 TeV
b) 11-12.4 TeV with parameters n=1, M;=11.79 TeV in the TeV"* model
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Fig. 8. The production cross section for the KK vector boson in the TeV-1 model
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Fig. 9. The production cross section for the four LED processes with virtual graviton exchange

3. COMPARISON OF COMPUTER
MODELING DATA WITH THE LATEST
EXPERIMENTAL SEARCHES FOR KK
GAUGE BOSONS

Let's consider the latest experimental data
focused on heavy gauge bosons searches
performed by the ATLAS and CMS experiments.
Heavy gauge bosons, which refer to heavier
versions of the weak gauge bosons are predicted
in several classes of theories, the most studied of
which is the sequential standard model (SSM)
[11]. The resulting limit on the cross section
times branching ratio for a SSM Z0 dependent on
the resonance mass is shown in Fig. 10.

Experiment report observed limits of 2.9 TeV on
the Z0O SSM mass. As this results may be
reinterpreted for any model, we can compare it
with the character of the production cross section
for the KK vector boson in the TeV-1 model of
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Fig. 8. It shows that the observed limit of TeV-1
model on the Z0 mass is larger than 2.9 TeV.
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Fig. 10. 95% CL limits on the cross section X
branching ratio dependent on the resonance
mass for the ATLAS [12] searches from [13]
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Fig. 11. 95% CL exclusion limits on the branching ratio X cross section dependent on the Z,
mass for ATLAS [14] (left) and CMS [15] (right) from [13]
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As ATLAS and CMS found lower limits of 1.8TeV
and 2.4TeV with a width of 1.2% and 1% of the
Z0 mass respectively (Fig. 11), the searches for
heavier KK resonances are still relevant.

It was stressed in [13] that tt final states are the

most promising channel to probe the production
of Kaluza-Klein modes at the LHC.

This fact emphasizes the importance of selecting

tt channel in the calculation of KK vector boson
production cross section of TeV™* model.

4. CONCLUSION

Within the RS1, TeV" and LED models of extra
dimensions was performed the computer
modeling of production cross sections for
gravitons and Z bosons KK modes. For KK
graviton were found resonances about 10.5 TeV
and 13.1 TeV according to RS1 model. It can be
seen that RS gravitons are produced with a
significant cross section from gluons in the initial

state (gg — G*). The same searches for the

KK resonances of vector bosons were carried out
in Tev' model. No significant results for the
resonances in the predicted theoretical range of
masses were found. It is important to note the
larger value of KK modes production cross

sections in tt channel compared to other lepton
channels in TeV' model. The calculated
production cross sections for the four LED
processes with virtual graviton exchange show
the predominance of the lepton decay channel
from gluons of the initial state. Moreover, it is
necessary to emphasize the advantage of the

gluon-gluon and tt channels for searches of KK-
modes. It was carried out the comparison of
calculated KK Z boson masses with the ATLAS
and CMS searches for the KK vector bosons. As
no significant evidence for physics beyond the
standard model was found, the presented
analysis is connected with lower limits on KK Z
boson masses. The restart of the LHC at the
center of mass energy of 14 TeV will increase
the discovery reach for most theories including
the theories of extra dimensions.
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