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The first attempts to extend general
relativity to include electromagnetism
date back to Theodor Kaluza (1919),
Oscar Klein (1926) and other people
(even Einstein).
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Oscar Klein (1926) and other people
(even Einstein).

Theories which require extra dimensions

In the last thirty years virtually any new development in theoretical physics
required the introduction of extra dimensions.

@ The first string revolution (superstrings) of the 80s translated the
interest to 10D with 6D compactified spaces (Calabi-Yau, orbifolds...).
@ The second string revolution (M-theory) of the 90s introduced new

ideas such as non-perturbative strings, dualities, branes and string
theories unification.
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KK-Gravitons

Gravitons in a KK-theory

When dealing with a rigid brane (f > Mp), the fact that gravitons
propagate in the bulk 5D space produce a tower of KK excitations with
increasing invariant mass.
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Gravitons in a KK-theory

When dealing with a rigid brane (f > Mp), the fact that gravitons
propagate in the bulk 5D space produce a tower of KK excitations with
increasing invariant mass. This mass roughly correspond to the
eigen—energy of a quantum oscillator confined in the two extra dimensions.

p 4R

When integrating over all the possible
KK modes, we obtain an effective theory
where two massive gravitons of a certain
mass Mp are emitted, although actually
only one graviton (with an unknown
invariant mass) is emitted.
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Branons

Branons

When the brane is flexible, the
fluctuations of the brane give rise to
so called branons, which are the
massless particle associated to such
fluctuation.
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Phenomenology

@ In this work, the single photon channel is used to check both the
KK-graviton an branon models.
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@ In this work, the single photon channel is used to check both the
KK—graviton an branon models.
o In particular, the KK—graviton case will be used to compare with the

simulation of ref.
Aad, G., Abajyan, T., The ATLAS Collaboration, Phys. Rev. Lett.,

110, 011802 (2013) [hep-ex/1209.4625]

@ Then, the branon case will be checked against the ATLAS data
(v/s = 7TeV and an integrated luminosity of 4.6fb™1) in the single
photon channel.
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KK—graviton case

For the KK—graviton case, we are looking for the channel gg — >, ~vh(M,
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KK—graviton case

For the KK—graviton case, we are looking for the channel gg — >, ~vh(M,
with differential cross section

do(qg — >, vh") _
dm2dt
Q2a
48m>M3233tu

m27r N/2
< Ve > (5m? + 4tu)(28m? + t2 + 1v°)
D

Rafael (UCM) MC for extra dim. models at the LHC January 14, 2013 11 /27



Branon case

And for the branon one, we are looking for the channel gg — v,
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Branon case

And for the branon one, we are looking for the channel gg — ~xm, with
differential cross section

do(qq — ymm) B
dk2dt -

Q2aN(K? — 4M2)? M2
1— ———(8k? + 4tu)(28k? + 2 + 12
18432087283ty V 2 Bk + 4tu)(28K° + £+ )
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PYTHIAS8

@ To deal with those computations, the general MC framework
PYTHIA8 has been used?.

IT. Sjéstrand, S. Mrenna and P. Z. Skands, JHEP 0605, 026 (2006)
[hep-ph/0603175]; Comput. Phys. Commun. 178, 852 (2008) [arXiv:0710.3820
[hep-ph]].
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@ To deal with those computations, the general MC framework
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@ The 2 — 3 production processes of both KK—graviton and branon
models have been hardcoded within the internal phase space selection
machinery of PYTHIAS.

o The multiplicative coefficients M;?(m?m/M3)N/2 for the
KK-graviton and f~8 for the branon cases have been considered by
rescaling the MC computed cross sections, thus avoiding a highly
computational demanding calculation for several values of Mp and f.

@ On the contrary, performing different computations for several N
(KK—gravitons) and M (branons) values has been unavoidable.

IT. Sjéstrand, S. Mrenna and P. Z. Skands, JHEP 0605, 026 (2006)
[hep-ph/0603175]; Comput. Phys. Commun. 178, 852 (2008) [arXiv:0710.3820
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Experimental cuts

@ We have tried to reproduce the cuts used by ATLAS collaboration? in
spite of our limited knowledge of detectors.

2Aad, G., Abajyan, T., The ATLAS Collaboration, Phys. Rev. Lett., 110,
011802 (2013) [hep-ex,/1209.4625].
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@ The fully simulated KK—graviton case has been used as a check.

@ The required conditions are:

e One isolated photon with pr > 150 GeV and
[n| € [0,1.37) U (1.52,2.37).

e A number of jets < 1, with an anti-kT clustering algorithm with
R =0.4GeV, pr min > 30GeV and |n| < 4.5.
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e One isolated photon with pr > 150 GeV and
[n| € [0,1.37) U (1.52,2.37).

e A number of jets < 1, with an anti-kT clustering algorithm with
R =0.4GeV, pr,min > 30GeV and |n| < 4.5.

e Only observable final-state particles are included in the analysis. Both
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@ We have tried to reproduce the cuts used by ATLAS collaboration? in
spite of our limited knowledge of detectors.

@ The fully simulated KK—graviton case has been used as a check.

@ The required conditions are:

e One isolated photon with pr > 150 GeV and
[n| € [0,1.37) U (1.52,2.37).

e A number of jets < 1, with an anti-kT clustering algorithm with
R =0.4GeV, pr,min > 30GeV and |n| < 4.5.

e Only observable final-state particles are included in the analysis. Both
the high pr photon and the hypothetical DM particles are explicitly
excluded. The true masses of particles are also used.

o In a cone of AR = /(An)? + (A¢)? = 0.4 around the photon the sum

of the energies of all the visible particles is < 5 GeV.

2Aad, G., Abajyan, T., The ATLAS Collaboration, Phys. Rev. Lett., 110,
011802 (2013) [hep-ex,/1209.4625].
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Experimental cuts

@ A transverse missing momentum E%ﬁss > 150 GeV. To compute it,
we take into account all the visible particles with |n| < 4.9.
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Experimental cuts

@ A transverse missing momentum E%ﬂss > 150 GeV. To compute it,
we take into account all the visible particles with || < 4.9.

@ The reconstructed photon, transverse missing momentum and jet (if
found) are separated by A¢(vy, EX55) > 0.4, AR(v,jet) > 0.4 and
Ad(jet, EFss) > 0.4,
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we take into account all the visible particles with || < 4.9.

@ The reconstructed photon, transverse missing momentum and jet (if
found) are separated by A¢(y, EX5) > 0.4, AR(v,jet) > 0.4 and
Ag(jet, E?iss) > 0.4.

@ There are neither electrons nor positrons nor muons. This restriction
applies to electrons (and positrons) with pr > 20 GeV and
In| < 2.47. And to muons with p; > 10 GeV and |n| < 2.4.
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Experimental cuts

@ A transverse missing momentum E%ﬂss > 150 GeV. To compute it,
we take into account all the visible particles with || < 4.9.

@ The reconstructed photon, transverse missing momentum and jet (if
found) are separated by A¢(y, EX5) > 0.4, AR(v,jet) > 0.4 and
Ag(jet, EPiss) > 0.4,

@ There are neither electrons nor positrons nor muons. This restriction
applies to electrons (and positrons) with pr > 20 GeV and
In| < 2.47. And to muons with p; > 10GeV and || < 2.4.

@ However, in compliance with our simulations, the effect of the last
restriction over the signal is negligible although it is expected to
reduce the background.
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@ As there is no signal of physics beyond SM in the ATLAS data,
exclusion regions for both KK—gravitons and branons models have
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Experimental cuts

@ As there is no signal of physics beyond SM in the ATLAS data,
exclusion regions for both KK—gravitons and branons models have
been computed.

@ Both experimental points and simulated SM background, and their
uncertainty, have been extracted from the ATLAS publication3.

® The x? value has been computed (taking 0 = 03,1, + Thackground)
for both the KK—gravitons and branons cases, with the ATLAS data.
This computation depends on Mp and N values (KK—gravitons); and
f and M values (branons).

e For KK—gravitons (branons), and different values of N (M), we have

numerically computed the required value of Mp (f) for obtaining a
value of x? which is the maximum allowed by a 95% confident limit.

3Aad, G., Abajyan, T., The ATLAS Collaboration, Phys. Rev. Lett., 110,
011802 (2013) [hep-ex,/1209.4625].
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ATLAS data and theoretical models
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ATLAS data and theoretical models

@ ATLAS data: black dots
@ SM background: red band
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@ Although the fit is good for low values of N, our limit is
overestimated for high N by a factor =~ 15% in the worst case.

Rafael (UCM) MC for extra dim. models at the LHC January 14, 2013 23 /27



@ Although the fit is good for low values of N, our limit is
overestimated for high N by a factor =~ 15% in the worst case.

@ However, we are using a tree—level squared matrix element, while
ATLAS collaboration

Rafael (UCM) MC for extra dim. models at the LHC January 14, 2013 23 /27



@ Although the fit is good for low values of N, our limit is
overestimated for high N by a factor =~ 15% in the worst case.

@ However, we are using a tree—level squared matrix element, while
ATLAS collaboration

o uses a Next to Leading Order (NLO) calculation

Rafael (UCM) MC for extra dim. models at the LHC January 14, 2013 23 /27



@ Although the fit is good for low values of N, our limit is
overestimated for high N by a factor =~ 15% in the worst case.

@ However, we are using a tree—level squared matrix element, while
ATLAS collaboration

o uses a Next to Leading Order (NLO) calculation
e and it has access to a full detector simulation.

Rafael (UCM) MC for extra dim. models at the LHC January 14, 2013 23 /27



@ Although the fit is good for low values of N, our limit is
overestimated for high N by a factor =~ 15% in the worst case.

@ However, we are using a tree—level squared matrix element, while
ATLAS collaboration
o uses a Next to Leading Order (NLO) calculation
e and it has access to a full detector simulation.

@ Anyway, our analysis provides the most constraining limits from
collider experiments over the branon model, as it will be seen in the
next slide.
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Branons
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*J. A. R. Cembranos, A. Dobado and A. L. Maroto, Phys. Rev. D70,
096001 (2004) [hep-ph/0405286]; J. A. R. Cembranos, J. L. Diaz-Cruz and L.
Prado, Phys Rev. D 84, 083522 (2011) [arXiv:1110.0542 [hep-ph]].

®P. Achard et al. Phys. Lett. B 597, 145 (2004) [hep-ex,/0407017].
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@ No signal of either KK—graviton or branon models are found in
ATLAS data. The experimental points are compatible with the SM
background.
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Conclusions

@ No signal of either KK—graviton or branon models are found in
ATLAS data. The experimental points are compatible with the SM
background.

@ The main goal of our computation is giving a lowest limit in the value
of f parameter of the branon model for various extra dimensions,
which, due to the utilization of ATLAS data, results to be the most
constraining limits from collider experiments.

@ This computation would need to be improved, for example, by using a
full detector simulation. But is a first estimation of the new limits
over the f parameter of branon models.

@ |t is expectable that, while new data from LHC at higher luminosities
and /s are released, either the limits over the parameter space of
both branon and KK—graviton models are strength or the branons or
KK-gravitons are discovered.
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