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ABSTRACT  5 
 6 
 We have considered the theories of extra dimensions from Large Extra Dimensions and Randall-
Sundrum models to the E8 × 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.  
 7 
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1. INTRODUCTION  11 
 12 
For unification of gravity and electromagnetism by Kaluza-Klein (KK) theory [1] was proposed the 13 
unification of geometric symmetries with internal symmetries for treatment all observables as symmetry 14 
motions in extended space with extra dimensions. This idea was used for inclusion non-abelian gauge 15 
fields and then generalized by superstring theory for resolution the hierarchy problem of theoretical high 16 
energy physics. The most studied superstring compactification is heterotic string theory compactified on a 17 
Calabi-Yau space in six-dimensions. The other attractive theory that includes gravity is supergravity in 18 
D=11 dimensions with 4-space-time and compact 7-manifold.  19 

As known, when strings are compactified, they have a fascinating extra property because can wind 20 
around a compact dimension. A closed string can wind around a periodic dimension an integral number of 21 

times with a momentum which goes as ( )K,2,1,0, == wwRp . As the compact dimension becomes 22 
small these winding modes becomes light. When n dimensions are compactified into circles, this is called 23 
toroidal compactification, because the product of n copies of a circle is an n-torus.  24 

These general models all have in common that the spacetime is a direct product 25 

dd XME ×=+ 44 , 26 

where M4 is the four-dimensional noncompact spacetime, and Xd is d-dimensional compact internal 27 
space of characteristic size R. This means that the metric on M4 doesn't depend on the coordinates in the 28 
internal space.  The metric of the direct product space with 3,2,1,0=µ and dm ,,2,1 K=  is 29 

( ) .,)()(2 nm
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 In this case, the gravitational coupling constant as Newton's constant GN in (4+d) dimensions of the 31 
superstring theory is given by 32 
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 XN VGGG /104 == , 33 

d
X RV ~  is the volume of the space of extra dimensions. In terms of the Planck mass PlM , 34 

( ) 192/1
4 102.1 ⋅== −GM Pl  GeV this relationship becomes  35 

22 += d
XPl MVM , 36 

the mass M  is the fundamental mass scale of the full n-dimensional theory. A consequence of these 37 
assumptions is that the effective 4d scale is related to the fundamental Planck scale of the (4+n)-38 
dimensional theory.  It was the first extra dimensional models, the large extra dimensions scenario of 39 
Arkani-Hamed, Dvali, and Dimopoulos (ADD) [2] in which the compactified dimensions can be of 40 
macroscopic size, and they are referred to as “large extra dimensions” (LED) models. 41 

If the space of extra dimensions is the d-dimensional torus, we’ll consider the linear deviation of the 42 

metric around the (4 + d)-dimensional  MNη   43 
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The masses of KK particles are  46 
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 the Newton potential between masses m1 and m2 is given by 48 
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with contribution of massless graviton (first part) and massive gravitons in the second part of this  50 
expression. It is necessary to stress, that within this model were analyzed decays of the graviton KK-51 
modes into the SM particles [3], that will be considered later in our paper. 52 

As is known from [4] the E8 × E8 heterotic string can be identified with the 11-dimensional M-theory with 53 
one additional dimension compactified to the S1/Z2 orbifold with the corresponding set of E8 gauge fields. 54 
By compactifying this theory on the Calabi-Yau manifold one arrives at a theory which, behaves like a 5D 55 
N = 1 supersymmetric (SUSY) model with one dimension compactified on S1/Z2. The effective action of 56 
this theory was derived in [ 5].  57 

The metric of the theory is the following 58 
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with four-dimensional indices 3,2,1,0,,, =Kρνµ , indices A,B,C, • • • = 4, • • • 9 for the Calabi–Yau 60 

space, ABΩ  is a Calabi–Yau metric and moduli V0 , R0 are the Calabi–Yau volume and the orbifold 61 
radius, respectively. 62 

In the Kaluza-Klein picture, the extra dimensions are rolled up in compact space with a very small 63 
volume, with massive  states called Kaluza-Klein particles. 64 

The braneworld scenario relies on allowing the extra dimensions to be noncompact, but with a warped 65 
metric that depends on the extra dimensions. In 5-dimensional warped geometry theory our universe is 66 
presented as a five-dimensional anti-de Sitter space with the elementary particles localized on a (3 + 1)-67 
dimensional brane and graviton localized in fifth extra dimension, see fig. 1 (URL: 68 
https://inspirehep.net/record/1082990/plots).  69 

 70 
 71 

Fig. 1. Setup of the minimal Randall-Sundrum model 72 
 73 
 74 
The Randall-Sundrum model (RS1) with metric in five spacetime dimensions 75 

 
πφφφ

φη νµ
µν

φ

≤−≈

+= −

,

222 drdxdxeds c
krc

 76 

The three-dimensional space that is a three-dimensional subspace, called a 3-brane, located at 0=φ , 77 

with another 3-brane located at πφ = . The full four-dimensional space, or five-dimensional spacetime, is 78 
the bulk.  Since the extra space dimension is noncompact and the law of gravity changed, the graviton 79 
falls away in the direction of the extra dimension.  This model is rather perspective describing spectra of 80 
KK partners of the graviton and the vector boson in five-dimensional space-time with nonfactorizable 81 
geometry [6].  82 

It solves the problem of the hierarchy, t. e. connects two different energy scale (the Planck scale 83 
1910=PlM GeV and the TeV scale 410=M  GeV) using the formula 84 

( )πckr
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where k = 103 GeV аnd R = 10−17 cm determine the size of extra dimensions and therefore, the processes 86 
going on at the Planck energy, should be observed at the Large Hadron Collider (LHC). 87 

One of the interesting models of extra dimensions that used in the paper is TeV-1 sized extra dimension 88 
model, which arises in braneworld theories [10 ]. 89 

The considered theoretical models of gravity and particle physics before they can make predictions of 90 
new physics they should not contradict any existing theoretical or experimental knowledge. In superstring 91 
theory with Kaluza-Klein compactification, there are several different energy scales in going from a string 92 
theory to a low energy effective particle theory that is consistent with observed particle physics and 93 
cosmology. The attribute of superstring theory is its possible experimental detection. Supersymmetry 94 
breaking and compactification of higher dimensions have to give the low energy physics observed in 95 
accelerators.  96 

The ideology of the presented models will be used throughout the article. 97 
 98 
2. COMPUTER MODELING OF PRODUCTION CROSS SECTIONS FOR KK GRAVITONS 99 
AND VECTOR BOSONS  100 
 101 
Heavy resonances are predicted by several models beyond the Standard Model. Three models of extra 102 
dimensions are considered in our paper: RS1 model, TeV−1 model and LED.  103 

For five-dimensional metric of gravity of RS1 model KK-masses are determined by 104 

formula kM AG
n

AG
n

,, β= . For k = 1 TeV the masses of KK gravitons take the values 3.83; 7.02; 10.17; 105 

13.32;… TeV and the masses of vector bosons are 2.40; 5.52; 8.65; 11.79;… TeV [7].  106 
In [8] was performed computer modeling of KK parameters for the graviton (fig. 2). 107 
 108 

 109 
 110 

Fig. 2. Five σ discovery plane for graviton production as 111 
a function of the coupling parameter c and the graviton mass from [8] 112 

 113 
So, for coupling parameter c= k/M =0.1 we can receive mass of graviton about 3.8 TeV, that agree with 114 
the calculations of graviton spectra. This coupling parameter will be used for the further calculations of the 115 
KK-particles production cross sections.  116 
 117 
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Using the computer program PYTHIA8.2 [9] we calculated the production cross section of graviton KK-118 
modes as function of energy at the LHC, presented in fig.3 119 

 120 
 121 

Fig. 3. Production cross section of graviton KK-modes  122 
as function of energy at the LHC in the RS1 model 123 

 124 
It is seen the increase of the production cross section with the growth of the center of mass energy at the 125 

LHC. We have considered only two processes of graviton KK-modes gluon-gluon ( *Ggg → ) and 126 

fermion-antifermion ( *Gff → ) as the most important.  127 

It was interesting to consider possible resonances corresponding to c=0.1 for KK gravitons of the RS1 128 
model. Fig. 4 presents the results of our calculations for KK graviton production cross sections in the 129 
energy scale 10-11 TeV.   130 
 131 

 132 
 133 
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Fig. 4. KK graviton production cross sections 134 
in the energy scale 10-11 TeV at the LHC in the RS1 model. 135 

 136 
Gaussian distribution in the M=10.5 TeV is consistent with previously calculated result for mass of RS1 137 
KK graviton M=10.17 TeV.   138 

In fig.5 presented results for KK graviton production cross sections in the energy scale 12-14 TeV.  139 

 140 
 141 

Fig. 5. KK graviton production cross sections 142 
in the energy scale 12-14 TeV at the LHC in the RS1 model 143 

 144 
The resonance in the M=13.1 TeV is consistent with calculated result for mass of RS1 KK graviton 145 
M=13.32 TeV.   146 

With the help of computer program PYTHIA8.2 [9] we have calculated the production cross section of 147 
vector boson KK-modes as function of energy in the cms at the LHC, presented in fig.6. 148 

 149 
 150 

Fig. 6. Production cross section of KK vector boson as function  151 
of energy at the LHC with n=10 and Mc=4 TeV in the TeV-1  model 152 
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 153 
We have used TeV-1 sized extra dimension model. According to this model, the Standard Model fermions 154 
are confined to the brane but the gauge fields of the SM exist in the bulk. 155 

It was important to consider the processes µµνν→ff , −+→ µµff , −+→ eeff , ttff →  with 156 

pure ZKK contribution, n=10 and Mc=4 TeV. From fig.6 could be seen the lepton flavor symmetry and 157 

predominance of the tt  production. Moreover, production cross section of KK vector boson an order of 158 
magnitude less than KK graviton production cross section. 159 
The masses of the gauge bosons in the extra dimensions of TeV-1 model are equivalent to towers of KK 160 

states with masses described by 
222

0 cn MnMm −= , with M0 the mass of the SM gauge boson, Mc – 161 

compactification scale and the number of KK-modes n=1,2,… . From this expression for mass it would be 162 
interesting to see the possible resonances of this model, presented in fig. 7 163 

 164 
a) 165 

 166 
b) 167 

Fig. 7. KK vector boson production cross sections in the energy scale 168 
a) 5-6 TeV with parameters n =1, Mc=5.5 TeV  169 

b) 11-12.4 TeV with parameters  n=1, Mc=11.79 TeV  in the TeV-1  model 170 
 171 
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It can be seen from fig. 7, that resonances for KK vector boson masses m1 ≈5500 GeV and m1 ≈11790 172 
GeV are manifested weakly and the magnitude of production cross sections  for KK vector bosons with 173 
the selected parameters is much smaller (two orders (a) and three orders (b) of magnitude) than the 174 
production cross sections  of fig.6. So, it was of interest to calculate the dependence of the production 175 
cross section on the KK vector boson masses with the LHC energy 14 TeV, presented in fig. 8 176 

 177 
 178 

Fig. 8. The production cross section for the KK vector boson in the TeV-1  model 179 
 180 
It can be seen from fig. 8 the difference of the cross sections for the KK vector boson with n=1 and n=10 181 
in narrow mass range 2-4 TeV, where the result for n=10 exceeds the result for n=1. In other mass range 182 
these calculations are practically coincide.  183 

As was noticed above, KK graviton falls away in the direction of the extra dimension, so the searches for 184 
new heavy resonances are possible only through the decays into the particles of SM. The lepton decay 185 
channels of KK-modes provide a clean signature at the LHC (CMS and ATLAS). So we calculated with 186 
the help of PYTHIA8.2 the production cross section for the following LED processes with virtual graviton 187 
exchange:  188 

• γγ→→ )( *GLEDff  189 

• γγ→→ )( *GLEDgg  190 

 • llGLEDff →→ )( *  191 

• llGLEDgg →→ )( * . 192 

The results are presented in fig.9 193 
 194 
 195 
 196 
 197 

 198 
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 199 
 200 

Fig. 9. The production cross section for the four LED processes  201 
with virtual graviton exchange 202 

 203 
From these figure we see the dominance of the gluon-gluon fusion over the results for fermion –204 
antifermion fusion in the same final decay channels. The increase of cross section with energy is a 205 
natural. 206 
 207 
3. COMPARISON OF COMPUTER MODELING DATA WITH THE LATEST EXPERIMENTAL 208 
SEARCHES FOR KK GAUGE BOSONS  209 
 210 
Let’s consider the latest experimental data focused on heavy gauge bosons searches performed by the 211 
ATLAS and CMS experiments. Heavy gauge bosons, which refer to heavier versions of the weak gauge 212 
bosons are predicted in several classes of theories, the most studied of which is the sequential standard 213 
model (SSM) [11]. The resulting limit on the cross section times branching ratio for a SSM Z0 dependent 214 
on the resonance mass is shown in fig. 10. 215 

 216 
Fig. 10. 95% CL limits on the cross section ×  branching ratio dependent on the resonance mass 217 

for the ATLAS [12] searches from [13]. 218 
Experiment report observed limits of 2.9 TeV on the Z0 SSM mass. As this results may be reinterpreted  219 
for any model, we can compare it with the character of the production cross section for the KK vector 220 
boson in the TeV-1  model of fig. 8. It shows that the observed limit of TeV-1 model on the Z0 mass is 221 
larger than 2.9 TeV.  222 
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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 223 
respectively (fig. 11), the searches for heavier KK resonances are still relevant.   224 
 225 

 226 
 227 

Fig. 11. 95% CL exclusion limits on the branching ratio ×  cross section dependent on       the Z0 228 
mass for ATLAS [14] (left) and CMS [15] (right) from [13]. 229 

It was stressed in [13] that tt  final states are the most promising channel to probe the production of 230 
Kaluza-Klein modes at the LHC.  231 

This fact emphasizes the importance of selecting tt  channel in the calculation of KK vector boson 232 
production cross section of TeV-1 model.  233 
 234 
4. CONCLUSION 235 
 236 
Within the RS1, TeV-1 and LED models of extra dimensions was performed the computer modeling of 237 
production cross sections for gravitons and Z bosons KK modes. For KK graviton were found resonances 238 
about 10.5 TeV and 13.1 TeV according to RS1 model. It can be seen that RS gravitons are produced 239 

with a significant cross section from gluons in the initial state ( *Ggg → ). The same searches for the KK 240 
resonances of vector bosons were carried out in TeV-1 model. No significant results for the resonances in 241 
the predicted theoretical range of masses were found. It is important to note the larger value of KK modes 242 

production cross sections in tt  channel compared to other lepton channels in TeV-1 model. The 243 
calculated production cross sections for the four LED processes with virtual graviton exchange show the 244 
predominance of the lepton decay channel from gluons of the initial state. Moreover, it is necessary to 245 

emphasize the advantage of the gluon-gluon and tt channels for searches of KK-modes. It was carried 246 
out the comparison of calculated KK Z boson masses with the ATLAS and CMS searches for the KK 247 
vector bosons. As no significant evidence for physics beyond the standard model was found, the 248 
presented analysis is connected with lower limits on KK Z boson masses. The restart of the LHC at the 249 
center of mass energy of 14 TeV will increase the discovery reach for most theories including the theories 250 
of extra dimensions. 251 
 252 
REFERENCES 253 
1. Castellani L., D’Auria and Fre P. Supergravity and Superstrings: A geometric Perspective, vol.2. World 254 
Scientific, Singapore (1991).  255 
 256 
2. Arkani-Hamed N., Dimopoulos S. and Dvali GR. The hierarchy problem and new dimensions at a 257 
millimeter.  Phys. Lett. 1998;  B 429:263–272, arXiv: hep-ph/9803315. 258 



11 
 

3. Kubyshin Yuri A. Models with Extra Dimensions and Their Phenomenology. E-print arXiv:  hep-259 
ph/0111027. 260 
 261 
4. Horava P. and Witten E. Heterotic and Type I String Dynamics from Eleven Dimensions. Nucl. Phys. 262 
1996; B 460:506-524; 263 
 264 
Horava P. and Witten E. Eleven-Dimensional Supergravity on a Manifold with Boundary. Nucl. Phys. 265 
1996; B 475:94-114. 266 
 267 
5. Lukas A., Ovrut BA., Stelle KS. and Waldram D. The Universe as a Domain Wall. E-print arXiv: hep-268 
th/9803235. 269 
 270 
6. Randall L. and Sundrum R. A large mass hierarchy from a small extra dimension. E-print arXiv: hep-271 
ph/9905221; 272 
 273 
Pomarol A. Gauge bosons in a five-dimensional theory with localized gravity. E-print arXiv: hep-274 
ph/9911294. 275 
 276 
7. Malyuta Yu. and Obikhod T. New physics beyond the Standard Model. Reports of National Academy of 277 
Sciences of Ukraine. 2007; №9: 59-61. 278 
 279 
8. CMS Technical Design Report. CERN-LHCC. 2006; Vol. 2: 021. 280 
 281 
9. Sjöstrand T. et al. An Introduction to PYTHIA 8.2. Comput. Phys.Commun. 2015; Vol.191:  159-177. 282 
 283 
10. Antoniadis I. A Possible new dimension at a few TeV, Phys. Lett. 1990; B 246: 377–384. 284 
 285 
11. Altarelli G., Mele B. and Ruiz-Altaba M. Searching for new heavy vector bosons in pp   colliders  Z. 286 
Phys. 1989; C 45:109-121. 287 
 288 
12. ATLAS Collaboration. Search for high-mass dilepton resonances in pp collisions at sqrt(s) = 8 TeV 289 
with the ATLAS detector. Phys. Rev. 2014; D 90, no. 5: 052005. 290 
 291 
13. Pook T. Extra dimension-inspired models: Z', W', dijet resonances, black hole searches. E-print 292 
arXiv:1512.02371 [hep-ex]. 293 
 294 
14. ATLAS Collaboration. A search for tt resonances using lepton-plus-jets events in proton-proton 295 
collisions at s√=8 TeV with the ATLAS detector. E-print arXiv:1505.07018 [hep-ex]. 296 
 297 
15. CMS Collaboration. Search for resonant ttbar production in proton-proton collisions at sqrt(s) = 8 TeV. 298 
E-print arXiv: 1506.03062 [hep-ex].  299 


