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Abstract
We explore the discovery potential for a graviscalar in ATLAS, us-
ing full detector simulation. The graviscalar is an extra dimensional su-
persymmetric partner to the graviton, arising in the bulk in the ADD
scenario. The signal from such a particle will be observed as EF*® ac-
companied by a high pr jet. The study is based on a previous study [1]
performed with ATLFAST.

1 Introduction

Recent models, [2, 3], suggest that there may exist large extra dimensions in
addition to our 4-dimensional Standard Model world. In these models, our
world resides on a 4-dimensional brane in a higher dimensional space known as
the bulk, where the extra dimensions are said to be compactified, explaining the
fact that we have not yet observed any effects related to the extra dimensions.
The experimental bounds from direct tests of gravitation are currently R <
200um for any largest extra dimension, and R < 150um for two equally sized
extra dimensions [4]. In addition, there exist limits from astrophysics observa-
tions. These are model dependent, and apply to models with flat extra dimen-
sions and a universally coupling graviton as the only particle present in the bulk.
The bounds are R < 90 — 660 nm, depending on the assumptions made [5].
Models with large extra dimensions provide us with a possible solution to
the hierarchy problem: why the scales of the different basic interactions are of so
different magnitudes. The mass scale of the weak force, My ~ 80 GeV, is much
smaller than the mass scale of gravity, given by the Planck mass Mp4) ~ 1019
GeV. However, if we introduce the concept of extra dimensions, Mp is given as
Mpay = Mp (i B (1)
where n is the number of extra dimensions and R is the size of these di-
mensions. This allows to have the Planck mass as small as ~TeV, and gives
experimentally testable predictions for the LHC.

2 Graviscalar model

In the following section we summarize the most important features of the model
in [1], on which this analysis is based. See the reference for more detailed infor-



mation.

Many of the extra-dimensional models are inspired by string theory, which
incorporates also supersymmetry. In this model, only the bulk is supersym-
metric, and not the brane to which the SM particles are confined. Since only
gravity propagates in the bulk, the graviton obtains supersymmetric partners,
while the SM particles remain without partners.

The model also requires two supersymmetry generators (extended supersym-
metry) in the extra dimensional bulk. These two generators will look like four
on our 4-dim brane, giving rise to four supersymmetric graviton partners with
spins 3/2, 1, 1/2 and 0. The graviscalar that is the subject of this analysis, is
such a supersymmetric partner, and similar studies for the graviton and other
partners exist [6], [7]. It should be emphasised that the graviscalar in this case
is not a scalar arising from the metric itself, as seen in [8].

Since the goal of this study is to evaluate the discovery potential and effects
of such a particle in ATLAS, the couplings to SM particles must be identified.
The simplest such couplings are tri-linear, and involve the graviscalar and two
SM particles. They can be described by the following lagrangian:

Love = Oud(z,9)0"o(z,y)
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The couplings are :

e graviscalar - quarks : g, gs

e graviscalar - gluons : ¢4, b,

e graviscalar - photons : ¢,, by

The coordinates (x, y) refer to the 4 SM dimensions and the extra dimensions
respectively. The couplings in the effective lagrangian have dimensions, so in
order to create dimensionless couplings, they are multiplied with the proper
power of the reduced Planck Mass Mp. The reduced Planck mass is denoted
by a bar and given as:

Mp*? = (2m) "My (2)
Our dimensionless couplings are defined as:
gij = Gy M ®3)
and B
Cqg = 59M11)+n/2 (4)

When calculating the cross sections in [1], it is found that the couplings gs
and by can both be set to 0 without loss of generality. This comes from the fact



that the cross-sections only depend on the combination of g + g5 and by + c,.
Therefore, from now on, only g and ¢ will be used for couplings to quarks and
gluons respectively.

3 Processes

The couplings between the graviscalar and the quarks/gluons give us three pos-
sible production channels at the LHC (see figure 1 for Feynman diagrams de-
scribing the production channels) :

e q+q—9+yg
e qgt+g—d+gq
e gt+tg—>od+g

As the graviscalar does not interact with the detector, its signature will be
E7*%% + jet.
To claim a discovery, we require the signal significance to be larger than 5:

S
—_— >
vS+B

where S is the number of signal events and B the number of background events
after all cuts are applied.

5 ()

3.1 Assumptions and requirements of model
For the model to be valid, certain assumptions and requirements are imposed:

e Since this is an effective theory, it is only valid for energies below the
basic interaction scale, in this case the Planck mass Mp. For this reason,
a cutoff in the centre of mass energy +/s is required, to reject events with
CM-energies larger than Mp. This is defined to be the point at which the
cross section with cutoff deviates from the total cross section by 10%, and
thus puts a limitation on the minimum Mp for which the model is valid.
These limits are given in table 1, taken from [1].

e It is assumed that the size of the compactified dimensions is much larger
than the wavelength of the graviscalar, so that level spacings of the Kaluza-
Klein states are small compared to the graviscalar momentum. The spec-
trum can thus be taken to be continuous, and the level spacings are given
in table 1. This allows for integration over the states, instead of summing
over a discrete spectrum. However, doing so limit us to consider non-
warped models only, namely the ADD. The model is for this reason not
applicable to the RS-scenario.

Notice in table 1 that for n = 2, Mp = 3.6 TeV we are outside the limits from
both astrophysics and from direct tests of gravitation, since R = 190um. The
astrophysics limit are however model dependent, and need not necessarily apply
to this model, since it puts bounds on the extra dimensions based on graviton
couplings to e and 7 only [1, 5]. For the bounds from direct tests, we have to
require Mp > 4 TeV to get below the experimental bound of R < 150um.



Figure 1: Production channels q+q§— ¢+g (a-c¢),q+9g = ¢+ q (d-f) and

gt+g—9o+g(g-j)

| n extra dim | MP™ [TeV] | R [pm]

| KK level spacing [eV] ]

2 3.60 TeV 1.9%x10%2 [ 1.0x1073
3 4.30 TeV 92x 1077 2.1 x 102
4 4.85 TeV 2.1x107% | 9.4 x 10*
6 5.70 TeV 4.5x 1079 | 4.4 x 107

Table 1: Lowest Planck mass allowed for validity of model. The radii of the
extra dimensions corresponding to the given Mp are found using eq. 1. The
KK tower spacings are calculated as fic/R.



4 Generation, Simulation and Reconstruction

For simulation and reconstruction of signal and backgrounds, AtlasRelease 7.0.2
[10] was used. The generator for the graviscalar was obtained from the au-
thors of [1], and integrated as a user process in Athena-Pythia, using Pythia
6.221 [11], [12]. In [1], the generation was run as standalone Pythia, which
has not the same default settings as set in Pythia_i. Most notably, PYPARS3
MSTP(128) is by default 1 in Pythia i. In this case, the events with a gravis-
calar turned out to have no final state radiation from the gluon in the final state.
Setting it to 0 fixed this.

For simulating the events, the GEANT3-based atlsim [10] was used. The
events were simulated using Nordugrid [9] (mainly Parallab and Kofusy clus-
ters), where the computation time was ~ 3-5 minutes event. Approximately
120k events of signal and background were simulated and reconstructed.

The default algorithms and parameters were used, with one exception; the
Comne algorithm with R = 0.4 was used for reconstructing jets instead of Ktjet.
The reason for this choice was that the Cone algorithm gave jet distributions
similar to those of ATLFAST, making the two analyses more comparable. In ret-
rospect, we realize it would have been better to run both algorithms in parallel,
being able to compare the two systematically. However, this was not done when
simulating the events, and due to limited disk space, the majority of simulation
files were not kept on disk, making a new reconstruction not practical.

No pile-up was included in the simulations, so the study effectively applies
to a low luminosity scenario.

At generator level, a cut of pr > 500 GeV was imposed, setting PYSUBS
CKIN(3)=500 in Pythia. This unfortunately introduces a generation bias in
our analysis, but helps to keep the number of needed simulated events at a
manageable level.

For all the following plots involving the graviscalar, a reference graviscalar
signal was used with parameters n=2, Mp=>5.0 TeV, g=0.7, c=0.41. This is the
same as used in [1].

4.1 Standard Model Background

As the graviscalar signature is ET'** + jet, the SM background consists of pro-
cesses having missing energy in the final state: events with neutrinos. These
processes can be found in table 2. In practice, all events with poorly recon-
structed energy could contribute to the background, but since we are looking at
events with EZ*¥% > 500 GeV, the effect of this is taken to be negligible.

4.2 Cross sections

Both background and signal events were initially generated using the Pythia
6.221 default PDF, CTEQ5L [13]. Comparing with other PDFs, quite large dis-
crepancies were found, so we decided to check the cross sections using CTEQ6 [13]
PDFs, which includes fits to more recent data as well as uncertainties. Also
adding to CTEQ6 improved reliability is the included running of «.



| [ CTEQ5L [ CTEQ6M | CTEQ6.IL |
Background processes:
p+p—jet+W = jet+e+v, | 3134 | 42437107 fb | 390.47130 fb
p+p—jet+ W = jet+pu+wv, | 3140t | 4249770 b | 389.87157 fb
p+p—jet+W = jet+7+v, | 3134 | 4241752 fb | 38857110 fb
p+p—jet+Z > jet+v+v | 241.0fb | 350.1F110fb | 318.67127 fb

Graviscalar (g=0.7, c=0.41, Mp=>5 TeV, n=2)

p+p—jet+¢

[ 1572/ [ 30117735 fb [ 233.1F5 0 b

Graviscalar subprocesses:

it 32.0 fb 107539 | 41135 b
(t9odtq 85.1fb [ 150.9755¢ fb | 127.07155 b
Y 401f | 10057204 | 65.07405

Table 2: Cross sections for graviscalar and SM background processes. Due to the
shift towards higher z for gluons in CTEQS6, the production channels involving
gluon increases significantly compared to that of CTEQ5.

4.2.1 PDF uncertainties

With the introduction of uncertainties in the PDFs, we can study the impact
this has on our analysis, looking at a worst-case scenario. This is especially
important for extra dimensional studies, where the continuous KK-state distri-
bution makes the signal quite sensitive to fluctuations in the background. This
has been found to be a significant effect in other studies [15].

However, in the CTEQ6 PDF set, only 6M, which is based on NLO calcu-
lations, includes these uncertainties. As Pythia is a LO generator, we should
rather use the LO PDF, CTEQ6.1L, for computing the central cross section.
We therefore use 6.1L for the central value of the cross sections, while using 6M
for computing the error. We then scale the errors from 6M to 6.1L, simply by
using the ratio between the cross sections from the two PDFs.

The way the 6M cross section error is calculated is the following:

e The 6M PDF is a global fit to data, using 20 free parameters. 20 eigenvec-
tors are then obtained from the corresponding diagonalized error matrix.
For each eigenvector, up and down excursions are performed in the toler-
ance gap, leaving us with 40 parameter sets. This translates into 40 new
fits, named error PDFs.

e For each error PDF, we calculate

AO';_=0'1'—00 if o; > oo

Aog; =09 —0; if o9 > 0;

where o¢ comes from the 6M fit, and ¢; from the ith error PDF. We then
calculate the total error as

A()':t = Z(Ao—li)Q

%

(6)



Notice that this results in two separate values, one for the positive and one
for the negative component of the error.

The resulting cross sections for background and signal for each PDF are
given in table 2. The higher cross sections given by the CTEQ6 PDF's is mainly
due to a shift towards higher z in the gluon distributions. This can be seen in
the gluon fusion graviscalar subprocess where the effect is quite significant.

For the rest of our analysis, we will use the numbers from CTEQ6.1L.

5 Analysis

The analysis was performed with ROOT 3.10/02 and 4.02/00 [14] on the com-
bined ntuple (CBNT) output from the reconstruction in Athena.

The following sections show the results of cuts on signal and background.

5.1 Precut on EJ"ss

On generator level, a requirement pr > 500 GeV of was applied. For a gravis-
calar event this should result in ET*® >~ 500 GeV. A precut on EZ%$ > 500
GeV is for this reason applied to the reconstructed data. The distribution of
Em%s for the background and signal can be seen in figures 2 and 3. We have
calculated the missing energy in the recommended way, using H1 calibration:

(E?Iv’u'ss )2 —
(EXmiss H1_calib+EXmiss Truth_eta5 full—EXmiss Truth muons)2+
(EYmiss H1 calib+EYmiss Truth etab full—EYmiss Truth muons)?

The reason for calculating EF**** in this way is that we do not simulate
physics over the full eta range, only for || < 3.2. To obtain EZ*** for the non-
simulated region, we add the information from MC truth. Also, since EJ****
is calculated from calorimetric information, we will have a contribution from
muons. To correct for this, we subtract the MC truth muon energies, assuming
this is taken care of in a more mature E*** algorithm.

The efficiency of the precut can be found in tables 6 and 7 together with all
other cuts. Notice especially the higher precut efficiency for the subprocess with
a quark in the final state 72.8 % vs 63.5 % and 59.8 % for the two with gluons.
Looking at the EM** truth, we indeed see a shift towards higher values for the
q + g process, indicating that this is a physical effect. It could be explained by
the fact that ¢ is shifted towards higher z in the PDFs compared to § and g. In
addition, g also seems to be higher in z than g, comparing the ¢ + g and g+ ¢
distributions. This then agrees with the fact that ¢+ ¢ gives a lower EM%¢ than

q+g.

5.1.1 Generation bias

We see from the plots that E7%¢ is underestimated for both background and
signal, this has also been reported by other studies [16]. This means that our
generation bias pr > 500 GeV becomes negligible; it is unlikely that an event
with less than 500 GeV missing energy should be reconstructed with EF#% >
500 GeV.
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Figure 2: Reconstructed and truth EJ%® for reference graviscalar signal. We
see individual plots for the three sub processes, and for the total signal.
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Figure 3: Reconstructed and truth EJ¢ distributions for background pro-

cesses.
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Figure 4: Left: pr for reconstructed and truth electrons for W — e + v, back-
ground. Right: Same plot for reference signal.

5.2 No isolated lepton in the event.

Three of the four background processes in table 2 have EZ'%*$ 4 lepton + jet
in the final state. By looking for an isolated electron or muon, two of the
background processes can be effectively rejected. The tau will however decay,
and can thus not be detected directly.

5.3 Electrons

The egamma algorithm, which performs clustering in the EM calorimeter, assigns
to each cluster an IsEM parameter, telling us whether the cluster is isolated or
not. The requirements for this is a combination of shower shape and energy
deposited behind the EM cluster in the hadronic calorimeter. If IsEM==0, the
cluster is counted as isolated. The procedure for identifying an electron:

e Find EM cluster with IsEM==0 and E1 > 8 GeV.

e In a cone R = 0.08 around the cluster, collect all tracks satisfying x2 < 4
and with hits in more than 5 silicon layers in inner detector. R is defined

as R = +/A¢? + An2.
e Reject event if one of the tracks satisfies 0.5< Er/pr < 5.

The reconstructed pr distribution together with the distribution from Spcl MC
can be seen for electron background and signal in figure 4. Figure 5 shows the
electron resolution by matching each reconstructed electron to its closest truth
electron. Table 3 gives the electron efficiency in numbers.

The cut values are fairly loose, and are the result of an optimisation with
respect to signal significance, see figure 6. The rejection rate is not very high,
mainly due to many events having a low pr electron from the W, as this is
favoured by our precut, selecting events where the neutrino carries most of the
energy.

TR R R TN TN A T N P T T
100 200 300 400 500 600 700 800 900
Electron P [GeV] Electron P [GeV]




| Process | W = e+ v | Graviscalar ref. |
Number of events after precut 4153 6015
Number of events with IsEM==0 3437 267
Number of true electrons (Spcl MC) 4693 1092
Number of reconstructed electrons 3253 81
Number of rejected events 3217 78
Rejection rate (%) 7T75+1.4 | 1.34+0.1
Rejected events with no e - truth match | 27 52

Table 3: Performance of electron cut on electron background and graviscalar
reference signal. The last row states the number of rejected events where none
of the reconstructed electrons could be matched to a truth electron in a cone
R=0.2.

oo | UM h_PUDIff
prelp Entries 3217
= Mean  0.9851
8 RMS 01047

\ Optimization of electron cuts \

107
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Figure 5: phec/p4ruth for reconstructed
electrons.

10

Figure 6: Optimisation of electron cut pa-
rameters wrt signal significance.
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Figure 8: Left: pi¢°/pirut" for muons. Right: pf¢° vs p7ee/piruth. We see that
the tail on the leftmost plot is due to low py muon tracks.

5.4 Muons

The MOORE algorithm performs track reconstruction in the muon spectrometer.
To determine whether a muon track from this algorithm should be counted as
an isolated muon or not, we use the following method:

e Select muon track with pr > 2 GeV and x? < 3.

e Sum calo energy in cone R = 0.6 around muon track. Reject event if
Eome <1 GeV.

The cut efficiencies are given in table 4, and the pr distribution for truth and
reconstructed muons for both muon background and signal can be seen in fig-
ure 7.

In figure 8, we see ph¢¢/plreth where plruth is taken from the closest truth
track from Spcl MC. The event is only plotted if there exists a muon from
Spcl MC in a cone R = 0.2 around the track. From the right part of the figure,
we can see that the shift towards values < 1 comes mainly from low pr tracks.

The optimization of the muon cut parameters can be found in fig 9.
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Figure 9: Muon cut optimization with respect to signal significance.

| | W = p+ v | Graviscalar ref. |

Number of events after e cut 3996 5937
Number of true muons (Spcl_MC) 4056 277
Number of rec muons 3246 136
Number of truth matches 3174 18
Number of rejected ev. 3190 114
Efficiency 79.8 % 1.9 %

Table 4: Data from muon cuts. By truth matches it is meant that a true muon
is found for R < 0.1 with respect to the reconstructed muon.

5.5 Cut on tau background

For the tau background process, the tau will decay to electrons or muons ~ 35%
of the cases, while decaying hadronically the rest of the time. In [1], the fact
that a hadronically decaying tau will recoil against a high pr jet is used, cutting
on high pr back-to-back jets. This is however not applicable here, mainly due
to the precut on EZ%$. This removes most of the high pr taus, since the W
decays where the neutrino carries the larger part of the pr is favoured by the
precut.

In figure 10, the relative difference in ¢ between the two most energetic jets
in each event is shown. We see that the distribution is flat for both signal and
background, and thus not possible to use for event rejection.

Another way of identifying taus, is to use the tauRec package, part of the
official Atlas Release. This algorithm identifies tau candidates, built from clus-
ter, cell and track information. Usually there are several such candidates in
each event, but additional cuts are used to eliminate most of these, see the list
below. If a candidate pass all the cuts, the flag tau accept==1 is set for the
candidate.

For this analysis, the algorithm was just run out of the box, leaving the cuts
to their default values:

e Nbr. tracks 1 or 3

e Total charge of tracks = +1

12
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Figure 10: Stacked plot of A¢ for the two most energetic jets in each event.
From bottom to top: Z - v+nu, W - 17+v,W = e+v,W — p+v, reference
signal.
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Figure 11: py distributions for reconstructed taus together with true taus and
true taus decaying hadronically for tau background (left) and signal (right).

e Likelihood > -6. The likelihood is calculated from the quantities EM
radius, strip width, Efed/Splrecks and EETec (the fraction of the total
EM energy deposited in a cone 0.1 < R < 0.2 around the tau candidate).

o Ehed/Spiracks > .1,

Figure 11 shows the py distribution for reconstructed taus, together with
taus from truth. Also the taus from truth decaying hadronically are shown,
since these are the taus taurec has the possibility of identifying.

We see from figure 12 that the reconstructed energy from tauRec is not very
good, since tau neutrinos carry a substantial part of the energy from the initial
tau. However, we see that the reconstructed and true taus are close in space,
indicating a fairly good tagging efficiency. This is also shown in table 5, where
the tau efficiency for the tau background sample and the graviscalar reference
signal is compared.
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Figure 12: Matching of reconstructed taus to closest true tau. Left: Correlation
ppe¢ and piruth. Right: Distance between 77¢¢ and 77uth,

tau bekgr [ Gscref | Gsc1 [ Gsc2 [ Gsc3 |

Nbr events 4877 5823 1801 2178 1844
Nbr candidates 13720 14346 | 3801 5042 5503
Nbr accept 2110 237 41 99 97
Nbr truth matches | 1877 1 0 1 0

Nbr true taus 4852 17 6 7 4
Rejected events 2010 229 40 97 92
Veto efficiency 58.8 % 96.1 % | 97.8% | 95.5 % | 95.0 %

Table 5: Veto efficiency for tauRec. We see that the effect of the more ’tau-
like’ likelihood distribution of the ¢ + g — ¢ + ¢ (Gsc 2) turns out to be not
very significant, since the number of candidates also varies for the three sub

processes.
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Figure 13: Likelihood of tau candidates for the three signal subprocesses (upper

row) and the tau background (lower plot). No cuts are applied at this stage.

Notice the similarity between the ¢ + g — ¢ + ¢ and the tau background.

It was noticed that the likelihood distribution was quite different for the
different graviscalar sub processes. In figure 13 the likelihood for each of these
is shown as well as the tau background. All tau candidates are included, so no
other cuts are applied.

We find that the likelihood distribution of the sub process with a quark jet
in the final state is much closer to the distribution of the tau background than
those from the two processes with a gluon. The explanation to this could be
that the quark jets are more narrow than gluon jets, being more ’tau like’ with
respect to the likelihood computation.

This could have an impact on the tau rejection rate. However, the effect
turns out to be negligible, as the number of candidates per event is higher for
g+9 — ¢+g, giving the two processes approximately the same overall efficiency.

6 Results

The distributions of EF* for signal and background after all cuts are applied
are shown in figure 14.

Having applied all cuts, we are now able to determine the parameters for
which parameters a 50 discovery of a graviscalar is possible.

6.1 Cut efficiencies

The cut efficiencies for each data set are shown in figure 15, table 6 and 7. We
see from table 7 that the cut efficiencies are similar for the three production
channels, as should be expected from the similarity of the three final states.
Although we have seen that the tau cut treats the three processes differently,
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Figure 14: Stacked plot showing ET**** for background and signal after all cuts
applied.

this has a rather small impact on the final efficiency. We will therefore, regard-
less of the subprocess cross-sections, use the overall cut efficiency obtained from
the reference signal when considering different parameter sets for the discovery
limits.

We can now, based on our cut efficiencies, calculate the number of graviscalar
events needed to claim a 5¢ discovery, and with that the cross section. For this,
we use equation 5. Also taking into account the uncertainties, we calculate the
number of signal events needed in a worst-case scenario. By this we mean a
scenario where the background cross sections turns out to be at the upper limit
of the uncertainties in table 2.

The resulting number of events needed for 50 can be found in table 8. We
find that the cross section required for a discovery at 100 fb~! is 073, = 9.9 fb
for CTEQ6.1L central value, and 10.5 fb if we take the PDF error into account.

6.2 Parameter scan

Performing a scan over the parameter space (g,c,n), we determine for which
parameters we obtain the cross section oy;y,, given in the previous paragraph.

As stated earlier, the cross sections are mainly determined by the dimen-
sionful couplings g and ¢, apart from the small cutoff imposed by /s < Mp.
This means that for the required cross-section oy, a scenario with a high Mp
compared to one with a low Mp would require higher dimensionless couplings
g and c. This can be seen from equations 3 and 4.

Following this argument, the smallest dimensionless couplings (allowed by
the model) that could give us oy, would be those of the scenario Mp = M}’J“i",
see table 1. This lower limit on the coupling constants is illustrated in figure 16.
The region of parameter space below this would require more data to be reach-
able.
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| Process | # ev. | EF"* precut | e cut | pcut | T cut |
W —e+v | 32800 | 4153 (12.7£0.2%) 22.5+0.7% | 22.3+0.7% | 17.4+0.6%
W = p+v | 32698 | 4107 (12.6+0.2%) 95.1+1.5% | 19.6+0.7% | 18.5+0.7%
W —7+v | 32020 | 7599 (23.7+£0.3%) 81.6+1.0% | 64.24+0.9% | 37.7+£0.7%
Z =sv+v 25856 | 15087 (58.4+0.5%) | 98.9+0.8% | 97.3+0.8% | 95.3+0.8%

[ Total | [ 253 % [ 733%  [481% [397% |

Table 6: Cut efficiencies for backgrounds. The precut efficiency is given with
respect to the initial number of events, while the rest of the efficiencies are given
with respect to the sample after precut, as this is the sample one would work
with when performing a real analysis. The efficiencies of the lepton cuts are
given cumulatively, so the 7 cut is the efficiency of all three cuts with respect
to the sample after precut. The total efficiency are weighted with cross sections
from table 2.

| Process | # ev. | EJ'* precut | e cut | pcut | T cut |
qg+qd— ¢o+g | 3099 1852 (59.8+1.4%) | 98.94+2.3% | 96.8+2.3% | 95.2+2.3%
G+g— dtq | 3099 | 2257 (72.851.5%) | 98.742.1% | 96.9£2.1% | 92.9£2.0%
J+9— d+g | 3000 | 1906 (63.551.5%) | 98.5£2.3% | 96.5+2.3% | 92.0£2.2%

[ Total | | 67.9% [987%  [968% [931% |

Table 7: Cut efficiencies for the three production channels. The total efficiency
are weighted with cross sections from table 2.

Cut efficiency: background I Cut efficiency: signal I

s 5

=
o
o
[N
o
o

80F-

Cut efficiency (%)
Cut efficiency (%)
©
o
T

70F 80

60 L
[ 70

50F

40F

30F 50

20F
F 40+
10F r

Electron cut
Muon cut
Tau cut
Electron cut
Muon cut
Tau cut

Figure 15: Left: Cut efficiencies for background processes. Right: Cut efficien-
cies for signal and total background.
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| | #fevents before cuts |  #events after cut |
Centr. | Centr + Err. | Centr. | Centr + Err.
Background 148730 169216 14997 17063

# sig events for 50 discvr 989 1052 625 665

Table 8: Total number of events for background, shown both for central value
(Centr.) and worst case (Centr + Err) cross-sections. The corresponding num-
ber of signal events required for a 50 discovery is shown in the lower row, cor-
responding to a cross section of 9.9 fb for central value and 10.5 fb for central
value + error (worst case).

| n [ MZ™ (TeV) | Mp® (TeV) |

g=0]c=0
21|36 15.9 17.1
31|43 10.8 7.4
4 | 4.85 8.5 5.2
6 | 5.7 6.6 4.1

Table 9: Ranges of Mp for which the model allows a discovery. The two limits
¢ =0 or g = 0 are evaluated. We see that for n=4, the difference between
min and max is small for the case ¢ = 0. For n = 6 and ¢ = 0 we have
Mmar < Mmin_ This puts us outside the validity region of the model, and is
also expressed in fig. 16, where gpin > 1.

Looking at scenarios with larger Mp, thus increasing the dimensionless cou-
plings required for reaching oy;,,,, we have to take into account that g and ¢ are
limited from above by the requirement

cslgs1 (7)

for perturbative reasons . The shaded region in figure 16 indicates this.

We set g =0, ¢ = 1 (and opposite) and require oy;,. This then gives us the
maximum Planck mass M73*® for which we could have a large enough cross-
section at the two extremes no gluon (¢=0) and no quark (g=0) couplings. The
resulting values for M}%* can be found in table 9.

By identifying these values, we determine for which range of Planck masses
a discovery of the graviscalar is probable. For the case M < M%" as is the
case for parts of n = 6 parameter space, we conclude that the model is unable
to give a reliable prediction.

7 Conclusion

From the results obtained, we conclude that within this model, the discovery
of a graviscalar is possible for n = 2, 3, 4 and 6 (for certain parameters). The

IDimensionless couplings< 1 could also give us large perturbative corrections, making a
leading order approximation highly unreliable. Keeping g and ¢ below 1 is however more of a
basic requirement, preventing the model from diverging in a higher order expansion.
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Parameter scan, graviscalar discovery limit
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Figure 16: Parameter scan for graviscalar discovery limit at integrated luminos-
ity 100 fb—!. The solid areas indicates the lower limits on the parameters (g, c,
n) with respect to a 50 discovery, using Mp = M%™ . The dotted lines indi-
cate for each n the coupling limits in a 'worst case’ scenario, taking the highest
values for background cross sections from the PDF uncertainties in table 2. The
shaded area to the right indicates the requirement that g,c < 1.
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model is however limited by the ranges of Mp for which it is valid. This prevents
a reliable prediction for n = 6 in the case ¢ <~ 0.55, as this requires M <
Mm@ shown in table 9. For the case of g = 0, n = 6, the model is however
still able to give a valid prediction for discovery.

The case n = 2 is close to being constrained by experimental bounds on the
inverse square law of the gravitational interaction and is ruled out by indirect
astrophysical constraints. As stated earlier, the bounds from astrophysics are
model dependent and need not apply to our model. To place us inside the
bounds from direct tests of gravitation, we need to have Mp > 4 TeV. Since
this is well below M7** = 15.9 TeV, we still have good sensitivity in a n = 2
scenario.

Comparing with the ATLFAST study in [1], we see similar results for the
discovery potential. We find a difference for the scenario n = 4 and ¢ = 0; a
discovery is not within reach in [1], while it is in this study. There are two main
reasons for this:

e The change to CTEQ6 gives us overall higher cross sections, increasing
the cross sections for sub processes involving gluons in particular. This
clearly improves the discovery potential.

e The simulation were run without pileup. This effectively puts us in a low
luminosity scenario, while [1] studies a high luminosity scenario. Run-
ning high luminosity would certainly impair the performance of the cuts,
reducing the overall discovery potential.

The inclusion of the Ef**** precut could possibly also have an effect, although
this reduces the efficiency of the leptonic cuts, since we after the precut are left
with a majority of low energetic leptons.

It also turns out that the inclusion of PDF uncertainties does not have a
large impact on our results, as the uncertainty for our backgrounds in this
energy range is small.

There is at the time no good way of distinguishing the signal from a gravis-
calar from that of a graviton or one of the other supersymmetric partners, since
the cross sections for these turn out to have the same energy dependencies [1].
Since it is also not possible to determine the CM energy for the incoming par-
tons at the LHC, CM angular distributions can not be used for distinguishing
the different kinds of particles. This means that all the members of the mul-
tiplet will all add to the total E*¢ signal, making it difficult to identify the
individual couplings.

The results nevertheless gives an indication of what the signal from an extra-
dimensional scalar would look like in ATLAS, showing that the possibility of
detecting such a signal, provided the right parameters, is definitely present.
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