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Abstract

This note describe a search for Randall-Sundrum model gravitons performed
in the diphoton channel using 5.4 fb~! Run II data collected in the CDF de-
tector. 95% confidence limits on the production cross-section times branching
ratio for Randall-Sundrum model gravitons decaying to diphotons are obtained,
from which lower limits on the graviton mass for various width parameters are

derived.
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1 Introduction

The large hierarchy between the electroweak and apparent gravity scales is a primary
mystery of particle physics. It is possible that the observed 4-dimensional (4D) value of
the Planck scale, Mp;, is not truly fundamental. In 1998 Arkani-Hamed, Dimopoulos
and Dvali (ADD) [1] proposed the existence of n additional compact dimensions of
volume V,, and relates the fundamental (4+n)D Planck scale, M, to Mp; via M3, =
V,M?*t". Setting M ~ TeV to remove the above hierarchy necessitates large extra
dimensions compactified at the scale j. = 1/r. = V."'/" ~ eV-MeV depending on the
number of extra dimensions n. This introduces another hierarchy between y. and the
electroweak scale M.

In 1999 Randall and Sundrum (RS) [2] proposed an alternative scenario, where the
hierarchy is generated by an exponential function of the compactification radius, called
a warp factor, in a 5D nonfactorizable geometry, based on a slice of AdS; spacetime.
In this scenario, a fundamental 5D mass scale mg will appear to have the physical mass
in a 4D theory

m = e *eTmy, (1)

where k ~ Mp; is the AdSs curvature and r. is the compactification radius. TeV scales
are thus generated from fundamental scales of order Mp; via a geometrical exponential
warp factor. The hierarchy is reproduced if kr. ~ 12 and no additional hierarchies are
generated. The compactification scale pu. = 1/r. is of the order of the Planck scale.
Because of the small compactification radius, there are no deviations from Newton’s
law at experimentally accessible distances. Kaluza-Klein (KK) towers of gravitons
result from compactification of the extra dimension, with masses given by [3]

m, = k:xne_k””, (2)

where z,, is the n" root of the Bessel function J;. These masses are of order of a
TeV, and KK gravitons can be detected as massive resonances in collider experiments.
Two parameters control the properties of the RS model: the mass of the first KK
graviton excitation mg = my, and the constant ¢ = k/M p;, determining the graviton
couplings and widths, where M p; = Mpl/\/S_’ﬂ' = 2.4 x 10'"® GeV is the effective four-
dimensional reduced Planck scale. The values of k£ must be large enough to be consistent
with the apparent weakness of gravity, but small enough to prevent the theory from
becoming nonperturbative [3]. Given these considerations, we examine values in the



range 0.01 < k/Mp; < 0.1. The spin-2 nature of the graviton results in either s wave
(diphoton) or p wave (dilepton) decay products, giving a branching fraction in a single
dilepton channel half that in the diphoton channel [3]. This analysis searches for the
first excited mode in the diphoton final state using 5.4 fb~! of Run II data. This work
develops from a previous diphoton search performed in 1.1 fb~! of diphoton data [4].

2 Data and Monte Carlo samples

The datasets used in this analysis are cdip and cphl, all in the Stntuple format, covering
the periods 0-25 of data taking. The good run list used is goodrun_v31_pho_00.txt [5]
which corresponds to an integrated luminosity of 5.36 fb~1. Signal samples for G — v
RS gravitons are generated using Pythia version 6.226.! Mass points (mg) are taken
at 100 GeV intervals from 200 GeV to 1100 GeV, with width k/Mp; = 0.01 (datasets
re0s(0-9,a-i)s). There are about 300,000 diphotons events for each graviton mass.
For the MC modeling of the QCD diphoton background, the Pythia diphoton dataset
gx0slg in Stntuple format is used.

3 Event selection and corrections

The diphoton triggers, base event selection, and photon identification requirements
are exactly the same as the analysis documented in [1]. The data are required to
have passed one of the following trigger paths: DIPHOTO_12, DIPHOTON_18, UL-
TRA_PHOTO_50 or SUPER_.PHOTON_70 EM or JET. The SUPER_PHOTON_70
trigger only applies a loose Ep cut and a loose Had/EM cut, which prevents a poten-
tial inefficiency arising at high Fp where the EM energy becomes saturated causing
the HAD/EM to be miscalculated. Since we only explore the diphoton mass spectrum
above 100 GeV, the trigger efficiency is taken as 100%.

All events are first required to be marked “good” for photons using the goodrun lists.
To select events consistent with a beam-beam interaction, the event must have a class
12 vertex and the primary z-vertex of the event has to be in the range |Zeyen:| < 60
cm. Events are then selected using the standard baseline analysis cuts for high pr
central photons. The y? selection has been loosened from the standard y? < 20 to
x2 < 50 for Ep > 50 GeV to remove a strong Er dependence in the y? efficiency seen
in the RS MC. All events are required to have two photons in the central region. In
the case of events with more than two photons passing the identification cuts, the two
photons with the highest transverse energies are selected. In addition, both photons
are required to have a transverse energy (E7) > 15 GeV and an invariant mass (M)
> 30 GeV. We only fit the diphoton mass spectrum in the region M., > 100 GeV.

Reference [0] uses Z — ee events in data and MC to derive a energy scale correction,

! This is newer than the version 6.216 in the standard setup. In the version 6.223, Pythia introduced
a fix to the line shape of the RS graviton decays to be consistent with the spin 2 nature of the graviton.
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based on comparing the MC and data Z mass peaks. This energy scale correction is
applied to this analysis.

Reference [7] uses Z — ee events in data and MC to derive a correction to the
photon ID cut efficiency reported by the MC. Following the same procedure described
in [0], we weight the correction by the period luminosities, and the observed NVertex
distributions to find an overall multiplicative efficiency correction of 0.967 per photon.
In addition, there is some indication of an FEp-dependence, so we let the 0.967 go
linearly to 1.0 between 40 and 80 GeV, and then pin it to 1.0 above 80 GeV.

4 Signal efficiency

4.1 Efficiency

Figure 1 shows the reconstructed diphoton mass of G — <7 events that pass the
event selection. The width of the distribution is primarily determined by the detector
resolution. The graviton decay width depends on the graviton mass and k/M p;. For
the n'* KK excitation, the graviton width is

T = pmyzy (k/Mp)?, (3)

where p is a constant depending on the number of open decay channels. At mg =
1.1 TeV, the decay width is I'; = 0.15 GeV for k/Mp, = 0.01. This is negligible
compared to the detector resolution. The distributions become clearly asymmetric at
high masses. This is most likely caused by the leakage in the calorimeter rather than
the saturation of readout. For the maximal graviton mass mg = 1.1 TeV, a single
photon is expected to deposit 550 GeV energy in the calorimeter tower on average.
The system is designed to saturate by the ADC counts rather than the PMTs. The
saturation occurs at around 700 GeV which is higher than the average energy we expect
in the calorimeter tower for 1.1 TeV RS gravitons.

Figure 2 shows the efficiency of selecting G — v events as a function of the
graviton mass. The error bars represent the systematic errors, which will be discussed
in the next section. The efficiency shows a strong dependence on the graviton mass.
This is driven by the detector acceptance. The low mass graviton decays are more
likely to produce photons in the plug calorimeter. Table 1 shows the total efficiency
and systematic error for RS graviton events decaying to two photons as a function of
graviton mass.

4.2 Systematic uncertainties

This section summarizes the systematic uncertainties we evaluated on the signal selec-
tion efficiency.
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Figure 1: Reconstructed diphoton mass of G — 77y events that pass the event selection.
Samples of various graviton masses are shown in different colors.

Graviton Mass (GeV) | Total Efficiency and Systematic Error

200
300
400
500
600
700
800
900

1000
1100

0.118 £ 0.014
0.175 £ 0.021
0.224 £ 0.026
0.258 £ 0.029
0.284 £ 0.030
0.299 £ 0.029
0.312 £ 0.027
0.321 £0.029
0.330 £ 0.027
0.334 £ 0.026

Table 1: Total efficiency and systematic error for RS graviton events decaying to two
photons as a function of graviton mass.

4.2.1 PDF

The PDF uncertainty on signal efficiency is calculated using the CTEQ6M [3] error sets.
We employ an event re-weighting technique to calculate the efficiency using different
PDFs and the fractional difference is taken as the systematic error.
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Figure 2: The efficiency of selecting G — 7y events as a function of the graviton mass.
The error bars represent the systematic errors.

4.2.2 ISR/FSR

The change in acceptance due to more or less initial and final state radiation (ISR/FSR)
is calculated using Pythia, by varying the parton shower parameters as prescribed by
the Joint Physics Group [9].

4.2.3 (Q*(Scale)

The scale uncertainty on acceptance is calculated by varying the Pythia scales used in
the parton distributions and a.

4.2.4 Energy scale

Reference [1] studies the systematic effect on the acceptance due to an Er scale offset
by varying the 15 GeV threshold by +1%, which is the uncertainty on the energy scale.
The maximal fractional difference in acceptance is 0.1% for central-central diphotons.
We take 0.1% as the systematic error associated with the energy scale uncertainty for
this analysis.

4.2.5 7 vertex

Reference [1] studies the z vertex efficiency by comparing the fraction of events in which
the interaction takes place within the + 60 c¢m in data and in RS MC. This results in
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a 0.2% systematic uncertainty on the efficiency which is used for this analysis.

4.2.6 7 — ce based efficiency correction

The Z-based efficiency correction has an uncertainty from several sources [7], including
uncertainty in the material leading to lost conversion events and the difference between
electrons and photons. This systematic error is taken as 3% conservatively.

4.2.7 Integrated luminosity

This systematic source accounts for the uncertainty in the pp inelastic cross section and
for the uncertainty in the acceptance of the luminosity monitor of CDF to inelastic pp
collision events and it is estimated as 6%. This uncertainty is applied to the rate
prediction based on signal Monte Carlo simulation.

4.2.8 Total systematic uncertainty

Figure 3 shows the combination of the systematic uncertainties on the signal prediction
as a function of the graviton mass.
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Figure 3: The systematic uncertainties on the signal prediction.
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5 Background estimation

The two main sources of background in the G — 7~ search come from Standard Model
diphoton production and from one or two jets faking photons.

5.1 Background from Standard Model diphoton production
5.1.1 DiPhox

The Standard Model diphoton background is calculated based on the DiPhox NLO
cross section MC [10]. This program calculates the kinematics and cross sections of a
hi + hy — 2+ + hs process on an event-by-event basis, where the particles h; 23 are
hadrons. Each event may or may not have an unobserved hadron hj in the final state.
We apply the kinematic cuts to ensure that the phase space is consistent with data.
The cuts applied are on the transverse momentum pJ. > 15 GeV and rapidity |y7| < 1
of each photon. In addition to these, the isolation cut is also applied on both photons
in each event by defining a cone of radius R = \/ (Ay)? 4+ (A¢)? and axis along the
direction of each photon and requiring that 1) AR > 0.4 between two photons and 2) if
the direction of the unobserved hadron lies within this cone (for events with 3-particle
final state) then its transverse momentum is p?i” < 2 GeV. The CTEQ6M PDF is used
and the scales are chosen to be pup = puy = pr = M/2, where M is the diphoton
mass. We only take into account the contributions from direct and one fragmentation
processes. The contribution from two fragmentation process is negligible (0.2%) [0].
Fragmentation contributions are highly suppressed by the isolation cut.

Figure 4 shows the DiPhox distribution fit to a general function form (5 exponen-
tials):

y = (mo'l + ozozv‘”)(eiv/‘”‘2 + age‘”/a4 + a5e‘”/a6 + 047635/0‘8 + Oégex/alo), (4)

where z is the mass minus the mass threshold cut of 30 GeV and o’s are fit parameters.

5.1.2 Diphoton selection efficiency

The DiPhox cross section is multiplied by the mass-dependent diphoton identification
efficiency, which is measured using the Pythia diphoton MC gx0slg, to give the pre-
diction of Standard Model diphoton background. We fit a straight line to this efficiency
as a function of mass for mass > 100 GeV as shown in Figure 5.

5.1.3 Systematic uncertainties

A lot of systematic uncertainties on Standard Model diphoton background are evalu-
ated in the same way as for the signal efficiency. These systematic effects are integrated
luminosity, PDF, ISR/FSR and Z — ee based efficiency correction. The following sys-
tematics are also included in the background prediction.
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Figure 4: The DiPhox cross section for Standard Model diphoton production.
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Figure 5: Reconstructed mass of all events passing the selection criteria, divided by
the generated mass of all events passing the Er, n and isolation cut at generator level,
measured by Pythia. A linear fit is shown with its uncertainty.

The uncertainty associated with the fit to the diphoton selection efficiency is shown
in Figure 5.

We evaluate the uncertainty on the diphoton cross section due to variations in the
@Q?* scale by running DiPhox with two different scales settings: pur = py = ug = M
and pup = iy = pr = M /4 and take the differences with respect to the default setting
as the systematic error.

We take 6% (3% per photon) as the uncertainty due to underlying events [11].
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Figure 6 shows the combination of the systematic uncertainties on the SM diphoton
background prediction.
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Figure 6: The systematic uncertainties on the SM diphoton background prediction.

5.2 Background from jets faking photons

Approximately 75% of diphoton data events contain one or two fake photons. These
come from jets, primarily quark jets fragmenting to a hard leading 7°. This background
is estimated by fitting the data diphoton mass spectrum with the DiPhox prediction
plus a general function form, which will be discussed in the next section.

6 RS graviton cross section limits

6.1 Background fit

We fit the data central-central diphoton mass distribution to the DiPhox prediction
plus a function form similar to Eq.(4) but with only 2 exponentials (setting as_19 = 0),
which represents the contribution of jets faking photons. The 2 exponentials function
form was justified to well describe the jets faking photons in the last analysis by fitting
the sideband distributions [1]. The DiPhox prediction is fixed. We only fit data above
100 GeV since the lowest graviton mass we are exploring is 200 GeV. The fit is shown
in Figure 7. The residual and integral are shown in Figure 8. If we allow the DiPhox
prediction to float, we get very similar result and the best fit normalization of DiPhox
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is 1.016. This indicates that the default DiPhox describes the data distribution very

well at high masses.
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Figure 7: The distribution of data central-central diphoton events with the fit overlaid.
The DiPhox prediction is fixed. The systematic uncertainty on DiPhox prediction is

shown as gray error band.
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Figure 8: The residual and integral of the fit.

6.2 Limits on RS model

To calculate the limits we use the C'L; method implemented by Tom Junk [12]. The
confidence level for excluding H;, given some experimental data and a null hypothesis
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Hy, is based on the quantity

Py (AX® > AxZ,)

CL, = . 5
POy > A, ©)

The probabilities in the denominator and numerator are calculated by generating
pseudo-experiments using the signal and background templates. The 95% CL limit
on the RS cross section corresponds to C'Lg = 0.05. The signal and background tem-
plates are described in the previous sections. We assign a conservative systematic error
of 50% to the jets faking photon background but this should not affect the limits in
the region we are interested in.

Figure 9 shows the observed limit together with the expected limits from pseudo-
experiments. The observed limit is more than 2 o away from the expected limit at 200
GeV. We look closely at data distribution around 200 GeV and we indeed see a small
bump there (Figure 10).
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= O N Expected limit
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3 A [ +26 limit
€ ..
g 10° F E
> .
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Graviton Mass (GeV/c?)

Figure 9: 95% CL limit for data with the expected limits from pseudo-experiments.

To understand the significance of the excess at 200 GeV, a frequentist model inde-
pendent search for an excess over SM predictions on diphoton events in an invariant
mass range of 150 - 650 GeV is performed, following the procedure outlined in [13].
The probability for the background to fluctuate to the level observed in the data or
higher, referred to as the p-value, is calculated using Poisson statistics in a mass window
comparable to the detector resolution. The uncertainty on the background estimate
is treated as a nuisance parameter and it is integrated out assuming it is Gaussian
distributed. The result is shown in Figure 11. The lowest p-value observed is at
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Figure 10: A bump around 200 GeV.

m(yy) = 198 GeV, for which the background has a probability of 0.013 of fluctuating
to the level of data or higher. However, due to the large search range, there are many
individual measurements which mean that it is increasing likely to find large upward
deviations from the background in the data by chance. To take this into account, the
method is repeated for 200,000 pseudo-experiments produced using only the predicted
background distribution as a template. This gives an expected range for the minimum
p-value in the mass spectrum to lie, together with the p-value necessary to claim 3 o
evidence of new physics, both of which are shown in Figure 11. As the lowest observed
p-value is within the expected range, it indicates that the excess at m(vyy) ~ 198 GeV
is consistent with a statistical fluctuation and therefore it is concluded that the results
of this analysis are consistent with the SM.

Table 2 shows the number of background events and the number of signal events at
95% CL cross section limit. The number of background events is integrated between
+20p where op is the detector resolution.

The 95% CL upper limit on 0 x BR(G — ~7) as a function of graviton mass is
shown in Figure 12, with the theoretical cross sections for widths 0.01, 0.025, 0.05,
0.07 and 0.1, which are obtained by scaling the k/Mp; = 0.1 cross sections. The
leading-order graviton production cross section is multiplied by a K factor to correct
for diagrams at higher-order in a;. Figure 13 shows the K factor for G — v as a
function of graviton mass [11]. The dependence of K factor on k/M p; is negligible.

The 95% CL lower limits on the mass of the RS graviton are determined by the
position of the intersection of the theoretical cross sections and the limit on the cross
section times branching ratio. The 95% CL excluded region in the k/M p; and graviton
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Figure 11: The probability of the background to fluctuate to the level of the data or
higher in a mass window comparable to the detector resolution. The expected range is
the range in which the minimum p-values of 68.3% of pseudo-experiments lie with the
tails being symmetric. The 3 o evidence line corresponds to the p-value above which
99.7% of the pseudo-experiments fall.

Mass (GeV) | Number of background events | Number of signal events at 95% CL limit
200 46 59
300 13 8.8
400 4.8 7.4
500 1.9 5.6
600 0.79 5.2
700 0.33 3.1
800 0.13 3.0
900 0.052 3.0
1000 0.019 3.0
1100 0.0072 3.0

Table 2: The number of background events and the number of signal events at 95%
CL cross section limit.

mass plane is shown in Figure 14. Also shown is the excluded region of the previous
analysis with an integrated luminosity of 1.1 fb=!. The updated analysis improves the
limits significantly. Table 3 shows the mass limits for varying values of k/M p;.
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Figure 12: 95% CL upper limit on the production cross section times branching fraction
of an RS model graviton decaying to diphotons as a function of graviton mass. Also
shown are the predicted o x BR curves for k/Mp; = 0.01, 0.025, 0.05, 0.07 and 0.1.
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Figure 13: NLO K-factor for G — v+ as a function of graviton mass [1].
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Figure 14: 95% CL excluded region on the plane for graviton mass vs k/M p;.

k/Mp; | Lower Mass Limit (GeV) 5.4 fb~! | Lower Mass Limit (GeV) 1.1 fb~! [1]
0.1 976 850
0.07 899 784
0.05 850 694
0.025 706 500
0.01 472 230

Table 3: The 95% CL lower limits on the RS graviton mass for varying values of k/M p;.

7 Summary

A search for a Randall-Sundrum graviton in the diphoton decay mode has been per-
formed in the central-central channel, using an integrated luminosity of 5.4 fb=! of
Run II data. The observed diphoton invariant mass spectrum is consistent with the
expected background. A 95% confidence level limit on the production cross section
times branching ratio for a graviton decaying to diphotons as a function of the dipho-
ton invariant mass is obtained. In addition 95% confidence level lower limits on the
masses of the Randall-Sundrum graviton are determined.
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A Comparison with DO

Figure 15 shows the comparison with DO limits. DO has better limits for two reasons.
First ,they use a constant K factor of 1.54. Secondly, they search for RS gravitons
in both diphoton and dielectron channels. We recalculated the limits with a constant
K factor of 1.54 and the resulting limits are shown as the red curve. The remaining
difference is due to the inclusion of dielectron events in the DO analysis.
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Figure 15: 95% CL excluded region on the plane for graviton mass vs k/Mp;. CDF
limits with K’ = 1.54 and DO limits are also shown.
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