
BSM Searches with Leptons and 
Jets at the LHC
Kevin Black
Harvard University

A
TL

-P
H

Y
S-

SL
ID

E-
20

09
-1

18
08

Ju
ne

20
09

!"#$%&'()*+,-%$)*$./0."!"#$%&'()*+,-%$)*$./0."

!"#$%&&%!"#$%&&%
 

'%()*$+'%()*$+
*&,#%-"./,*/,+-%

 

./0."./0."

 

0*.."#*)"+$*&

!"#!"#11023$456$023$456$1*)+-%"2+%)&,34,56*2+*&7

! 89'8:

! :;<%)2=>>%+)=

! ?@*+$02

! A;+.**B
1

Tuesday, July 28, 2009



Standard Model

Measurement Fit |O
meas

!O
fit
|/"

meas

0 1 2 3

0 1 2 3

#$
had

(m
Z
)#$

(5)
0.02758 ! 0.00035 0.02767

m
Z
 "GeV#m

Z
 "GeV# 91.1875 ! 0.0021 91.1874

%
Z
 "GeV#%

Z
 "GeV# 2.4952 ! 0.0023 2.4959

"
had

 "nb#"
0

41.540 ! 0.037 41.478

R
l

R
l

20.767 ! 0.025 20.742

A
fb

A
0,l

0.01714 ! 0.00095 0.01643

A
l
(P

&
)A

l
(P

&
) 0.1465 ! 0.0032 0.1480

R
b

R
b

0.21629 ! 0.00066 0.21579

R
c

R
c

0.1721 ! 0.0030 0.1723

A
fb

A
0,b

0.0992 ! 0.0016 0.1038

A
fb

A
0,c

0.0707 ! 0.0035 0.0742

A
b

A
b

0.923 ! 0.020 0.935

A
c

A
c

0.670 ! 0.027 0.668

A
l
(SLD)A
l
(SLD) 0.1513 ! 0.0021 0.1480

sin
2
'

eff
sin

2
'

lept
(Q

fb
) 0.2324 ! 0.0012 0.2314

m
W

 "GeV#m
W

 "GeV# 80.399 ! 0.025 80.378

%
W

 "GeV#%
W

 "GeV# 2.098 ! 0.048 2.092

m
t
 "GeV#m
t
 "GeV# 173.1 ! 1.3 173.2

March 2009

Filling in the final details
or awaiting revolution?

2

Tuesday, July 28, 2009



New Energy Regimes 

• Previous experiments quickly 
found new particles which 
were inaccessible with 
previous energies

• In most (but not all) cases 
these were found in simple 
final states

• J/Psi, W, Z, tau

• Will the first year LHC data 
hold the same surprise?

J/Psi
 Discovery

1974

W Boson
Discovery

1983
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Detector Status: Operational and taking cosmics..
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Heavy Gauge Bosons

• New Heavy Gauge bosons - heavier 
cousins to W,Z

• With couplings ‘like’ SM gauge couplings 
most promising search in the leptonic 
channels 

• Analysis is ‘scaled up’ version of W,Z 
physics 

• Event Selection:

• 1 high pt Lepton

• Missing Et

• Jet Veto (reject tt, high mass dijets)
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W’ Backgrounds - new for the LHC

• At Tevatron : W production + dijets 
dominate background

• Dijets estimated looking at low 
transverse mass region 
(dominated by QCD dijets)

• At LHC tt is non-negligible        
(cross-section is ~100 times bigger 
at 14 TeV)

• Data Driven method to estimate 
based on measured number of b-
tags and btagging efficiency

8 7 Systematic Uncertainties

by the events selections. When this method is applied to a MC sample, the estimated Ntt̄ and
b-tagging efficiency are in agreement with the values from the MC truth information. The un-
certainty on this estimate is dominated by statistics (∼ 30 % for an integrated luminosity of 100
pb−1). Fig. 6 shows the transverse mass distribution in tt̄ events from the simulation compared
to our estimation, where the 1-b and 2-b MT spectra are scaled according to the number Ntt̄
of tt̄ events extracted using the described method. The good agreement suggests that the as-
sumption of a b-tagging efficiency independent of the transverse mass range is not introducing
biases. The validity of this assumption will have to be checked in real data.
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Figure 6: Transverse mass distribution of tt̄ events after all the selections defined for our W ′ →
eν search. The distribution obtained from the MC simulation (full histogram) is compared to
the prediction obtained using the one b-tagged and two b-tagged control samples.

Despite the use of b-tagging, this method is expected to be sufficiently robust and suitable for
an analysis at 100 pb−1. In fact, it allows the simultaneous determination both of the number of
tt̄ events and the b-tagging efficiency, working independently of the b-tagging algorithm used.
Other methods to estimate the background can be envisaged, such as deriving its normalization
with respect to events with one electron and one muon. Both of these methods will be applied
and the comparison will represent a useful tool to understand uncertainties in our estimation.

7 Systematic Uncertainties
The implications of systematic uncertainties are studied in a way which would affect the analy-
sis the most. All systematic errors are treated under the assumption that they are not correlated.
Some effects like the width of the W-boson are shape sensitive, meaning, that at first the indi-
vidual error per bin is calculated separately for signal and background before the correlation
between the bins is taken into account.

Systematic effects are handled separately for signal and background until they get merged in
the final plots for discovery and exclusion. To maximize the implications, the background is
scaled up while the signal is scaled down. We estimate the error on each of the following
quantities to an uncertainty of 1œ.

This analysis does not require the ultimate design ECAL resolution. We tested a variation of
few percent on the electron energy scale. Uncertainties of such scale seem not to have a large
impact on the discovery potential for the W′, but nevertheless this error is included in the plots
in Section 8.

Jet Veto to reduce
contribution from tt
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Leptonic Channel Sensitivity

• Tevatron Limits around 1 TeV 
assuming SSM

• At 14 TeV, can discover W’ 
with relatively modest amounts 
of data (up to ~2 TeV with 
~100 pb-1 of data). 

• Set limits up to ~3 TeV with 
same data set (95% CL)

• At 10 TeV cross-section drops 
by a ~ factor of 2
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10 8 Discovery and Exclusion Potential

signal distribution is used to calculate the sensitivity reach.

Given that the discovery and exclusion limit are derived by statistics, increasing integrated
luminosity improves the sensitivity. Therefore, both limits are shown as a function of lumi-
nosity. The W′ discovery sensitivity shown in Fig. 7, indicates that discovery is possible up to
the W′-masses of approx. 2200 GeV if an integrated luminosity of 100 pb−1 is available and
the W′ production cross sections for 14 TeV center-of-mass energy apply. The envisaged lumi-
nosity of 40 pb−1 for the early physics run in 2008 should allow to reach a W′-mass of about
1 TeV, comparable to the existing D0 limit [6]. Systematic effects as discussed in Section 7 are
included.
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Figure 7: Discovery potential as a function of the W′ mass and the integrated luminosity. Sys-
tematic uncertainties from Section 7 are included.
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Figure 8: Exclusion limits as a function of the W′ mass and the integrated luminosity.

In case no discovery is possible, the signal can be excluded if, under the assumption of signal
+ background, the value of CLs+b < 2.5× 10−2. The corresponding exclusion plot for differ-
ent luminosities is displayed in Fig. 8, showing that exclusion is possible up to W′ masses of
approx. 2500 GeV with an integrated luminosity of 100 pb−1.
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Graviton

• SM fields on one of two 4-dimensional 
brane in a 5-D spacetime

• Graviton can propagate in the bulk

• Kaluza-Klein States on the order of 
TeV

• Main parameters:

• mass of Graviton

• curvature parameter

8
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Graviton

• Besides Dilepton channel - 
Gravition (spin 2) decays into 
diphotons

• Spin 1 resonances do not

• Graviton to diphoton channel 
has twice dilepton branching 
ratio

• Backgrounds :

• direct diphoton production, 
gamma+jet, dijet, Drell-Yan

2 2 Signal and Background

Figure 1: Feynman diagrams for RS graviton production and decay into two photons.

The LHC will provide a new window of opportunity to detect RS graviton excitations with
high resonance masses both for the weak coupling constant k̃=0.01 as well as for the stronger
k̃=0.1. The CMS collaboration has already published a study of the reach for the search of RS
gravitons decaying into electron pairs with full simulation and reconstruction for

√
s = 14 TeV

pp collisions [6]. For an integrated luminosity of 100 fb−1, resonances can be discovered at the
5σ level for masses up to 1.8 TeV/c2 for k̃=0.01. Heavier resonances are accessible for larger
values of k̃, with a mass reach of 3.8 TeV/c2 for k̃=0.1.

This note describes the feasibility of discovering the lowest excitation of RS-1 KK gravitons
(G(1)

KK) decaying into diphoton pairs with the CMS detector, focusing on the reach with 100 pb−1

of
√

s = 10 TeV pp collision data. The advantage of the diphoton decay channel for the decay
of the graviton is the larger branching fraction: 4%, compared to 2% for the e+e− and µ+µ−

decay channels.

This analysis utilizes the results of the search for graviton decays in the diphoton channel of the
ADD model of large extra dimensions (ED) [7]. The large ED search explores virtual graviton
decays in the diphoton channel. The large ED search has the same final state as the search for
RS graviton excitations, but the ADD KK graviton states manifest themselves as a non-resonant
excess above Standard Model expectations. The strategy for this diphoton resonance search is
to use the results from the non-resonant large ED search to extract limits on and probe the
possibility discovery of the RS warped extra dimension model. This approach is slightly less
sensitive than a dedicated analysis for the search for a diphoton resonance. However, since the
backgrounds are small, the limits from such an approach will not be affected significantly.

2 Signal and Background
The signal for our search consists of two high energy photons, arising from the decay of an
RS-1 graviton. Figure 1 shows the Feynman diagrams for the production and decay of the
RS graviton. The signal samples considered were produced with PYTHIA 6 and span M1 =
750, 1000, 1250, and 1500 GeV/c2 with k̃ = 0.01. The production cross sections for these samples
are listed in Table 1. Only samples with k̃=0.01 were produced. The parameter k̃ effects the cross
section as well as the width of the resonance. However, the width is still very narrow for k̃=0.01
and the range of masses that we probe. Since we do a counting experiment from 700 GeV/c2 to
the kinematic limit, our analysis is not very sensitive to the width of the resonance.

The dominant background for the diphoton decay of the RS-1 graviton is SM diphoton produc-
tion. The SM diphoton background processes occur via quark annihilation (Born) and gluon fu-
sion (Box); since the final state for these processes is the same as our signal, they are irreducible
backgrounds. In this analysis, only the Born process is considered since Box contributions are
small, as described in [7]. Other instrumental backgrounds arise from processes with one or
two fake photons: QCD γ+jets or multijet production and Drell-Yan e+e− production. The

3

M1 ( GeV/c2) k̃ σtot×BR (pb) Ngenerated
750 0.01 0.02083 20130
1000 0.01 0.004285 24753
1250 0.01 0.001262 21060
1500 0.01 0.0003947 20304

Table 1: Signal Monte Carlo production cross sections.

γ+jets background consists of two categories of processes: one in which a second photon arises
from final state radition of the outgoing quark, and secondly, when a neutral hadron from a jet,
mostly isolated π0s, decays to photons. The multijet background likewise arises when the de-
cay of neutral hadrons from jets produce significant deposits of electromagnetic energy. Lastly,
the Drell-Yan e+e− process can mimic photons when the electrons undergo bremsstrahlung, or
when electron tracks are mis-reconstructed. A detailed description of background Monte Carlo
samples and the procedures used for estimating backgrounds with data-driven methods can
be found in the large ED note [7].

3 Event Selection
For this analysis, we apply an event selection requiring the following kinematic criteria:

• Photon pT > 50 GeV
• Photon |η| < 1.5
• Mγγ > 700 GeV

Photon pT and diphoton invariant mass cuts are applied since our signal will manifest itself as
a high energy diphoton resonance. Additionally, a cut on photon η is applied because graviton
excitations will be produced more centrally than the SM background processes.

The plots in Figure 2 show the diphoton invariant mass spectra for the signal samples, after the
selection is applied and scaled to 100 pb−1.

In this analysis, we consider the signal acceptance (after cuts are applied, as measured for MC
truth particles) and the photon reconstruction and identification efficiencies separately. The
photon reconstruction and identification requirements are described in detail in the large ED
analysis note [7]. Table 2 shows the signal acceptance, measured for MC truth particles after
the selection, and the photon ID/reconstruction efficiency. The efficiencies for photon ID and
reconstruction are folded into the limit setting and discovery reach calculations. It should be
noted that the diphoton efficiency measured by the large ED analysis was 72 ± 7%, which
differs from what is measured for the RS analysis; this difference is taken into account in the
calculation of the limits and discovery reach, as described in the following sections.

4 Limits on RS Model Parameters
After calculating the acceptance after selection for our RS-1 GKK samples, we extrapolate these
rates to limits on the model parameters: the graviton mass M1 and the coupling parameter
k̃. Here, we take advantage of the results of the non-resonant large ED graviton search. The
large ED diphoton analysis places limits on the parameters of the ADD model using a Bayesian
with a flat prior chosen for the signal cross section to determine the expected limit assuming a
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1 Introduction
New approaches which exploit the geometry of extra spatial dimensions have been proposed
to resolve the hierarchy problem of the Standard Model [1–3]. The hierarchy problem refers
to the large difference between the Planck scale (MPl ∼ 1016 TeV) where gravity is expected to
be strong, and the scale of electroweak symmetry breaking (∼ 1 TeV). The scenario proposed
by Arkani-Hamed, Dimopoulos and Dvali (ADD) deals with the case in which the hierarchy is
generated by a large volume for the extra dimensions [1]. The Randall-Sundrum (RS) scenario
suggests that the observed hierarchy is created by a warped extra dimension [2]. If these theo-
ries, in fact, describe the origin of the observed hierarchy, then their signatures should appear
at TeV scale experiments.

RS models posit that our universe is described by a higher-dimensional warped geometry. The
warping of the extra dimension causes the energy scale of one end of the extra dimension
to be much larger than at the other end. In the simplest RS models, our universe is repre-
sented as a 5-dimensional space, and all particles, except for the graviton, are localized on (3
+ 1)-dimensional brane(s). We consider RS-1 models, which have a finite size for the extra
dimension, with two branes, one at each end.

More specifically, the RS-1 model consists of a 5-dimensional non-factorizable geometry based
on a slice of AdS5 space with length πrc, where rc is the compactification radius. The metric is
given by:

ds2 = e−2krc|φ|ηµνdxµdxν − r2
c dφ2, (1)

where the Greek indices extend over ordinary 4-d space, ηµν is the metric tensor for Minkowski
space-time, and 0 ≤ φ ≤ π is the coordinate along the single extra dimension of radius rc. Here
k is the AdS5 curvature scale, or “warp factor”, which is of the order of MPl . The relation
between the reduced 4-d Planck scale M̄Pl ≡ MPl/

√
8π, the 5-d Planck scale M5, the curvature

scale k, and the compactification radius rc is given by:

M̄2
Pl =

M3
5

k
(1− e−2krcπ). (2)

The scale of physics phenomena as realized by the 4-d flat metric transverse to the 5th dimen-
sion, y = rcφ, is specified by the exponential warp factor. TeV scales can naturally be obtained
on the 3-brane at φ = π, if gravity is localized on the Planck brane at φ = 0 and krc ∼ 11− 12.
The scale of physical processes on this TeV-brane is then Λπ = M̄Ple−krcπ. The observed hi-
erarchy is thus generated by a geometrical exponential factor; gravity originates on the Planck
brane and the graviton wave function is exponentially suppressed as we move along the extra
dimension away from the Planck brane.

Gravitons appear as a tower of Kaluza-Klein excitations with masses and widths determined
by the parameters of the RS-1 model: the mass of the first graviton excitation mode M1, or MG,
and the dimensionless coupling parameter k̃ = k/M̄Pl . Precision electroweak data require that
k̃ > 0.01, while the requirement that the model remains perturbative constrains k̃ < 0.1.

The most recent experimental constraints come from experiments at the Tevatron. From an
analysis of 1.2 fb−1 of data in search of RS-1 gravitons in the diphoton channel, the CDF Col-
laboration has derived lower limits on the graviton mass of 230 GeV/c2 and 850 GeV/c2, at the
95% CL, for couplings of k̃=0.01 and 0.1, respectively [4]. The D0 Collaboration has pursued
a simultaneous analysis of di-electromagnetic objects (dielectrons/diphotons) with 1 fb−1 of
data, producing lower limits of 300 GeV/c2 and 900 GeV/c2 at the 95% CL, for k̃=0.01 and 0.1,
respectively [5].

1

1 Introduction
New approaches which exploit the geometry of extra spatial dimensions have been proposed
to resolve the hierarchy problem of the Standard Model [1–3]. The hierarchy problem refers
to the large difference between the Planck scale (MPl ∼ 1016 TeV) where gravity is expected to
be strong, and the scale of electroweak symmetry breaking (∼ 1 TeV). The scenario proposed
by Arkani-Hamed, Dimopoulos and Dvali (ADD) deals with the case in which the hierarchy is
generated by a large volume for the extra dimensions [1]. The Randall-Sundrum (RS) scenario
suggests that the observed hierarchy is created by a warped extra dimension [2]. If these theo-
ries, in fact, describe the origin of the observed hierarchy, then their signatures should appear
at TeV scale experiments.

RS models posit that our universe is described by a higher-dimensional warped geometry. The
warping of the extra dimension causes the energy scale of one end of the extra dimension
to be much larger than at the other end. In the simplest RS models, our universe is repre-
sented as a 5-dimensional space, and all particles, except for the graviton, are localized on (3
+ 1)-dimensional brane(s). We consider RS-1 models, which have a finite size for the extra
dimension, with two branes, one at each end.

More specifically, the RS-1 model consists of a 5-dimensional non-factorizable geometry based
on a slice of AdS5 space with length πrc, where rc is the compactification radius. The metric is
given by:

ds2 = e−2krc|φ|ηµνdxµdxν − r2
c dφ2, (1)

where the Greek indices extend over ordinary 4-d space, ηµν is the metric tensor for Minkowski
space-time, and 0 ≤ φ ≤ π is the coordinate along the single extra dimension of radius rc. Here
k is the AdS5 curvature scale, or “warp factor”, which is of the order of MPl . The relation
between the reduced 4-d Planck scale M̄Pl ≡ MPl/

√
8π, the 5-d Planck scale M5, the curvature

scale k, and the compactification radius rc is given by:

M̄2
Pl =

M3
5

k
(1− e−2krcπ). (2)

The scale of physics phenomena as realized by the 4-d flat metric transverse to the 5th dimen-
sion, y = rcφ, is specified by the exponential warp factor. TeV scales can naturally be obtained
on the 3-brane at φ = π, if gravity is localized on the Planck brane at φ = 0 and krc ∼ 11− 12.
The scale of physical processes on this TeV-brane is then Λπ = M̄Ple−krcπ. The observed hi-
erarchy is thus generated by a geometrical exponential factor; gravity originates on the Planck
brane and the graviton wave function is exponentially suppressed as we move along the extra
dimension away from the Planck brane.

Gravitons appear as a tower of Kaluza-Klein excitations with masses and widths determined
by the parameters of the RS-1 model: the mass of the first graviton excitation mode M1, or MG,
and the dimensionless coupling parameter k̃ = k/M̄Pl . Precision electroweak data require that
k̃ > 0.01, while the requirement that the model remains perturbative constrains k̃ < 0.1.

The most recent experimental constraints come from experiments at the Tevatron. From an
analysis of 1.2 fb−1 of data in search of RS-1 gravitons in the diphoton channel, the CDF Col-
laboration has derived lower limits on the graviton mass of 230 GeV/c2 and 850 GeV/c2, at the
95% CL, for couplings of k̃=0.01 and 0.1, respectively [4]. The D0 Collaboration has pursued
a simultaneous analysis of di-electromagnetic objects (dielectrons/diphotons) with 1 fb−1 of
data, producing lower limits of 300 GeV/c2 and 900 GeV/c2 at the 95% CL, for k̃=0.01 and 0.1,
respectively [5].
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Graviton

• Possibility to discover ‘low’ 
mass graviton with relatively 
modest amount of data

• Strongly dependent upon 
coupling and mass

• One way of disentangling new 
resonance (spin 1 objects 
cannot decay into diphoton 
final state)

6 6 Conclusions
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Figure 3: Limit on RS parameters (M1, k̃), extrapolated from the results of the large ED dipho-
ton search for 100/pb. The area to the left of the curves is excluded. The gray shaded region
shows the area excluded for Λπ < 10 TeV/c2. The area below the dash-dotted line is excluded
by precision electroweak data [11].

6 Conclusions
In conclusion, we investigate the feasibility of discovering a high mass diphoton resonance
with the CMS detector. We place limits on the RS-1 parameters (M1, k̃) and probe the discov-
ery potential of the RS-1 model, utilizing the results of the ADD graviton search in the diphoton
channel. With 100 pb−1, we can place a 95% CL limit on a graviton mass up to 1.35 TeV/c2 with
k̃=0.1. Likewise, with 100 pb−1, we can claim 5σ discovery for a 750 GeV/c2 RS graviton with
k̃ = 0.03. Even with a small sample of early LHC data, we can cover a large range of the pa-
rameter space, particularly if the coupling of the model is strong k̃ ∼ 0.1.
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Unparticles

2 2 Signal and Background

emission of unparticles), see Refs. [5, 6]. In the latter approach one looks for virtual unparticle
decays into different possible final states, such as pairs of leptons or photons [5, 6].

This note describes diphoton production due to virtual spin-0 and spin-2 unparticle exchange.
Diphotons in the upnparticle models can be produced via qq̄ annihilation and gg fusion in the
processes g + g → U → γ + γ, q + q̄ → U → γ + γ, where the unparticle fields couple to quarks
and gluons with the same strength. For a spin-0 unparticle the qq̄ production process dominates
over the gg process; however for spin-2 unparticle, the reverse is true. In this note the discovery
potential for unparticles decaying into two photons is studied, based on the results of a search
for large Extra Dimensions (ED) in the same final state [1]. The signal would be a continuous
non-resonance enhancement of the mass spectrum with respect to SM diphoton production.

2 Signal and Background
The diphoton matrix elements for unparticle production have been calculated in [7] and re-
cently included in Pythia8. The signal for spin-0 and spin-2 unparticle production for this
analysis has been generated using the Pythia8 event generator, for different unparticle model
parameters, namely the scale dimension parameter (dU ), the unparticle renormalization scale
(ΛU ), and the coupling constant (λ); in what follows we refer to this parameter for scalar un-
particles as λs and for tensor unparticles as λt. The CMS detector was simulated using fast
parametric Monte Carlo tuned to reproduce results of the full simulation with the GEANT4
code.

Scalar unparticles do not interfere with SM diphoton production processes and hence the in-
dividual cross sections of the unparticle contribution to the total diphoton production cross
section are calculated. Tensor unparticles do interfere with SM production and hence for the
spin-2 case, the matrix elements include full interference with the corresponding tree level pro-
cesses in the SM.

The main backgrounds to the unparticle diphoton signal are:

• SM diphoton production from quark anti-quark annihilation (Born diagram);
• SM diphoton production from gluon fusion (Box diagram);
• Photon+Jets;
• QCD multijets;
• Drell-Yan e+e−.

The Born and Box diphoton backgrounds are irreducible backgrounds since their final state is
exactly the same as that for the signal. The box diagram background has not been considered
in this analysis since its contribution is negligible at high diphoton masses used in the analysis.
In Photon+Jet background, the gluon jet fragmentation leads to a leading π0/η, which decays
into a pair of closely spaced photons, thus leading to the diphoton signature. Similarly the
multijet events can lead to a diphoton background. The Drell-Yan background arises when
the electron tracks are not reconstructed or when photons are produced via bremsstrahlung of
the electrons. The expected amount of instrumental background from Photon+Jets, QCD dijets,
and Drell-Yan has been evaluated in [1], where also methods to control these backgrounds from
data are discussed.

3

3 Event Selection and Results
Figures 1 shows the invariant mass distribution for signal and various backgrounds [1] with
the following cuts on photons:

• Photon ET > 50 GeV;
• Photon |η| < 1.5.

Leading order (LO) signal cross sections were used for appropriate scaling of the invariant mass
histograms with unparticle signal. Photon ID from Ref. [1] has been used in this analysis, and
includes photon reconstruction, isolation cuts, and veto of hits in the pixel detector along the
photon trajectory. Not all of these criteria are reproduced in fast simulation. Hence the isolation
cut efficiency for the diphotons in a signal sample was measured and found to be 82.6 ± 1.1%,
which is consistent with the 85± 4% number derived in [1] based on full simulation. Given this
agreement, we assumed that the overall 72± 7% diphoton efficiency measured in [1], applies to
the signal samples for this analysis as well and scaled the LO signal cross section appropriately.

Figure 1 shows the signal for spin-0 and spin-2 unparticles for several values of the unparticle
model parameters. Here we follow the parameter sets proposed in [7], which were chosen
such that an unparticle signature can be observed at the LHC. In general the signal is larger
for values of dU close to one, and for values of the unparticle coupling λ close to one. The
latter should not be smaller than ∼ 0.4 for the perturbation regime used in the calculations to
apply. All studies have been done for ΛU = 1 TeV. For these choices the unparticle effects are
significant at large diphoton invariant mass values only.

Systematic errors for both signal and background as derived in [1] have been included in the
analysis.
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Figure 1: Diphoton invariant mass distribution for different backgrounds as well as scalar (left)
and tensor (right) unparticle production. Lower limit on diphoton invariant mass of 500 GeV
shown with a vertical red line, set to find limits on unparticle parameters and discovery poten-
tial.
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3 Event Selection and Results
Figures 1 shows the invariant mass distribution for signal and various backgrounds [1] with
the following cuts on photons:

• Photon ET > 50 GeV;
• Photon |η| < 1.5.

Leading order (LO) signal cross sections were used for appropriate scaling of the invariant mass
histograms with unparticle signal. Photon ID from Ref. [1] has been used in this analysis, and
includes photon reconstruction, isolation cuts, and veto of hits in the pixel detector along the
photon trajectory. Not all of these criteria are reproduced in fast simulation. Hence the isolation
cut efficiency for the diphotons in a signal sample was measured and found to be 82.6 ± 1.1%,
which is consistent with the 85± 4% number derived in [1] based on full simulation. Given this
agreement, we assumed that the overall 72± 7% diphoton efficiency measured in [1], applies to
the signal samples for this analysis as well and scaled the LO signal cross section appropriately.

Figure 1 shows the signal for spin-0 and spin-2 unparticles for several values of the unparticle
model parameters. Here we follow the parameter sets proposed in [7], which were chosen
such that an unparticle signature can be observed at the LHC. In general the signal is larger
for values of dU close to one, and for values of the unparticle coupling λ close to one. The
latter should not be smaller than ∼ 0.4 for the perturbation regime used in the calculations to
apply. All studies have been done for ΛU = 1 TeV. For these choices the unparticle effects are
significant at large diphoton invariant mass values only.

Systematic errors for both signal and background as derived in [1] have been included in the
analysis.
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Figure 1: Diphoton invariant mass distribution for different backgrounds as well as scalar (left)
and tensor (right) unparticle production. Lower limit on diphoton invariant mass of 500 GeV
shown with a vertical red line, set to find limits on unparticle parameters and discovery poten-
tial.

similar to Graviton search,
but no bump...

2 2 Signal and Background

emission of unparticles), see Refs. [5, 6]. In the latter approach one looks for virtual unparticle
decays into different possible final states, such as pairs of leptons or photons [5, 6].

This note describes diphoton production due to virtual spin-0 and spin-2 unparticle exchange.
Diphotons in the upnparticle models can be produced via qq̄ annihilation and gg fusion in the
processes g + g → U → γ + γ, q + q̄ → U → γ + γ, where the unparticle fields couple to quarks
and gluons with the same strength. For a spin-0 unparticle the qq̄ production process dominates
over the gg process; however for spin-2 unparticle, the reverse is true. In this note the discovery
potential for unparticles decaying into two photons is studied, based on the results of a search
for large Extra Dimensions (ED) in the same final state [1]. The signal would be a continuous
non-resonance enhancement of the mass spectrum with respect to SM diphoton production.

2 Signal and Background
The diphoton matrix elements for unparticle production have been calculated in [7] and re-
cently included in Pythia8. The signal for spin-0 and spin-2 unparticle production for this
analysis has been generated using the Pythia8 event generator, for different unparticle model
parameters, namely the scale dimension parameter (dU ), the unparticle renormalization scale
(ΛU ), and the coupling constant (λ); in what follows we refer to this parameter for scalar un-
particles as λs and for tensor unparticles as λt. The CMS detector was simulated using fast
parametric Monte Carlo tuned to reproduce results of the full simulation with the GEANT4
code.

Scalar unparticles do not interfere with SM diphoton production processes and hence the in-
dividual cross sections of the unparticle contribution to the total diphoton production cross
section are calculated. Tensor unparticles do interfere with SM production and hence for the
spin-2 case, the matrix elements include full interference with the corresponding tree level pro-
cesses in the SM.

The main backgrounds to the unparticle diphoton signal are:

• SM diphoton production from quark anti-quark annihilation (Born diagram);
• SM diphoton production from gluon fusion (Box diagram);
• Photon+Jets;
• QCD multijets;
• Drell-Yan e+e−.

The Born and Box diphoton backgrounds are irreducible backgrounds since their final state is
exactly the same as that for the signal. The box diagram background has not been considered
in this analysis since its contribution is negligible at high diphoton masses used in the analysis.
In Photon+Jet background, the gluon jet fragmentation leads to a leading π0/η, which decays
into a pair of closely spaced photons, thus leading to the diphoton signature. Similarly the
multijet events can lead to a diphoton background. The Drell-Yan background arises when
the electron tracks are not reconstructed or when photons are produced via bremsstrahlung of
the electrons. The expected amount of instrumental background from Photon+Jets, QCD dijets,
and Drell-Yan has been evaluated in [1], where also methods to control these backgrounds from
data are discussed.
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In Photon+Jet background, the gluon jet fragmentation leads to a leading π0/η, which decays
into a pair of closely spaced photons, thus leading to the diphoton signature. Similarly the
multijet events can lead to a diphoton background. The Drell-Yan background arises when
the electron tracks are not reconstructed or when photons are produced via bremsstrahlung of
the electrons. The expected amount of instrumental background from Photon+Jets, QCD dijets,
and Drell-Yan has been evaluated in [1], where also methods to control these backgrounds from
data are discussed.
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Unparticles

• Should be able to see unparticle production with few hundred inverse pb 
of data

• Dependence on details of model as usual

8 6 Conclusions

Unparticle parameters
∫

Ldt needed for 3σ evidence
∫

Ldt needed for 5σ discovery
Scalar Unparticles

du = 1.01, λs = 1.0 ∼ 40pb−1 ∼ 120pb−1

du = 1.01, λs = 0.9 ∼ 70pb−1 ∼ 180pb−1

du = 1.01, λs = 0.8 ∼ 135pb−1 ∼ 370pb−1

du = 1.1, λs = 0.9 ∼ 170pb−1 ∼ 485pb−1

du = 1.2, λs = 0.9 ∼ 640pb−1 ∼ 2040pb−1

Tensor Unparticles
du = 1.01, λt = 1.0 ∼ 100pb−1 ∼ 250pb−1

du = 1.01, λt = 0.9 ∼ 180pb−1 ∼ 520pb−1

du = 1.01, λt = 0.8 ∼ 480pb−1 ∼ 1380pb−1

Table 4: Luminosity needed for observation or discovery given spin-0 and spin-2 unparticle
parameters for 500 GeV < Mγγ < 1000 GeV
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Figure 4: Luminosity required for for spin-0 and spin-2 unparticle discovery for 500 GeV <
Mγγ < 1000 GeV. Different lines correspond to different model parameters. Subsequent points
on the lines correspond to sequential integer number of expected events; points corresponding
to 1, 3, and 5 events are marked correspondingly.

6 Conclusions
The sensitivity to unparticle production into the diphoton decay channel has been studied in
CMS, based on the results of a search for large extra dimensions in the diphoton channel via
virtual graviton effects [1]. For favorable model parameters for the LHC search region, assum-
ing ΛU = 1 TeV, with 100 pb−1 of data, values of the SM-unparticle coupling λs > 0.7 can be
excluded for du = 1.01 and du < 1.1 can be excluded for λ = 0.9 for scalar unparticles. The
sensitivity to tensor unparticles is not that high: with 200 pb−1 values of λt > 0.8 for du =
1.01 and values of du < 1.04 can be excluded. With ∼ 200 pb−1 the unparticle signal can be
observed at 5σ for du = 1.01 and λ > 0.9 for scalar and λ > 1.0 for tensor cases. This is the first
experimental study of the sensitivity to unparticles decaying into the diphoton final state at a
hadron collider.
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Dijet Signatures

• Obvious place to look is 
multilepton signatures - but 
maybe ‘new’ physics couples 
more to quarks

• Resonances 

• Contact Interactions

• Larger backgrounds - but still 
just as promising channels...

3

4 Dijet Mass from QCD and Resonances
The dijet mass distribution will be used to search for dijet resonances. We can use a fit or a
prediction for the QCD background. Fig. 5 shows a simulation of QCD and of dijet resonances
modeled using a Z′ shape. Strongly produced resonances have large enough rate to be seen
above the background. Fig. 5 shows we expect a convincing signal for a 2 TeV excited quark (q*)
with 100 pb−1, well beyond the Tevatron exclusion of M < 0.78 TeV in the dijet channel [8, 9].
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Figure 5: Left) Dijets from QCD. Right)Dijet resonances compared to QCD

Fig. 6 shows that the QCD cross section rises significantly with the |η| cut due to the large
forward scattering amplitude. The dijet resonance signal only gradually increases with the cut.
Fig. 6 shows that optimal signal sensitivity is achieved with |η| < 1.3 for a 2 TeV spin 1 dijet
resonance decaying to qq̄.
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Dijet Resonances

• For high mass resonances 
dijet resolution ~ 5-10% 

• Measure the QCD dijet 
distribution and extrapolate to 
the high mass region

• Errors grow with invariant 
mass (will improve with larger 
data sets) 

• Should be able to see clear 
signal for area just out of 
Tevatron reach

3

4 Dijet Mass from QCD and Resonances
The dijet mass distribution will be used to search for dijet resonances. We can use a fit or a
prediction for the QCD background. Fig. 5 shows a simulation of QCD and of dijet resonances
modeled using a Z′ shape. Strongly produced resonances have large enough rate to be seen
above the background. Fig. 5 shows we expect a convincing signal for a 2 TeV excited quark (q*)
with 100 pb−1, well beyond the Tevatron exclusion of M < 0.78 TeV in the dijet channel [8, 9].
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Figure 5: Left) Dijets from QCD. Right)Dijet resonances compared to QCD

Fig. 6 shows that the QCD cross section rises significantly with the |η| cut due to the large
forward scattering amplitude. The dijet resonance signal only gradually increases with the cut.
Fig. 6 shows that optimal signal sensitivity is achieved with |η| < 1.3 for a 2 TeV spin 1 dijet
resonance decaying to qq̄.
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Figure 6: Left) Dijet rate with various |η| cuts. Right) Sensitivity vs. |η| cut

4 5 Dijet Mass Resolution for Resonances

5 Dijet Mass Resolution for Resonances
Fig. 7 shows that for resonances the dijet mass from CaloJets is shifted to lower values than
GenJets. Correcting the CaloJets allows us to recover the GenJet response but not the GenJet
resolution. CaloJets peak at the same dijet mass as GenJets. In Fig. 7 we show a fit to the
Gaussian core of the dijet mass distribution for a 2 TeV Z′. Similar fits are done for a 0.7 and 5.0
TeV resonance to obtain the resolution vs. resonance mass in Fig. 8.
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Figure 7: Left) 2 TeV resonance at Gen, Calo and corrected Jet levels. Right) Fit for resolution.

Fig. 8 shows that the resolution for corrected CaloJets varies from 9% at M = 700 GeV to 4.5%
at M = 5000 GeV, and is well fit by the parameterization σ/M = 0.038 + 38/M where M is the
true resonance mass in GeV. This supersedes prior results [2]. Fig. 8 also compares this expected
resolution to the resolution for GenJets and the natural resolution of the input resonance.

Resonance Mass (GeV)
1000 2000 3000 4000 5000

Di
je

t R
es

ol
ut

io
n 

(s
ig

m
a/

m
ea

n)

0

0.02

0.04

0.06

0.08

0.1

0.12

 / ndf 2χ  0.08983 / 1
p0  0.002+/− 0.03761 
p1        4.389+/−    38 

CMS Preliminary | < 1.0ηJet |
| < 1.3ηJet |
| < 1.3ηFit |

GenJet
Resonance Width

Figure 8: Resolution for dijet resonances at various levels vs. input resonance mass.

14

Tuesday, July 28, 2009



Dijet Ratio Method

• Compare ratio of dijet events 
in central to forward region as 
a function of dijet mass. 

• New interactions/particles 
modify this ratio

• Look at angular distribution to 
see spin of new particle

6 6 Dijet Ratio from QCD and Contact Interactions

Fig. 11 demonstrates our sensitivity to contact interactions with the new definition of the dijet
ratio for 10 and 1000 pb−1.
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Figure 11: Dijet ratio from QCD and contact interactions for 10 pb−1 (left) and 1000 pb−1

(right).

Our sensitivity to a contact interaction with the dijet ratio is summarized in table 1 using the
same methodology as previous CMS estimates [3]. The new definition of the dijet ratio in-
creases our discovery sensitivity to Λ+ by 1-2 TeV depending on luminosity.

Excluded Λ (TeV) Discovered Λ (TeV)
10 pb−1 100 pb−1 1 fb−1 10 pb−1 100 pb−1 1 fb−1

DØ and PTDR η cuts < 3.8 < 6.8 < 12.2 < 2.8 < 4.9 < 9.1
Optimized η cuts < 5.3 < 8.3 < 12.5 < 4.1 < 6.8 < 9.9

Table 1: Sensitivity to contact interactions with 10 pb−1, 100 pb−1, and 1 fb−1 for both the old η
cuts and the optimized η cuts. Estimates include statistical uncertainties only.

7

7 Dijet Ratio from QCD and Resonances
Fig. 12 shows that all resonances have a more isotropic decay angular distribution than QCD.
Spin 1/2 (q*), spin 1 (Z′),and spin 2 (Randall Sundrum Graviton) all have flatter angular dis-
tributions than QCD. Fig. 12 shows that the dijet ratio is larger for resonances without QCD
background than for QCD. This is because the denominator of the ratio is usually at high cos θ∗.
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Figure 12: Left) Angular distributions. Right) Dijet ratio versus mass.

In Fig. 13 we show our sensitivity using the dijet ratio to a resonance signal in the presence of
the QCD background. The resonances are all normalized with the cross section of an excited
quark for |η| < 1.3 to demonstrate the effect of spin alone. There is a convincing signal for a
2 TeV resonance with an excited quark cross section in 100 pb−1 for all resonance spins con-
sidered. We expect that with sufficient luminosity the dijet ratio can be used to measure the
resonance spin.
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Figure 13: Left) Dijet ratio for excited quarks compared to QCD. Right) Spin dependence at
fixed signal rate of dijet ratio from resonances.
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Figure 13: Left) Dijet ratio for excited quarks compared to QCD. Right) Spin dependence at
fixed signal rate of dijet ratio from resonances.

15

Tuesday, July 28, 2009



Monojets

• Real Graviton Production that escapes 
detection (weakly coupled) 

• Recoils against one or more high energy jets

• Background

• Z->vv

• W+jets (miss lepton)

• ttbar (mis-measure jets or miss lepton)

• Dijets (mis-measure jet)

2 3 Trigger optimization studies

shown that transverse momentum and jet multiplicity do not show any striking dependence
either on δ or MD and the topologies are fairly similar.

δ = 2 δ = 4
MD = 2 TeV 49.246 ± 0.056 18.914 ± 0.022
MD = 4 TeV 4.253 ± 0.005 0.998 ± 0.001
MD = 6 TeV 0.862 ± 0.001 0.109 ± 0.001

Table 1: ADD cross sections (and errors from generation stage) as evaluated by the SHERPA
program with the generation parameters detailed in the text. All values are in pb.

2.2 Background production

The set of background processes listed in the previous section has been generated with a sam-
ple size corresponding to an integrated luminosity of 100 pb−1 or more, with the exception of
low p̂T QCD samples.
All the boson+jets and tt samples have been produced with ALPGEN 2.12 [7] with 0 < p̂T <
3200 GeV for W/Z+jets, while large multijet QCD background was generated by PYTHIA 6.409 [8].
The standard software framework adopted by the CMS collaboration (CMSSW) was exploited
in the whole simulation and reconstruction chain.
Data samples have been reconstructed with calibration and alignment constants based on the
detector calibration stage expected for 100 pb−1 of data.

3 Trigger optimization studies
A detailed description of the trigger system in CMS can be found in [9]. This study optimizes
a trigger stream based on the following two quantities:

• the sum of module of transverse momenta pT(j) of all jets above a threshold p0
T:

HT = ∑
pT(j)>p0

T

|!pT(j)| ;

• the module of the vectorial sum of jets transverse momenta above a threshold p0
T:

MHT =

∣∣∣∣∣∣
∑

pT(j)>p0
T

!pT(j)

∣∣∣∣∣∣
.

We considered the trigger setup adopted in SUperSYmmetry (SUSY) searches, which shares
many of the backgrounds with the present analysis (in particular the QCD dijet events).
The trigger envisioned for SUSY consists in HT > 200 GeV and a threshold p0

T = 10 GeV at first
level trigger (L1), followed by HT > 250 GeV, MHT > 100 GeV and p0

T = 20 GeV at High Level
Trigger (HLT). It is reasonable to assume that such a HT + MHT trigger will be viable for the
analysis under study, especially in the early stages when MHT is believed to be a quantity more
reliable than Emiss

T . The QCD rate at HLT from this trigger is expected to amount to 3 Hz; the
efficiency for the signal under study was found to be reasonably high, (65.9 ± 1.2)%. Hence,
we consider it suitable for this analysis and we will use it in the following.
The trigger has been object of an optimization study, whose results are shown in Figures 1. The
signal efficiency at HLT as a function of the p0

T is reported on the left-hand for different sets of
(HT, MHT) thresholds. By changing the thresholds on HT and p0

T, the signal efficiency can be
increased up to ∼ 88% (Fig. 1b)) while mantaining an acceptable background rate.

Extra Dimensions

Cross-section in pb
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Monojets

• Analysis done with Ht 
distribution

• Clean background by 
additional cuts on Jet quality 
(reduce lepton->jet rate)

• Reduce remaining multijet 
data by exploiting shape of 
events
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Figure 1: (a) MHT distributions for ADD signal (MD = 2 TeV, δ = 2) and relevant back-
grounds before any selection, after 200 pb−1 (b). Number of jets for signal and relevant back-
grounds, for MHT > 250 GeV and jets with transverse momenta larger than 50 GeV and
|η| < 3. Histograms are overlaid and normalized to the same area.

The data sample was then cleaned from leptonic events using the “Indirect Lepton Veto” ap-
proach, where two variables are exploited:

• Jet Electromagnetic Fraction (JEMF), defined as the fraction of jet energy collected
by the electromagnetic calorimeter over the total energy in electromagnetic and hadronic
calorimeter. High-energy electrons and photons can be rejected by requiring a JEMF
lower than 0.9. Instrumental background (as noise in calorimetric cells, beam halo
events or cosmic rays), that may lead to fake jets, was reduced with a cut JEMF >
0.1;

• Track Isolation Veto (TIV). A hollow cone 0.02< ∆R <0.3 was defined around each
track with pT > 10 GeV. The sum of the transverse momenta pj

T of all the tracks
inside the cone with pT > 1 GeV was calculated and the TIV variable defined as:

TIV =
1

pT(tk 1) ∑
R∈∆R

pj
T ,

where pT(tk 1) is the highest transverse momentum of tracks in the cone and the
cone lower bound excludes the track itself. Rejecting tracks with TIV < 0.1 resulted
in a reduction of W(µν)+jets and top pair events by factors 9 and 5, respectively.

In order to suppress cosmic background, at least one vertex coming from the interaction point
and at least two tracks with pT > 5 GeV inside the leading jet cone were requested.

To improve the background rejection, the most energetic jet in the event (leading jet, jet 1) was

1

1 Introduction
This note describes analysis procedures for the search of large extra dimensions from a signa-
ture with missing transverse energy plus a single jet, using the Compact Muon Solenoid (CMS)
detector. The description of the detector performance and the simulated samples of events
correspond to those expected for the 2009-2010 run at 10 TeV center-of-mass energy, for an in-
tegrated luminosity of up to 200 pb−1. This analysis is an update of the study in Ref. [1], where
conditions for a later stage with

√
s = 14 TeV were addressed.

The phenomenological ADD model [2] aims to solve the hierarchy problem between the elec-
troweak and Planck scales by introducing a number δ of extra spatial dimensions, which in the
simplest scenario are compactified over a torus and all have the same radius R. The fundamen-
tal scale MD is related to the effective 4-dimensional Planck scale MPl according to the formula
M2

Pl ∼ Mδ+2
D Rδ. Current experimental constraints allow a scenario with δ ≥ 2, corresponding

to extra dimensions sizes below 5 · 10−2 mm if the fundamental scale MD is of the order of TeV.

This study is focused on the production of a graviton G balanced by a energetic hadronic jet
via the qq̄ → gG, qg → qG, and gg → gG processes.

Searches in both the jet+Emiss
T and the γ + Emiss

T channels have been performed by CDF (1.1 fb−1

and 2.0 fb−1 of data respectively, [3]), DØ (γ + Emiss
T , 1.05 fb−1, [4] and jet+Emiss

T in Run I with
78.8 pb−1, [5]), and LEP experiments [6]. The best 95% confidence limits on MD are 1.400(1.040) TeV
for the extra dimensions scenario with δ = 2(4).

It has been shown [1] that with
√

s =14 TeV a 95% confidence limit of 4.61(3.46) TeV for δ =2(4)
can be achieved after 100 pb−1. In this note we demonstrate that the current limits can be
significantly improved also at

√
s =10 TeV with a similar data size.

2 Signal and background generation and reconstruction
The new physics signature considered in this study is simple: a high-transverse-momentum
(pT > 100 ÷ 200 GeV) jet in the central region of the detector, recoiling back-to-back in the
transverse plane with a Emiss

T of similar magnitude.

The process of Z+jets production, with Z decaying to neutrinos, leads to invisible energy re-
coiling against jets and is described by the same signature as the signal, thus the contribution
from this “irreducible” background needs to be estimated in the best possible way. Other im-
portant background sources are W+jets with a leptonic W decay (if the charged lepton is not
reconstructed), QCD di-jets (when one or more jets are mismeasured and a significant amount
of Emiss

T is produced), and top-pair and single-top quark production, especially for events with
few of collimated jets where leptons are not identified. A minor contribution is expected also
from ZZ/WW/ZW+jets processes, that may have many events with large Emiss

T , thus con-
tributing despite the relative low cross-section.

A variable discriminating signal from background is constructed as the vectorial sum of jets
transverse momenta !pT(jet)i above a threshold p0

T. This quantity (MHT) is defined as:

MHT =

∣∣∣∣∣∣
∑

pT(jet)i>p0
T

!pT(jet)i

∣∣∣∣∣∣

and has been proven to be remarkably larger in signal than in QCD events. In this analysis5
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Figure 2: (a) Azimuthal angle in the transverse plane between the MHT and a possible second
jet, after MHT cuts. Histograms are overlaid and normalized to the same area. (b) MHT
distribution after all selections are applied. Histograms are overlaid and number of events
correspond to 200 pb−1.

δ = 2 δ = 4
MD = 1 TeV MD = 2 TeV MD = 3 TeV MD = 2 TeV MD = 3 TeV

Trigger 51,000 6180 1370 2010 301
MHT >250 GeV 11,140 2123 498 753 133

0.1 < JEMF < 0.9 9572 1825 426 641 113
TIV >0.1

pT(jet 1) > 200 GeV 6785 1368 314 487 88.4
|η(jet 1)| <1.7

number of jets<3 5605 1044 401 374 64.4
∆φ(jet 1, MHT) >2.8 4934 906 206 322 55.8
∆φ(jet 2, MHT) > 0.5
Total Efficiency (%) 8.8 ± 0.1 13.7 ± 0.4 14.1 ± 0.4 13.2 ± 0.4 17.7 ± 0.4

Table 2: Number of selected events for each group of cuts in five signal subsamples, normalized
to 200 pb−1. The final efficiencies are quoted with statistical uncertainties.

to select jets coming from genuine collision events, while objects that are displaced from the
interaction point (as cosmic rays) do not contaminate the sample.

4 3 Signal and background analysis

tt Z(νν)+j QCD W(eν)+j W(µν)+j W(τν)+j single-t
Trigger 28,970 11,390 143 · 106 31,320 19,320 20,600 4460

MHT >250 GeV 318 358 288 90 391 230 44
0.1 < JEMF < 0.9 52.5 305 214 31.9 38.5 90.9 7.2

TIV >0.1
pT(jet 1) > 200 GeV 37.4 245 187 24.6 24.6 72.1 4.5

|η(jet 1)| <1.7
numb. jets<3 8.2 205.6 70.9 18.8 22.9 59.8 2.8

∆φ(jet 1, MHT) >2.8 6.4 182.5 0.2 17.2 19.7 46.7 2.3
∆φ(jet 2, MHT) > 0.5

Table 1: Number of selected events for each group of cuts in the relevant background samples,
normalized to 200 pb−1.

required to have pT(jet 1) > 200 GeV and |η(jet 1)| <1.7. After this selection, the signal jet
multiplicity (Fig. 1(b),) is peaked around 1 ÷ 2 and rapidly decreases for higher number of jets.
Events with more than two jets were vetoed.
Since in the events with Emiss

T +1 jet the direction of Emiss
T is ideally aligned with the MHT

vector, the angle in the transverse plane between MHT and leading jet is expected to be close
to π. When events with an angular difference in the transverse plane ∆φ(jet 1, MHT) > 2.8 are
selected, processes where missing energy does not recoil with jets are suppressed. The rejection
is largely enhanced by requiring in addition ∆φ(jet 2, MHT) > 0.5, that further reduces multi-
jet events by two orders of magnitude.

After the complete set of selections was applied ,only one Monte Carlo event from QCD back-
ground was found, corresponding to 0.2 events after normalizing to an integrated luminosity
of 200 pb−1. QCD is therefore expected to contribute to the total background at the per-mille
level. A factorization approach to verify this estimate is provided in the Appendix A: it proves
that it is possible to evaluate a selection efficiency that is within a factor ∼ 3 of the value from
Monte Carlo. A systematic uncertainty of 300% on the number of multi-jet events was therefore
introduced.

Besides the irreducible Z(νν)+jets background, the only significant sources of background are
those with a muon or an electron from W (or from τ from W) decay; the W can be directly
produced or coming from a top quark. These leptons are not identified by the Indirect Lepton
Veto either because they are outside the pseudorapidity acceptance, or too close to a high-pT
jet.

The MHT distributions for signal and background after all selections are shown in Fig. 2. The
signal shows up as an excess of events in addition to the dominant Z(νν)+jets background.

The effect of each group of cuts is reported in Tab. 1 for all the Standard Model processes and in
Tab. 2 for some benchmark signals. The absolute expected number of selected events (assuming
200 pb−1 of data) along with the relative efficiency of the cuts are quoted. The behavior of
simulated ZZ/WW/ZW+jets processes is not shown here, because their impact on the final
selection is negligible.

Events from the machine-induced background and cosmic rays were not simulated, but we are
confident that the set of cut reduces this kind of effects to a negligible level. In fact, the beam
halo is expected to be removed by the jet electromagnetic fraction lower cut. The requirement
of at least one track from interaction point and the cut on number of tracks inside jets was
observed not to reduce the signal more than 1%: therefore, the proposed procedure allows
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Figure 1: a) Efficiencies for the HT + MHT trigger for a benchmark signal. Here the MHT, HT
thresholds are fixed and the p0

T cuts are varied. b) Efficiencies for different benchmark signals,
as a function of MHT.

4 Signal and background analysis
A cut-based analysis procedure is detailed in this section. Threshold cuts on the quantities that
have been demonstrated to be most sensitive to SM suppression have been optimized, with the
aim of maximizing the signal over background ratio in the relevant kinematic region.

4.1 Definitions of variables

Jets have been reconstructed using an iterative cone (IC) algorithm with ∆R = 0.5, but the
results presented in this note do not depend significantly on the clusterization details.
The missing transverse energy was calculated from the vectorial sum of the transverse energy
of all calorimeter towers with E > 0.8 GeV and ET > 0.5 GeV. No jet energy scale corrections
were applied.

4.2 Selection and efficiencies

In order to reduce the impact of hard gluon radiation in the selection, the analysis has used only
jets with pT > 40 GeV and |η| < 3. A cut Emiss

T > 400 GeV was imposed early at the selection
level. Jets are ordered in pT and thus referred as leading (jet 1) and secondary (jet 2) jet.
Figure 2a) displays the distribution of leading jet momentum for all the generated background
except single-top (which contribution is negligible).

To clean the events from both isolated lepton contaminations (as from W(lν)+jets) and elec-
trons and photons clustered as jets two variables were used:

• Jet ElectroMagnetic Fraction (JEMF), defined as the fraction of jet energy collected
by the electromagnetic calorimeter over the total energy. Lowering JEMF of the two
most energetic jets below 0.9 removes a significant fraction of background from the
QCD, tt and W(eν)+jets;

• Track Isolation Veto (TIV). A hollow cone 0.02< ∆R <0.35 was drawn around a
track with pT > 15 GeV and the TIV defined as (∑0.02<R<0.35 pT) /pT(trk 1), where
pT(trk 1) is the transverse momentum of the leading track and the cone lower cut
excludes the track itself. Rejecting events with TIV < 0.1 resulted in a reduction of
W(lν)+jets and tt.

The combined usage of these two variables is commonly referred to as ‘Indirect Lepton Veto’.

TIV = 17
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Monojets

• Largest backgrounds can be 
derived from data

• Dijets (lower mass control 
region)

• Z->neutrinos (W->mu nu 
+jets removing muon)

• Should be able to discover 
Gravitons in to the few TeV 
range with nominal 
2009/2010 datasets...

8 5 Data-driven background estimation
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Figure 3: Selected Z(νν)+ jets events from Monte Carlo and estimated from W(µν)+ jets proce-
dure (a) and their ratio (b). Within error bars from Monte Carlo statistic, the ratio is consistent
with 1 (red dashed line).

• ratio between W(µν)+jets and Z(νν)+jets production cross sections. The ratio be-
tween two MHT spectra was found to be constant up to high energies in the hard
interaction, and equal to 1.314± 0.008 (MC)± 0.013 (PDF);

• muon reconstruction and isolation efficiency. In this control region, it was deter-
mined to be 0.760± 0.079 (MC)± 0.015 (syst.), where the systematic error includes
a fit on the muon efficiency and the effects listed in the previous section.

The number of invisible Z events in the signal region was found to be N(Z(νν) + jets)Sign =
163± 22 (stat.)± 13 (syst.)± 17(MC) (to be compared with N(Z(νν)+ jets)MC = 182± 13 (stat.)).
In Fig. 3(a) the Z background MHT distributions taken directly from Monte Carlo and from
our data-driven method are displayed, along with their ratio in Fig. 3(b). The two shapes
are consistent and confirm that even in an early scenario, the Z(νν)+ jets background can be
estimated from data, with a ∼ 10% uncertainty and relying on robust reconstructed objects.

5.2 Other background sources

The same region designed for invisible background estimation can be used to measure the
W(τν)+jets contribution in the signal region. The Monte Carlo simulations demonstrate that
the muon efficiency for the W(τν)+jets process is reproduced by the value determined above
from the W(µν)+jets sample, scaled by the efficiency of the TIV cut. Therefore, the simplest
approach is to rescale the N(W(τν) + jets)Contr by muon reconstruction and isolation efficien-
cies measured in the control region. This results in N(W(τν) + jets)Sign = 39 ± 5 (stat.) ±
3 (syst.)± 4 (MC) with 200 pb−1.

To evaluate the number of surviving events for the other W channels, the ratio between the dif-
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Figure 4: (a): Exclusion plot at 95% C.L., showing the minimum luminosity necessary to ex-
clude a given value of MD. (b): Discovery potential of the analysis as a function of MD and δ
after 200 pb−1. The horizontal thick lines correspond to 3σ and 5σ significance level. In both
cases, sensitivity is plotted for two different extra dimension scenarios.

Unlike the former analysis, based on a standard missing energy measurement from the calor-
imeter system, here the vectorial sum of corrected jets was exploited. Selection criteria were
chosen to maximize rejection for the Standard Model reducible backgrounds (top production,
multi-jet, and W(lν)+ jets). For the irreducible Z(νν)+ jets, the usage of a control region with
W(µν)+ jets events was demonstrated to work.
An ADD parameter scan was performed in order to calculate the CMS sensitivity to the studied
model. A 5σ discovery for a Emiss

T +1 jet signal can be obtained for values of the fundamental
scale MD lower than 3.1(2.3) TeV for δ = 2(4), while 95% C.L. exclusion limits for MD = 3 TeV,
δ = 2, MD = 2 TeV, δ = 4 can be reached after only 11 pb−1 and 5.0 pb−1, respectively.

References
[1] CMS Collaboration, “Search for Mono-Jet Final States from ADD Extra Dimensions,”

CMS-PAS-EXO-08-011 (2008).

[2] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, “The hierarchy problem and new
dimensions at a millimeter,” Phys. Lett. B429 (1998) 263, arXiv:hep-ph/9803315.

[3] CDF Collaboration, “Search for Large Extra Dimensions in final states containing one
photon or jet and large missing transverse energy produced in p-pbar collisions at sqrt(s)
= 1.96 TeV,” Physical Review Letters 101 (2008) 181602, arXiv:0807.3132.

[4] D0 Collaboration, “Search for Large Extra Dimensions via single photon plus missing
energy final states at sqrt(s) = 1.96 TeV,” Physical Review Letters 101 (2008) 011601.

10 7 Conclusions

 (TeV)DM
1.5 2 2.5 3 3.5 4

)
-1

M
in

im
. 

L
u

m
i 
(p

b

50

100

150

200

250

=2!=4!

=10 TeVsCMS Preliminary, 

(a)

 (TeV)DM
1.5 2 2.5 3 3.5 4 4.5 5

P
L

S

-110

1

10

=4! =2!

=10 TeVsCMS Preliminary, 

(b)

Figure 4: (a): Exclusion plot at 95% C.L., showing the minimum luminosity necessary to ex-
clude a given value of MD. (b): Discovery potential of the analysis as a function of MD and δ
after 200 pb−1. The horizontal thick lines correspond to 3σ and 5σ significance level. In both
cases, sensitivity is plotted for two different extra dimension scenarios.

Unlike the former analysis, based on a standard missing energy measurement from the calor-
imeter system, here the vectorial sum of corrected jets was exploited. Selection criteria were
chosen to maximize rejection for the Standard Model reducible backgrounds (top production,
multi-jet, and W(lν)+ jets). For the irreducible Z(νν)+ jets, the usage of a control region with
W(µν)+ jets events was demonstrated to work.
An ADD parameter scan was performed in order to calculate the CMS sensitivity to the studied
model. A 5σ discovery for a Emiss

T +1 jet signal can be obtained for values of the fundamental
scale MD lower than 3.1(2.3) TeV for δ = 2(4), while 95% C.L. exclusion limits for MD = 3 TeV,
δ = 2, MD = 2 TeV, δ = 4 can be reached after only 11 pb−1 and 5.0 pb−1, respectively.

References
[1] CMS Collaboration, “Search for Mono-Jet Final States from ADD Extra Dimensions,”

CMS-PAS-EXO-08-011 (2008).

[2] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, “The hierarchy problem and new
dimensions at a millimeter,” Phys. Lett. B429 (1998) 263, arXiv:hep-ph/9803315.

[3] CDF Collaboration, “Search for Large Extra Dimensions in final states containing one
photon or jet and large missing transverse energy produced in p-pbar collisions at sqrt(s)
= 1.96 TeV,” Physical Review Letters 101 (2008) 181602, arXiv:0807.3132.

[4] D0 Collaboration, “Search for Large Extra Dimensions via single photon plus missing
energy final states at sqrt(s) = 1.96 TeV,” Physical Review Letters 101 (2008) 011601.

18

Tuesday, July 28, 2009



Leptoquarks

• New heavy particles which 
carry both lepton and color 
charge

• Predicted to explain 
complex SM symmetries 
and 3 generations

• Dilepton+Dijet Final State

• Main backgrounds

• DY+jets, ttbar, diboson
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Leptoquarks

• Take advantage of hard decay 
products of leptoquarks

• high invariant mass 
dileptons

• Two or more hard jets

• Produced in pairs (mass 
constraint)
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Electron candidates are identified as energy clusters reconstructed in the liquid argon electro-132

magnetic calorimeter that match tracks reconstructed in the inner tracking detector and satisfy the133

medium electron identification requirements [25].134

Muon candidates are identified as tracks reconstructed in the muon spectrometer [26] that, when135

extrapolated to the beam axis, match a track reconstructed in the inner detector, and satisfy relative136

isolation energy requirements Eiso
T /pµ

T ≤ 0.3. pµ
T is the muon candidate’s transverse momentum and137

Eiso
T is the energy detected in the calorimeters in a cone of ∆R=

√
∆η2 + ∆φ2=0.2 around the muon138

candidate’s reconstructed trajectory, corrected for the expected energy deposition by a muon.139

Jets are identified as energy clusters reconstructed in the calorimeters using a ∆R=0.4 cone al-140

gorithm [27]. ∆R between a jet and any electron candidate (as defined above) must be larger than141

0.1. This veto is imposed to avoid electrons being misidentified as jets. It is applied in all analyses,142

regardless of whether electrons are explicitly considered in the final states or not. The jet energy143

scale calibration is performed using full MC simulation and requires that the average reconstructed jet144

energy agrees with the average energy of the jets reconstructed with the Monte Carlo truth particles.145

The same jet reconstruction algorithm, with cone size ∆R = 0.4, is used for both reconstruction and146

calibration.147

All objects are required to have pT ≥ 20 GeV, the leptons must have an absolute pseudo-rapidity148

|η| smaller than 2.5 and jets must have |η| ≤ 4.5.149

To suppress contributions from Drell-Yan backgrounds, the dilepton invariant mass is required to150

be at least 70 GeV. Tighter analysis-specific requirements are later applied to this and other variables151

in order to achieve the best sensitivities in individual studies, as described in the following section.152

5 Individual Analyses153

5.1 Search for Leptoquark Pair Production154

Following the baseline object identification criteria described above, the leptoquark pair analyses155

require events to have at least two oppositely charged leptons of the same flavour and at least two156

jets. Signal sensitivity and discovery potential are estimated using a sliding mass window algorithm:157

only events in the mass region around the assumed mass of the leptoquark are analyzed.158

For large leptoquark masses, signal leptons and jets have, on average, larger transverse momenta159

than background particles. The following kinematic quantities are used to separate the signal from160

backgrounds: the transverse momentum of the leptons (pT ), the scalar sum of the transverse mo-161

menta of the two most energetic jets and leptons (ST =
∑

|#pT |jet +
∑

|#pT |lep), the dilepton invariant162

mass (m!!), and lepton-jet invariant mass. The lepton-jet invariant mass represents the mass of the163

leptoquark if the correct lepton-jet combination is chosen. Since there are two leptons and two jets164

there are two possible combinations, and we choose the combination which gives the smallest difference165

between the masses of the first and second leptoquark candidates.166

In both channels, the values of these selection criteria are optimized1) to achieve discovery with 5σ167

significance at the lowest luminosity possible. Tables 3 and 4 show the values of the selection criteria168

and resulting signal and background cross-sections for 1st and 2nd generation channels, respectively.169

One important difference between the two channels is the background due to jets being misidentified as170

electrons. This background can be significantly reduced by requiring both reconstructed jet-electron171

masses, (m1
lj , m2

lj), to be close to the tested leptoquark mass. However, such a selection in the 2nd172

generation analysis would significantly reduce the signal efficiency, especially for larger leptoquark173

masses. Therefore, a less strigent selection is applied, and only the average of the two muon-jet174

masses (mav
lj ) is required to be near the tested leptoquark mass.175

Figure 3 shows the ST variable distribution with mLQ = 400 GeV, along with the main back-176

grounds, Drell-Yan and tt̄ production, after baseline selection plus, for the 2nd generation case, the177

1)At this stage, only statistical uncertainties are taken into account.

6

Physics Before Baseline ST ≥ mee ≥ m1
lj - m2

lj window (GeV)
sample selection selection 490 GeV 120 GeV [320-480] - [700-900] -

[320-480] [700-900]
LQ (m = 400 GeV) 2.24 1.12 1.07 1.00 0.534 -
LQ (m = 800 GeV) 0.0378 0.0177 0.0177 0.0174 - 0.0075
Z/γ∗ ≥ 60 GeV 1808. 49.77 0.722 0.0664 0.0036 0.00045
tt̄ 450. 3.23 0.298 0.215 0.0144 < 0.0012
Vector Boson pairs 60.9 0.610 0.0174 0.00384 < 0.002 < 0.0014
Multijet 108 20.51 0.229 0.184 0.0 0.0

Table 3: 1st generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.
The upper limits are given at 68% confidence level.

Physics Before Baseline pµ
T≥60 GeV ST ≥ mµµ ≥ mlj window (GeV)

sample selection selection pjet
T ≥25 GeV 600 GeV 110 GeV [300-500] [600-1000]

LQ (400 GeV) 2.24 1.70 1.53 1.27 1.23 0.974 -
LQ (800 GeV) 0.0378 0.0313 0.0306 0.0304 0.030 - 0.0217
Z/γ∗ ≥60 GeV 1808. 79.99 2.975 0.338 0.0611 0.021 0.014
tt̄ 450. 4.17 0.698 0.0791 0.0758 0.0271 0.0065
VB pairs 60.9 0.876 0.0654 0.00864 0.00316 0.00185 0.00076
Multijet 108 0.0 0.0 0.0 0.0 0.0 0.0

Table 4: 2nd generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.
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Figure 3: ST in leptoquark MC events (mLQ = 400 GeV) after baseline selection. Left: 1st generation, right:
2nd generation with the additional requirements pµ

T > 60 GeV and pjet
T > 25 GeV.

requirements pµ
T > 60 GeV and pjet

T > 25 GeV.178

The dilepton mass distribution after the ST selection is shown in Figure 4.179

Figures 5 and 6 show the reconstructed invariant mass of leptoquark candidates (mLQ=400 GeV) in180

signal events and the main backgrounds, Drell-Yan and tt̄ production, after the subsequent selections181

on dimuon mass and ST . Due to gluon radiation, quarks produced in the decays of heavy particles182

are not equivalent to standard jets. This shifts the peak of the jet energy resolution function towards183

smaller energies and results in a low-mass shoulder in the distribution of reconstructed masses of heavy184

particles. Figure 5 shows two entries per event corresponding to the two reconstructed electron-jet185

7
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Leptoquarks

• Significant discovery potential 
over Tevatron (studies here 
assume 14 TeV)

• Signal cross-sections ~ 2 
smaller at 10 TeV

• Roughly same sensitivity to 1st/
2nd generation (slightly better in 
case of electrons)

Leptoquark mass Expected luminosity needed for a 5σ discovery
1st gen. 2nd gen.

300 GeV 2.8 pb−1 1.6 pb−1

400 GeV 11.8 pb−1 7.7 pb−1

600 GeV 123 pb−1 103 pb−1

800 GeV 1094 pb−1 664 pb−1

Table 8: The integrated luminosities needed for a 5σ discovery of 1st and 2nd gen. scalar leptoquarks for
different mass hypotheses.
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Figure 11: 5σ discovery potential for 1st and 2nd
gen. m = 400 GeV scalar leptoquarks versus β2

with and without background systematic uncertainty
included.
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The overall reconstruction and trigger efficiencies discussed earlier are used to estimate ATLAS’306

sensitivity and discovery potential for the studied final states below. These estimates include the307

trigger efficiency for signal and background events, as discussed in Section 5, Table 2.308
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7.2 Left-Right Symmetry319
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ity and insufficient MC statistics. Currently, multijet background is poorly understood and is not325
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Heavy Neutrinos

• Heavy Right handed W  and 
heavy neutrino

• Final State - dilepton+dijets

• Can be same or opposite sign 
dileptons

• Similar final state/
backgrounds to leptoquarks

• Suppress background utilizing 
excellent charge ID of LHC 
detectors
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Heavy Neutrinos

• Similar analysis to leptoquarks

• High Mass DY and tt expected 
to be largest backgrounds

• Major difference is one can 
look at both opposite/sign 
dileptons
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Figure 7: LRSM analysis. ST distributions for signals and backgrounds normalized to 100 pb−1 of integrated
luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines indicate the
region used in the analysis.
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Figure 8: LRSM analysis. The distributions of m!! for signals and backgrounds normalized to 100 pb−1

of integrated luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines
indicate the region used in the analysis.

are applied. All distributions are normalized to 100 pb−1 of integrated luminosity. It should be234

remarked that the trigger efficiency is not included in the plots and tables shown in this section.235

However, events satisfying all selection criteria would trigger with an efficiency exceeding 95%, as236

discussed in Section 3.237
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Figure 8: LRSM analysis. The distributions of m!! for signals and backgrounds normalized to 100 pb−1

of integrated luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines
indicate the region used in the analysis.

are applied. All distributions are normalized to 100 pb−1 of integrated luminosity. It should be234

remarked that the trigger efficiency is not included in the plots and tables shown in this section.235

However, events satisfying all selection criteria would trigger with an efficiency exceeding 95%, as236

discussed in Section 3.237

10

Physics Before Baseline mejj meejj mee ST

sample selection selection ≥ 100 GeV ≥ 1000 GeV ≥ 300 GeV ≥ 700 GeV
LRSM 18 3 0.248 0.0882 0.0882 0.0861 0.0828 0.0786
LRSM 15 5 0.470 0.220 0.220 0.215 0.196 0.184
Z/γ∗,m ≥ 60 GeV 1808. 49.77 43.36 0.801 0.0132 0.0064
tt̄ 450. 3.23 3.13 0.215 0.0422 0.0165
VB pairs 60.9 0.610 0.522 0.0160 0.0016 0.0002
Multijet 108 20.51 19.67 0.0490 0.0444 0.0444

Table 5: LRSM dielectron analysis. Partial cross-sections (pb) that survive the selection criteria.

Physics Before Baseline mµjj mµµjj mµµ ST

sample selection selection ≥ 100 GeV ≥ 1000 GeV ≥ 300 GeV ≥ 700 GeV
LRSM 18 3 0.248 0.145 0.145 0.141 0.136 0.128
LRSM 15 5 0.470 0.328 0.328 0.319 0.295 0.274
Z/γ∗,m ≥ 60 GeV 1808. 79.99 69.13 1.46 0.0231 0.0127
tt̄ 450. 4.17 4.11 0.275 0.0527 0.0161
VB pairs 60.9 0.876 0.824 0.0257 0.0047 0.0015
Multijet 108 0.0 0.0 0.0 0.0 0.0

Table 6: LRSM dimuon analysis. Partial cross-sections (pb) that survive selection criteria.

Background contributions to signal invariant mass spectra could also arise from jets that are238

misidentified as signal electrons. In principle, such misidentified jets are efficiently suppressed because239

at least two signal electron candidates are required, but at present this background remains poorly240

understood because larger statistics of multijet MC, or better, real data, would be necessary to evaluate241

its contribution reliably. If needed, a better suppression of events with multijets that are misidentified242

as electrons is possible by applying a more sophisticated isolation energy requirement. The multijet243

background does not pose a problem in the dimuon analysis, where estimates of the misidentification244

rate predict a vanishing contribution from multijet to dimuon events.245

Finally, the analyses described in this note do not discriminate between same-sign and opposite-246

sign dileptons. Same-sign dileptons, however, are a very important signature of Majorana neutrinos,247

which, being their own anti-particles, could decay to a lepton of either charge. The background248

contribution to same-sign dileptons is much smaller than to opposite-sign dileptons. Of course, both249

channels would have to be studied if the discovery is made. The studies of charge misidentification250

performed in the framework of the presented analyses, predict a rate as high as 5% for high-pT leptons251

which is strongly η-dependent.252

6 Systematic Uncertainties253

The following sources of systematic uncertainties have been considered in the described analyses:254

• 20% uncertainty was assumed on the integrated luminosity.255

• In the dielectron analyses, 1% was used for the uncertainty in overall trigger efficiency.256

• For electron identification and reconstruction efficiency, an uncertainty of 1% was assumed.257

• For muon identification, including trigger and reconstruction efficiencies, an uncertainty of 5%258

was assumed.259
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Heavy Neutrinos

• Should be able to probe region 
inaccessible at Tevatron with 
‘first year’ data 

• Cross-sections for signal down 
by ~2 at 10 TeV

• Systematics taken to be 
conservative - still fairly modest 
reduction on sensitivity 

included in the presented sensitivity estimates for the dielectron channel.326
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Figure 13: LRSM analysis. Expected signal significances versus integrated luminosity for Ne, Nµ neutrino
and WR boson mass hypotheses, according to signal MC samples LRSM 18 3 and LRSM 15 5. Open symbols
show sensitivities without systematic uncertainties. Sensitivities shown with closed symbols include an overall
relative uncertainty of 45% (40%) estimated for background contributions in the dielectron (dimuon) analysis.
LRSM 15 5 and LRSM 18 3 refer to two sets of LRSM mass hypotheses. See the text for more information.

8 Summary and Conclusions327

Studies of final states with two leptons and multiple jets have been discussed, considering both electrons328

and muons. The early-data discovery potential for Beyond the Standard Model physics predicted by329

two prominent GUT-inspired models has been investigated.330

Both 1st and 2nd generation scalar leptoquark pair production could be discovered with less than331

100 pb−1 of integrated luminosity, provided that the mass of the leptoquarks is smaller than 500 GeV332

and the branching ratio into a charged lepton and a quark is 100%.333

Two LRSM mass points (mWR = 1.8 TeV,mN! = 300 GeV and mWR = 1.5 TeV,mN! = 500 GeV)334

for the right-handed WR boson and Majorana neutrinos N! have been studied in the dielectron and335

dimuon channels. It was found that discovery of these new particles at these mass points would require336

integrated luminosities of 150 pb−1 and 40 pb−1, respectively.337
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Summary

• Many exciting possibilities for 
exotics even in early running

• Production of new states above the 
Tevatron limits do not require that 
much luminosity or ultimate 
precision of detectors

• Do require sensible and understood 
systematics

• Lets hope for start up soon!
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