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DISCLAIMER

• More than 30 results produced by ATLAS and CMS alone for Summer 
in exotic searches
– at least 20 more SUSY-only results!
– A wonderful 2011 for LHC so far

• More than 60 results from Tevatron and LHC covering a large variety 
of theoretical models

• Snapshot of most recent results and not a comprehensive review
– Many of Tevatron results now superseded at LHC not reported due to time 

constraints

• Complete list of results
– ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
– CDF: http://www-cdf.fnal.gov/physics/physics.html
– CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
– D0:http://www-d0.fnal.gov/Run2Physics/WWW/results.htm
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SUSY OR EXOTIC?

• SUSY signatures very rich and depend on particular choice of parameters
– events divided in categories of lepton or b-jets
– look at MET and look for excess on top of Standard Model

• Experimentally: divide searches based on MET
– SUSY: searches where MET is main or only discriminator
– EXOTIC: where there is no MET or at  least not the 

only discriminator
‣ resonances, heavy particles, decays in final state ALSO with MET

• SUSY results typically provided in (m0,m1/2) 
or (mq,mg) plane
– primary parameters determining mass of SUSY particles
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SIGNATURE- OR TOPIC-BASED?
• Same final state often probing very different models or topics

– 2 leptons, 2jets + MET, lepton+jet+MET

• Topological presentation requires jumping
 between different types of physics being 
addressed

• This talk following a topic-based approach
– easier to combine constraints on model from different topologies
– Same final state is not simple re-interpretation
‣ often optimization redone to deal with different acceptance 

for very different models
‣ different analysis strategy and signal extraction methods
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OUTLINE

• Heavy Resonances
– dileptons
– lepton+MET
– diphotons
– dijets
– heavy neutrinos
– WZ
– W+jj

• Extra dimensions
– dileptons
– diphotons
– jet/photon + MET
– Black Holes
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• LeptoQuarks
– 1st generation
– 2nd generation

• 4th generation b’/t’
– all hadronic
– semileptonic

• Long-lived particles
– stopped particles
– displaced vertices

• Compositeness
– excited leptons



Sh. Rahatlou

ATLAS AND CMS
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HEAVY RESONANCES
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HEAVY RESONANCES
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• New gauge bosons predicted by many extensions of the Standard Model with 
extended gauge symmetries
– ZSSM in Sequential Standard Model with same Z0 coupling as in Standard Model

– Z’ models from E6 and SO(10) GUT groups
– The Kaluza-Klein model from Extra Dimension

– Little, Littlest Higgs model

• No precise prediction for mass scale of gauge bosons

• Technicolor also predicts variety of narrow heavy particles

• Backgrounds
– relatively clean with good S/B 

– mostly tails of SM processes

• Experimental challenges
– detector resolution can be a key player

– extra care for energy/momentum reconstruction above 1 TeV
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FIG. 1: Dielectron (top) and dimuon (bottom) invariant
mass (m!!) distribution after final selection, compared to the
stacked sum of all expected backgrounds, with three example
Z′

SSM signals overlaid. The bin width is constant in logm!!.

within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on efficiencies, cancel between
the Z ′ (G∗) and the Z.
Figure 1 presents the invariant mass (m!!) distribu-

tion for the dielectron (top) and dimuon (bottom) final
states after final selection, while Table I shows the num-
ber of data events and the estimated backgrounds in bins
of reconstructed m!!. The dilepton invariant mass dis-
tributions are well described by the prediction from SM
processes. Figure 1 also displays the expected Z ′

SSM sig-
nal for three mass hypotheses.
The invariant mass distribution of the data is com-

pared to the backgrounds and signal templates with pole
masses in the 0.13-2.0 TeV range [13, 40]. A likelihood
function is defined as the product of the Poisson prob-
abilities over all mass bins in the search region. The
Poisson probability in each bin is evaluated for the ob-
served number of data events given the background and
signal template expectation. The total signal acceptance
as a function of mass is propagated into the expectation.

TABLE I: Expected and observed number of events in the
dielectron (top) and dimuon (bottom) channels for an inte-
grated luminosity of 1.08 fb−1 and 1.21 fb−1 respectively. The
first bin is used to normalize the total background to the data.
The errors quoted include both statistical and systematic un-
certainties, except the error on the total background in the
normalization region which is given by the square root of the
number of observed events. The systematic uncertainties are
correlated across bins and are discussed in the text.

me+e− [GeV] 70-110 110-200 200-400 400-800 800-3000
DY 258482 ± 410 5449 ± 180 613 ± 26 53.8 ± 3.1 2.8 ± 0.1
tt̄ 218 ± 36 253 ± 10 82 ± 3 5.4 ± 0.3 0.1 ± 0.0

Diboson 368 ± 19 85 ± 5 29 ± 2 3.1 ± 0.5 0.3 ± 0.1
W+jets 150 ± 100 150 ± 26 43 ± 10 4.6 ± 1.8 0.2 ± 0.4
QCD 332 ± 59 191 ± 75 36 ± 29 1.8 ± 1.4 < 0.05
Total 259550 ± 510 6128 ± 200 803 ± 40 68.8 ± 3.9 3.4 ± 0.4
Data 259550 6117 808 65 3

mµ+µ− [GeV] 70-110 110-200 200-400 400-800 800-3000
DY 236319 ± 320 5171 ± 150 483 ± 22 40.3 ± 2.5 2.0 ± 0.3
tt̄ 193 ± 21 193 ± 20 63 ± 6 4.2 ± 0.4 0.1 ± 0.0

Diboson 307 ± 16 69 ± 5 25 ± 2 1.7 ± 0.5 < 0.05
W+jets 1 ± 1 1 ± 1 < 0.5 < 0.05 < 0.05
QCD 1 ± 1 < 0.5 < 0.5 < 0.05 < 0.05
Total 236821 ± 487 5434 ± 150 571 ± 23 46.1 ± 2.6 2.1 ± 0.3
Data 236821 5406 557 51 5

The significance of a signal is summarized by a p-value,
the probability of observing an excess at least as signal-
like as the one observed in data, in the absence of signal.
The outcome of the search is ranked using a likelihood ra-
tio, which is scanned as a function of Z ′ cross section and
mZ′ over the full considered mass range. The data are
consistent with the SM hypothesis, with p-values of 54%
and 24% for the e+e− and µ+µ− channels respectively.

Given the absence of a signal, an upper limit on the
signal cross section is determined at the 95% confidence
level (C.L.) using a Bayesian approach [41] with a flat
prior on the signal cross section.

Mass-dependent systematic uncertainties are incor-
porated as nuisance parameters which are integrated
out [41]. They include normalization to the Z-peak,
PDF, QCD and weak K-factors, as well as trigger, re-
construction and identification efficiencies. These uncer-
tainties are correlated across all bins in the search region
and they are correlated between signal and background.

Since the total background is normalized to the data in
the region of the Z → !+!− mass peak, the residual sys-
tematic uncertainties are small at the Z pole and grow at
higher mass. The dominant uncertainties are theoretical.
The overall uncertainty due to PDF and αS variations is
estimated to be 10% at 1.5 TeV using the MSTW 2008
eigenvector PDF sets and other PDF sets corresponding
to variations of αS . The difference with respect to CTEQ
is included as an additional 3% uncertainty. The uncer-
tainty on the QCD K-factor is 3%, evaluated from vari-
ations of the renormalization and factorization scales by
factors of two around the nominal values. A systematic
uncertainty of 4.5% is attributed to EW corrections [13].
The uncertainty on the Z/γ∗ cross section is 5%, which is

Sh. Rahatlou

DI-ELECTRON
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• Background estimation
– ATLAS: QCD from data, ttbar and DY from MC

– CMS: QCD and ttbar from data, DY from MC
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FIG. 1: (a) The dielectron mass distribution for the SM background (stacked histograms of DY,
QCD, diboson, and tt̄) and the CDF data. The QCD background is derived from CDF data.
The electroweak backgrounds are estimated using MC normalized to the data luminosity times
theoretical cross sections, without fitting to any part of the dielectron data distribution. (b) The
dielectron mass distribution between 200 and 600 GeV/c2.
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ATLAS: arXiv:1108.1582

CMS: PAS EXO-11-019

http://arxiv.org/abs/1108.1582
http://arxiv.org/abs/1108.1582
http://cdsweb.cern.ch/record/1369192/files/EXO-11-019-pas.pdf
http://cdsweb.cern.ch/record/1369192/files/EXO-11-019-pas.pdf
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DI-MUON

• Several events with mass of 1 TeV
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FIG. 1: Dielectron (top) and dimuon (bottom) invariant
mass (m!!) distribution after final selection, compared to the
stacked sum of all expected backgrounds, with three example
Z′

SSM signals overlaid. The bin width is constant in logm!!.

within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on efficiencies, cancel between
the Z ′ (G∗) and the Z.
Figure 1 presents the invariant mass (m!!) distribu-

tion for the dielectron (top) and dimuon (bottom) final
states after final selection, while Table I shows the num-
ber of data events and the estimated backgrounds in bins
of reconstructed m!!. The dilepton invariant mass dis-
tributions are well described by the prediction from SM
processes. Figure 1 also displays the expected Z ′

SSM sig-
nal for three mass hypotheses.
The invariant mass distribution of the data is com-

pared to the backgrounds and signal templates with pole
masses in the 0.13-2.0 TeV range [13, 40]. A likelihood
function is defined as the product of the Poisson prob-
abilities over all mass bins in the search region. The
Poisson probability in each bin is evaluated for the ob-
served number of data events given the background and
signal template expectation. The total signal acceptance
as a function of mass is propagated into the expectation.

TABLE I: Expected and observed number of events in the
dielectron (top) and dimuon (bottom) channels for an inte-
grated luminosity of 1.08 fb−1 and 1.21 fb−1 respectively. The
first bin is used to normalize the total background to the data.
The errors quoted include both statistical and systematic un-
certainties, except the error on the total background in the
normalization region which is given by the square root of the
number of observed events. The systematic uncertainties are
correlated across bins and are discussed in the text.

me+e− [GeV] 70-110 110-200 200-400 400-800 800-3000
DY 258482 ± 410 5449 ± 180 613 ± 26 53.8 ± 3.1 2.8 ± 0.1
tt̄ 218 ± 36 253 ± 10 82 ± 3 5.4 ± 0.3 0.1 ± 0.0

Diboson 368 ± 19 85 ± 5 29 ± 2 3.1 ± 0.5 0.3 ± 0.1
W+jets 150 ± 100 150 ± 26 43 ± 10 4.6 ± 1.8 0.2 ± 0.4
QCD 332 ± 59 191 ± 75 36 ± 29 1.8 ± 1.4 < 0.05
Total 259550 ± 510 6128 ± 200 803 ± 40 68.8 ± 3.9 3.4 ± 0.4
Data 259550 6117 808 65 3

mµ+µ− [GeV] 70-110 110-200 200-400 400-800 800-3000
DY 236319 ± 320 5171 ± 150 483 ± 22 40.3 ± 2.5 2.0 ± 0.3
tt̄ 193 ± 21 193 ± 20 63 ± 6 4.2 ± 0.4 0.1 ± 0.0

Diboson 307 ± 16 69 ± 5 25 ± 2 1.7 ± 0.5 < 0.05
W+jets 1 ± 1 1 ± 1 < 0.5 < 0.05 < 0.05
QCD 1 ± 1 < 0.5 < 0.5 < 0.05 < 0.05
Total 236821 ± 487 5434 ± 150 571 ± 23 46.1 ± 2.6 2.1 ± 0.3
Data 236821 5406 557 51 5

The significance of a signal is summarized by a p-value,
the probability of observing an excess at least as signal-
like as the one observed in data, in the absence of signal.
The outcome of the search is ranked using a likelihood ra-
tio, which is scanned as a function of Z ′ cross section and
mZ′ over the full considered mass range. The data are
consistent with the SM hypothesis, with p-values of 54%
and 24% for the e+e− and µ+µ− channels respectively.

Given the absence of a signal, an upper limit on the
signal cross section is determined at the 95% confidence
level (C.L.) using a Bayesian approach [41] with a flat
prior on the signal cross section.

Mass-dependent systematic uncertainties are incor-
porated as nuisance parameters which are integrated
out [41]. They include normalization to the Z-peak,
PDF, QCD and weak K-factors, as well as trigger, re-
construction and identification efficiencies. These uncer-
tainties are correlated across all bins in the search region
and they are correlated between signal and background.

Since the total background is normalized to the data in
the region of the Z → !+!− mass peak, the residual sys-
tematic uncertainties are small at the Z pole and grow at
higher mass. The dominant uncertainties are theoretical.
The overall uncertainty due to PDF and αS variations is
estimated to be 10% at 1.5 TeV using the MSTW 2008
eigenvector PDF sets and other PDF sets corresponding
to variations of αS . The difference with respect to CTEQ
is included as an additional 3% uncertainty. The uncer-
tainty on the QCD K-factor is 3%, evaluated from vari-
ations of the renormalization and factorization scales by
factors of two around the nominal values. A systematic
uncertainty of 4.5% is attributed to EW corrections [13].
The uncertainty on the Z/γ∗ cross section is 5%, which is
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ATLAS: arXiv:1108.1582 CMS: PAS EXO-11-019

http://arxiv.org/abs/1108.1582
http://arxiv.org/abs/1108.1582
http://cdsweb.cern.ch/record/1369192/files/EXO-11-019-pas.pdf
http://cdsweb.cern.ch/record/1369192/files/EXO-11-019-pas.pdf
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DI-LEPTON EXCLUSIONS

• Limits approaching 2 TeV for most models

• Similar expected and observed 95% CL limits for both experiments
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TABLE II: Summary of the dominant systematic uncertain-
ties on the expected signal and background yields at m!+!− =
1.5 TeV for the Z′ (G∗) analysis. NA means not applicable.
Source dielectrons dimuons

signal background signal background
Normalization 5% NA 5% NA
PDFs/αS NA 10% NA 10%
QCD K-factor NA 3% NA 3%
Weak K-factor NA 4.5% NA 4.5%
Trigger/Reconstruction negligible negligible 4.5% 4.5%
Total 5% 11% 7% 12%

applied as a systematic uncertainty on the normalization.
Experimental systematic effects due to resolution and

inefficiencies at high mass were studied. In the electron
channel, the calorimeter energy resolution is dominated
at large ET by a constant term which is 1.2% in the
barrel and 1.8% in the endcaps, with negligible uncer-
tainty. The uncertainty on the resolution in the muon
channel is due to residual misalignments and intrinsic po-
sition uncertainties in the muon spectrometer that prop-
agate to a change in the observed width of the Z ′ (G∗)
line-shape. The simulation was adjusted to reproduce
the data at high muon momentum. The residual uncer-
tainty translates into an event yield uncertainty of less
than 1.5%. The combined uncertainty on the muon trig-
ger and reconstruction efficiency is estimated to be 4.5%
at 1.5 TeV. This uncertainty is dominated by a conser-
vative estimate of the impact of large energy loss from
muon bremsstrahlung in the calorimeter on the muon re-
construction performance in the muon spectrometer. In
the electron channel, a systematic uncertainty of 1.5% at
1.5 TeV is estimated for a possible identification ineffi-
ciency caused by the isolation requirement.
The dominant systematic uncertainties are summa-

rized in Table II. Uncertainties below 3% are neglected,
and no theory uncertainties are applied to the Z ′ or G∗

signal in the limit setting procedure described below.
The limit on the number of produced Z ′ (G∗) events

is converted into a limit on cross section times branch-
ing ratio σB by scaling with the observed number of
Z boson events and the theoretical value of σB(Z →
ll). The expected exclusion limits are determined using
simulated pseudo-experiments containing only Standard
Model processes, by evaluating the 95% C.L. upper limits
for each pseudo-experiment for each fixed value of mZ′

(mG∗). The median of the distribution of limits repre-
sents the expected limit. The ensemble of limits is used
to find the 68% and 95% envelopes of the expected lim-
its as a function of mZ′ (mG∗). Figure 2 (top) shows
the combined dielectron and dimuon 95% C.L. observed
and expected exclusion limits on σB(Z ′ → ll). It also
shows the theoretical cross section times branching ra-
tio for the Z ′

SSM and for E6-motivated Z ′ models with
the lowest and highest σB. Figure 2 (bottom) shows
the corresponding limits on the RS graviton. Mass lim-
its obtained for the Z ′

SSM and G∗ (with k/MPl=0.1) are
displayed in Table III. The combined mass limits on the

m [TeV]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 B
 [p

b]
!

-310

-210

-110

1 Expected limit
! 1±Expected 
! 2±Expected 

Observed limit
SSMZ’
"Z’
#Z’

ATLAS

 ll$Z’ 
 = 7 TeVs

-1 L dt = 1.08 fb%ee: 

-1 L dt = 1.21 fb%: µµ

m [TeV]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 B
 [p

b]
!

-310

-210

-110

1 Expected limit
! 1±Expected 
! 2±Expected 

Observed limit
 = 0.1PlMk/
 = 0.05PlMk/
 = 0.03PlMk/
 = 0.01PlMk/

ATLAS

 ll$G* 
 = 7 TeVs

-1 L dt = 1.08 fb%ee: 
-1 L dt = 1.21 fb%: µµ

FIG. 2: Expected and observed 95% C.L. upper limits on σB
as a function of mass for Z′ (top) and G∗ (bottom) models.
Both results show the combination of the electron and muon
channels. The thickness of the Z′

SSM (top) and the G∗ for
k/MPl=0.1 (bottom) theory curves illustrate the theoretical
uncertainties.

E6-motivated models and the G∗ with various couplings
are given in Table IV.

TABLE III: Observed (Expected) 95% C.L. mass lower
limits in TeV on Z′

SSM resonance and G∗ graviton (with
k/MPl=0.1).

Model e+e− µ+µ− #+#−

Z′

SSM 1.70 (1.70) 1.61 (1.61) 1.83 (1.83)
G∗ 1.51 (1.50) 1.45 (1.44) 1.63 (1.63)

In conclusion, the ATLAS detector has been used to
search for narrow, heavy resonances in the dilepton in-
variant mass spectrum above the Z boson pole. Proton-
proton collision data with 1.08 (1.21) fb−1 in the e+e−

(µ+µ−) channel have been used. The observed invariant
mass spectra are consistent with the SM expectations.
Limits are set on the cross section times branching ra-
tio σB. The resulting mass limits are 1.83 TeV for the
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Excluded 
mass (TeV) Z’SSM Z’ψ RS G* k =0.05 RS G* k=0.10

ATLAS 1.83 1.49 1.33 1.63

CMS 2.00 1.62 1.49 1.79



• Randall-Sundrum gravitons propagation in extra dimensions

• Background: genuine diphoton production

Sh. Rahatlou

γγ
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arXiv 1103.4650

Exclude RS Graviton
below 1058 GeV

for k/Mpl=0.1

Randall-Sundrum Gravitons (II)
PRL 104, 241802 (2010)

Exclude RS Graviton
below 1050 GeV

for k/Mpl=0.1
Combined with previous diphoton searchNote that assumptions on 

k-factor are different

Graviton Mass M1 (GeV)

CDF: http://www-cdf.fnal.gov/ physics/exotic/r2a/20110214.gravitonee/index.html

CMS: PAS EXO-11-038

Excluded
mass (GeV)

CMS
1.1 fb-1

ATLAS
36 pb-1

CDF (ee+γγ)
5.7 fb-1

D0 (ee+γγ)
5.4 fb-1

k = 0.05 1360 700 937 940

k = 0.10 1685 -- 1055 1050

ATLAS-CONF-2011-044 D0: PRL 104(2010) 241802

http://www-cdf.fnal.gov
http://www-cdf.fnal.gov
http://cdsweb.cern.ch/record/1376706/files/EXO-11-038-pas.pdf
http://cdsweb.cern.ch/record/1376706/files/EXO-11-038-pas.pdf
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DI-JET

• Resonances predicted in numerous models
– larger branching fraction compared to dileptons

– much higher background from QCD
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CMS: arXiv:1107.4771ATLAS-CONF-2011-095

http://arxiv.org/abs/1107.4771
http://arxiv.org/abs/1107.4771
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-095/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-095/
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DI-JET EXCLUSION LIMITS

• Now excluding resonances below 2 TeV for variety of models
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CMS: arXiv:1107.4771ATLAS-CONF-2011-095

Excluded 
mass (TeV) q* Axigluon

Coloron
Color octet 

scalar
String

resonances
E6

diquark

ATLAS 2.91 3.21 1.91
CMS 2.49 2.47 4.00 3.52

http://arxiv.org/abs/1107.4771
http://arxiv.org/abs/1107.4771
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-095/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-095/
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t-tbar

• Boosted top jets for heavy resonances

• Take advantage of sub-structure in t →bW

15
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Jet 1

Type 1 + Type 2
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Figure 1: Different topologies of hadronic tt̄ decay. (a) Type 1+1 topology: the event has a pair

of boosted top quarks. Each top quark decays into a single top jet. (b) Type 1+2 topology: the

event has one sufficiently boosted top quark which produces a single jet. The decay kinematics

of the other top are such that only the W daughter jets merge producing a W jet and a b jet.

1. High boost, where all three jets in one hemisphere are merged into a single “hard” jet.86

The mass of this hard jet, often denoted “top jet” throughout this note, is usually similar87

to the mass of the top quark, and will have three or more subjets. We denote this topology88

a “Type 1” hemisphere (which refers to the number of total jets, in this case one).89

2. Moderate boost, where all of top quark’s decay products lie in a hemisphere, but only two90

out of three jets are merged. Very often the jets that merge are the daughters of the W,91

which also form a “hard” jet, but this time with a mass similar to that of the W. This “W92

jet” usually has only two subjets. In this case, the top quark candidate is reconstructed93

by adding a neighboring jet from the same hemisphere, which (if a tighter selection is94

needed) is b-tagged. This is referred to as a “Type 2” hemisphere because there are two95

jets in it.96

For the purposes of this analysis, a hemisphere is defined by the leading jet’s transverse mo-97

mentum vector. Jets that fall within ∆φ < π/2 of this jet are considered within the leading98

hemisphere, and jets that fall outside ∆φ >= π/2 are considered within the subleading hemi-99

sphere.100

This the Z
� → tt̄ search is performed in two “channels”:101

• The “type 1+1” channel is a dijet event (one jet in each hemisphere), in which each102

jet is a “type 1” hemisphere passing the top tagging selection.103

• The “type 1+2” channel is a trijet event (one jet in one hemisphere, and two jets104

in the other). In this case, we identify the “type 1” hemisphere as the hemisphere105

containing the leading jet with pT > 350 GeV/c. The Type 1 hemisphere contains a106

fully merged top candidate, denoted the “Type 1 Top Candidate”. The remaining107

jets are assigned to two hemispheres based on their azimuthal angle relative to the108

“Type 1 Top Candidate”. If the relative azimuthal angle of a jet is more than
π
2

, it is109

included in the “Type 2 hemisphere.” The Type 2 hemisphere has a W jet candidate110

there are three jets in the hemisphere.) tt̄ events that result in this kind of hemisphere are usually subsumed by a

substantial QCD background, and are covering the region already excluded by Tevatron.
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t-tbar
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CMS: PAS EXO-11-006
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LEPTON+MET

• Look for heavy W-like Jacobian peak in transverse mass
– e.g. Sequential SM and Technicolor

• Dominant  background: W production in Standard Model
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Figure 1: Spectra of pT (top), missing ET (center) and mT (bottom) for the electron (left) and muon (right) channels after event selection.
The points represent data and the filled histograms show the stacked backgrounds. Open histograms are W ′

→ !ν signals added to the
background with masses in GeV indicated in parentheses in the legend. The QCD backgrounds estimated from data are also shown. The
signal and other background samples are normalized using the integrated luminosity of the data and the NNLO (approximate-NNLO for tt̄)
cross sections listed in Table 1.
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ATLAS: arXiv:1108.1316 CMS: PAS EXO-11-024

http://arxiv.org/abs/arXiv:1108.1316
http://arxiv.org/abs/arXiv:1108.1316
http://cdsweb.cern.ch/record/1369201/files/EXO-11-024-pas.pdf
http://cdsweb.cern.ch/record/1369201/files/EXO-11-024-pas.pdf
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W’ → lν EXCLUSION LIMITS

• Exclusion Limits now past 2 TeV

18

The uncertainties on εsig and Nbg account for exper-
imental and theoretical systematic effects as well as the
statistics of the simulation samples. The experimental sys-
tematic uncertainties include efficiencies for the electron
or muon trigger, reconstruction and selection. Lepton mo-
mentum and missing ET response, characterized by scale
and resolution, are also included. Most of these perfor-
mance metrics are measured at relatively low pT and their
values are extrapolated to the high-pT regime relevant to
this analysis. The uncertainties in these extrapolations are
included but are too small to significantly affect the re-
sults. The uncertainty on the QCD background estimate
also contributes to the background level uncertainties for
the electron channel. In some cases, e.g. the missing ET

scale and the muon QCD background, the experimental
systematic uncertainties are significantly reduced from the
previous study [4] because the additional available data al-
low more precise determination. In other cases they are
similar or even larger, but have little effect on the final
results.

Table 4 summarizes the uncertainties on the event se-
lection efficiencies and background levels for the W ′ → "ν
signal with mW ′ = 1500 GeV using mT > 891 GeV.

7. Results

None of the observations for any mass in either channel
or their combination has a significance above three-sigma,
so there is no evidence for the observation of W ′ → "ν.
Table 5 and Fig. 2 present the 95% CL (confidence level)
observed limits on σB for both W ′ → "ν decay channels
and their combination. The figure also shows the expected
limits and the theoretical σB for an SSM W ′. The inter-
section between the central theoretical prediction and the
observed limits provides the 95% CL lower limit on the
mass. Table 6 presents the expected and observed W ′

mass limits for the electron and muon decay channels and
for the combination of the two channels.

The above results are obtained using a prior proba-
bility flat in σB. If this prior is replaced by one flat in
coupling strength, the σB limits improve by 20-28% for
mW ′ ≥ 1000 GeV and by smaller amounts at the lower
masses. The reference prior [28, 29], which minimizes the
information supplied by the prior, gives intermediate re-
sults. Limits evaluated with CLs [30] for the electron and
muon channels and including all uncertainties are nearly
identical to the corresponding values in Table 5.

Prior to this letter, the best limits for 500 < mW ′ <
800 GeV were established by CDF [2] in W ′ → eν with
pp̄ collisions at

√
s = 1.96 TeV using an integrated lumi-

nosity of 5.3 fb−1. At higher masses, the best limits were
set by CMS [3] and ATLAS [4], each combining electron
and muon channels and using pp collisions at

√
s = 7 TeV

with 36 pb−1 of data acquired in 2010. The CDF and
CMS limits were obtained with a Bayesian approach, and
the earlier ATLAS results were established with CLs. Fig-
ure 3 compares the limits obtained here with those earlier

 [GeV]W’ m
500 1000 1500 2000 2500

 B
 [p

b]
! 

-310

-210

-110

1
NNLO theory
Observed limit
Expected  limit

! 1±Expected 
! 2±Expected 

 = 7 TeV,s " -1 = 7 TeV,    Ldt = 1.04 fbs
# e $W’ 

ATLAS

 [GeV]W’ m
500 1000 1500 2000 2500

 B
 [p

b]
! 

-310

-210

-110

1
NNLO theory
Observed limit
Expected  limit

! 1±Expected 
! 2±Expected 

 = 7 TeV,s " -1 = 7 TeV,    Ldt = 1.04 fbs
# µ $W’ 

ATLAS

 [GeV]W’ m
500 1000 1500 2000 2500

 B
 [p

b]
! 

-310

-210

-110

1
NNLO theory
Observed limit
Expected  limit

! 1±Expected 
! 2±Expected 

 = 7 TeV,s " -1 = 7 TeV,    Ldt = 1.04 fbs
# l $W’ 

ATLAS

Figure 2: Expected and observed limits on σB for W ′
→ eν (top),

W ′
→ µν (center), and the combination (bottom) assuming the same

branching fraction for both channels. The NNLO calculated cross
section and its uncertainty are also shown.
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ATLAS: arXiv:1108.1316 CMS: PAS EXO-11-024

http://arxiv.org/abs/arXiv:1108.1316
http://arxiv.org/abs/arXiv:1108.1316
http://cdsweb.cern.ch/record/1369201/files/EXO-11-024-pas.pdf
http://cdsweb.cern.ch/record/1369201/files/EXO-11-024-pas.pdf


ATLAS: ATLAS-CONF-2011-115

Sh. Rahatlou

HEAVY NEUTRINO AND WR

• Explain parity violation through 
L-R symmetry

• Heavy neutrino mass from see-saw 
mechanism

• Search for lljj resonance

• Most stringent limits today!

• Gets very interesting for theory 
once limits at 2.5 TeV

19

muons

CMS: PAS EXO-11-002

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-115/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-115/
http://cdsweb.cern.ch/record/1369255/files/EXO-11-002-pas.pdf
http://cdsweb.cern.ch/record/1369255/files/EXO-11-002-pas.pdf


• Sensitive to sequential SM and techni-hadrons (rho and pi)

• CMS: 3 leptons + missing energy
– Sum of lepton Pt

– WZ invariant mass with W mass constraint

• D0: also hadronic W/Z decays
– 1 or 2 jets,  1-3 leptons

– 3 exclusive categories

Sh. Rahatlou

WZ RESONANCES

20

D0: PRL 107, 011801 (2011)

HT > 300 GeV

CMS: PAS-EXO-11-041

http://cdsweb.cern.ch/record/1377329/files/EXO-11-041-pas.pdf
http://cdsweb.cern.ch/record/1377329/files/EXO-11-041-pas.pdf


WZ EXCLUSION LIMITS
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First search after TeVatron; Exclusion limits on SSM 
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ZZ RESONANCE

• 3 topologies considered: Z→ll + Z→ll, jj, νν
• 4 interesting events in 4l final state

– Also high PT for same for events

– Probability of background fluctuation ~10-4 

• No excess in lljj nor ll+MET final states

22

http://www-cdf.fnal.gov/physics/exotic/r2a/20110718.highmasszz/index.html

http://www-cdf.fnal.gov/physics/exotic/r2a/20110718.highmasszz/index.html
http://www-cdf.fnal.gov/physics/exotic/r2a/20110718.highmasszz/index.html
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W+JJ
• Structure in Mjj in W+W/Z cross section measurement reported by CDF

– Background of interest for Higgs and several exotic searches

23

5

]2Dijet Mass [GeV/c
0 50 100 150 200 250 300

)2
Ev

en
ts

 / 
(1

0 
G

eV
/c

0

200

400

600

800

1000

1200 Data
Diboson
W+Jets
Z+Jets
Top
Multijets
Gaussian (4 pb)

2 = 145 GeV/cjjM

-1DØ, 4.3 fb
(a)

]2Dijet Mass [GeV/c
0 50 100 150 200 250 300

)2
Ev

en
ts

 / 
(1

0 
G

eV
/c

-50

0

50

100

150

200

250

300 Data - Bkgd
 1 s.d.±Bkgd 

Diboson
Gaussian (4 pb)

2 = 145 GeV/cjjM

-1DØ, 4.3 fb
(b)

) = 0.5262!P(

FIG. 1: (color online) Dijet invariant mass summed over elec-
tron and muon channels after the fit without (a) and with (b)
subtraction of SM contributions other than that from the SM
diboson processes, along with the ±1 s.d. systematic uncer-
tainty on all SM predictions. The χ2 fit probability, P(χ2), is
based on the residuals using data and MC statistical uncer-
tainties. Also shown is the relative size and shape for a model
with a Gaussian resonance with a production cross section of
4 pb at Mjj = 145 GeV/c2.

In Fig. 1 we present the dijet invariant mass distri-
bution after a fit of the sum of SM contributions to
data. Other distributions are available in the supple-
mentary material [21]. The fit minimizes a Poisson χ2-
function with respect to variations in the rates of individ-
ual background sources and systematic uncertainties that
may modify the predicted dijet invariant mass distribu-
tion [23]. A Gaussian prior is used for each systematic
uncertainty, including those on the normalization of each
sample, but the cross sections for diboson and W+jets
production in the MC are floated with no constraint. The
fit computes the optimal values of the systematic uncer-
tainties, accounting for departures from the nominal pre-
dictions by including a term in the fit function that sums
the squared deviation of each systematic in units normal-
ized by its ±1 s.d. Different uncertainties are assumed
to be mutually independent, but those common to both
lepton channels are treated as fully correlated. We per-

TABLE I: Yields determined following a χ2 fit to the data,
as shown in Fig. 1. The total uncertainty includes the effect
of correlations between the individual contributions as deter-
mined using the covariance matrix.

Electron channel Muon channel
Dibosons 434 ± 38 304 ± 25
W+jets 5620 ± 500 3850 ± 290
Z+jets 180 ± 42 350 ± 60
tt̄ + single top 600 ± 69 363 ± 39
Multijet 932 ± 230 151 ± 69
Total predicted 7770 ± 170 5020 ± 130
Data 7763 5026

form fits to electron and muon selections simultaneously
and then sum them to obtain the dijet invariant mass
distributions shown in Fig. 1. The measured yields after
the fit are given in Table I.
To probe for an excess similar to that observed by the

CDF Collaboration [1], we model a possible signal as a
Gaussian resonance in the dijet invariant mass with an
observed width corresponding to the expected resolution
of the D0 detector given by σjj = σW→jj ·

√

Mjj/MW→jj .
Here, σW→jj and MW→jj are the width and mass of
the W → jj resonance, determined to be σW→jj =
11.7 GeV/c2 andMW→jj = 81 GeV/c2 from a simulation
of WW → #νjj production. For a dijet invariant mass
resonance at Mjj = 145 GeV/c2, the expected width is
σjj = 15.7 GeV/c2.
We normalize the Gaussian model in the same way as

reported in the CDF Letter [1]. We assume that any
such excess comes from a particle X that decays to jets
with 100% branching fraction. The acceptance for this
hypothetical process (WX → #νjj) is estimated from a
MC simulation ofWH → #νbb̄ production. When testing
the Gaussian signal with a mean of Mjj = 145 GeV/c2,
the acceptance is taken from the WH → #νbb̄ simula-
tion with MH = 150 GeV/c2. This prescription is cho-
sen to be consistent with the CDF analysis, which used
a simulation of WH → #νbb̄ production with MH =
150 GeV/c2 to estimate the acceptance for the excess
that they observes at Mjj = 144 GeV/c2. When probing
other values of Mjj , we use the acceptance obtained for
WH → #νbb̄ MC events with MH = Mjj + 5 GeV/c2.
We use this Gaussian model to derive upper limits

on the cross section for a possible dijet resonance as a
function of dijet invariant mass using the CLs method
with a negative log-likelihood ratio (LLR) test statis-
tic [24] that is summed over all bins in the dijet invari-
ant mass spectrum. Upper limits on cross section are
calculated at the 95% confidence level (C.L.) for Gaus-
sian signals with mean dijet invariant mass in the range
110 < Mjj < 170 GeV/c2, in steps of 5 GeV/c2, allowing
the cross sections for W+jets production to float with no
constraint. Other contributions are constrained by the
a priori uncertainties on their rate, either derived from
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FIG. 1: (color online) Dijet invariant mass summed over elec-
tron and muon channels after the fit without (a) and with (b)
subtraction of SM contributions other than that from the SM
diboson processes, along with the ±1 s.d. systematic uncer-
tainty on all SM predictions. The χ2 fit probability, P(χ2), is
based on the residuals using data and MC statistical uncer-
tainties. Also shown is the relative size and shape for a model
with a Gaussian resonance with a production cross section of
4 pb at Mjj = 145 GeV/c2.

In Fig. 1 we present the dijet invariant mass distri-
bution after a fit of the sum of SM contributions to
data. Other distributions are available in the supple-
mentary material [21]. The fit minimizes a Poisson χ2-
function with respect to variations in the rates of individ-
ual background sources and systematic uncertainties that
may modify the predicted dijet invariant mass distribu-
tion [23]. A Gaussian prior is used for each systematic
uncertainty, including those on the normalization of each
sample, but the cross sections for diboson and W+jets
production in the MC are floated with no constraint. The
fit computes the optimal values of the systematic uncer-
tainties, accounting for departures from the nominal pre-
dictions by including a term in the fit function that sums
the squared deviation of each systematic in units normal-
ized by its ±1 s.d. Different uncertainties are assumed
to be mutually independent, but those common to both
lepton channels are treated as fully correlated. We per-

TABLE I: Yields determined following a χ2 fit to the data,
as shown in Fig. 1. The total uncertainty includes the effect
of correlations between the individual contributions as deter-
mined using the covariance matrix.

Electron channel Muon channel
Dibosons 434 ± 38 304 ± 25
W+jets 5620 ± 500 3850 ± 290
Z+jets 180 ± 42 350 ± 60
tt̄ + single top 600 ± 69 363 ± 39
Multijet 932 ± 230 151 ± 69
Total predicted 7770 ± 170 5020 ± 130
Data 7763 5026

form fits to electron and muon selections simultaneously
and then sum them to obtain the dijet invariant mass
distributions shown in Fig. 1. The measured yields after
the fit are given in Table I.
To probe for an excess similar to that observed by the

CDF Collaboration [1], we model a possible signal as a
Gaussian resonance in the dijet invariant mass with an
observed width corresponding to the expected resolution
of the D0 detector given by σjj = σW→jj ·

√

Mjj/MW→jj .
Here, σW→jj and MW→jj are the width and mass of
the W → jj resonance, determined to be σW→jj =
11.7 GeV/c2 andMW→jj = 81 GeV/c2 from a simulation
of WW → #νjj production. For a dijet invariant mass
resonance at Mjj = 145 GeV/c2, the expected width is
σjj = 15.7 GeV/c2.
We normalize the Gaussian model in the same way as

reported in the CDF Letter [1]. We assume that any
such excess comes from a particle X that decays to jets
with 100% branching fraction. The acceptance for this
hypothetical process (WX → #νjj) is estimated from a
MC simulation ofWH → #νbb̄ production. When testing
the Gaussian signal with a mean of Mjj = 145 GeV/c2,
the acceptance is taken from the WH → #νbb̄ simula-
tion with MH = 150 GeV/c2. This prescription is cho-
sen to be consistent with the CDF analysis, which used
a simulation of WH → #νbb̄ production with MH =
150 GeV/c2 to estimate the acceptance for the excess
that they observes at Mjj = 144 GeV/c2. When probing
other values of Mjj , we use the acceptance obtained for
WH → #νbb̄ MC events with MH = Mjj + 5 GeV/c2.
We use this Gaussian model to derive upper limits

on the cross section for a possible dijet resonance as a
function of dijet invariant mass using the CLs method
with a negative log-likelihood ratio (LLR) test statis-
tic [24] that is summed over all bins in the dijet invari-
ant mass spectrum. Upper limits on cross section are
calculated at the 95% confidence level (C.L.) for Gaus-
sian signals with mean dijet invariant mass in the range
110 < Mjj < 170 GeV/c2, in steps of 5 GeV/c2, allowing
the cross sections for W+jets production to float with no
constraint. Other contributions are constrained by the
a priori uncertainties on their rate, either derived from

CDF 7.3 fb-1

CDF 7.3 fb-1
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SUMMARY OF W+JJ AT TEVATRON

• Mjj structure not confirmed by D0
– small differences exist but unlikely to wash out a peak

• D0 measured cross section: 0.82 ± 0.83 pb

• Original CDF cross section: ~4 pb

• Latest CDF: 3.0 ± 0.7 pb

• interesting cross check at LHC
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FIG. 2: (color online) Upper limits on the cross section (in
pb) at the 95% C.L. for a Gaussian signal in dijet invariant
mass. Shown are the limit expected using the background
prediction, the observed data, and the regions corresponding
to a 1 s.d. and 2 s.d. fluctuation of the backgrounds.

theory or subsidiary measurements.
The Gaussian model is assigned systematic uncertain-

ties affecting both the normalization and shape of the
distribution derived from the systematic uncertainties
on the diboson simulation. A fit [23] of both the sig-
nal+background and background-only hypotheses is per-
formed for an ensemble of pseudo-experiments as well as
for the data distribution. The results of the cross sec-
tion upper limit calculation are shown in Fig. 2 and are
summarized in Table II.
In a further effort to evaluate the sensitivity for any

excess of events of the type reported by the CDF Col-
laboration, we perform a signal-injection test. We repeat
the statistical analysis after injecting a Gaussian signal
model, normalized to a cross section of 4 pb, into the
D0 data sample, thereby creating a mock “data” sample
modeling the expected outcome with a signal present.
The size and shape of the injected Gaussian model for
Mjj = 145 GeV/c2 relative to other data components is
shown in Fig. 1.
The LLR metric provides a sensitive measure of model

compatibility, providing information on both the rate and
mass of any signal-like excess. We therefore study the
LLR distributions obtained with actual data as well as
the signal-injected mock data sample. The results of the
LLR test in Fig. 3 show a striking difference between
the two hypotheses, demonstrating that this analysis is
sensitive to the purported excess. In the actual data,
however, no significant evidence for an excess is observed.
In Fig. 4, we show as a function of cross section the

p-value obtained by integrating the LLR distribution
populated from pseudo-experiments drawn from the sig-
nal+background hypothesis above the observed LLR, as-
suming a Gaussian invariant mass distribution with a
mean of Mjj = 145 GeV/c2. The p-value for a Gaussian
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FIG. 3: (color online) Log-likelihood ratio test statistic as a
function of probed dijet mass. Shown are the expected LLR
for the background prediction (dashed black) with regions
corresponding to a 1 s.d. and 2 s.d. fluctuation of the back-
grounds, for the signal+background prediction (dashed red),
for the observed data (solid black), and for data with a dijet
invariant mass resonance at 145 GeV/c2 injected with a cross
section of 4 pb (solid red).
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FIG. 4: (color online) Distribution of p-values for the sig-
nal+background hypothesis with a Gaussian signal with mean
of Mjj = 145 GeV/c2 as a function of hypothetical signal
cross section (in pb). Shown are the p-values for the back-
ground prediction (dashed black) with regions corresponding
to a 1 s.d. and 2 s.d. fluctuation of the backgrounds and the
observed data (solid black).

signal with cross section of 4 pb is 8.0 × 10−6, corre-
sponding to a rejection of this signal cross section at a
Gaussian equivalent of 4.3 s.d. We set a 95% C.L. upper
limit of 1.9 pb on the production cross section of such a
resonance.
In summary, we have used 4.3 fb−1 of integrated lu-

minosity collected with the D0 detector to study the
dijet invariant mass spectrum in events containing one
W → !ν (! = e or µ) boson decay and two high-pT
jets. Utilizing a similar data selection as the CDF Col-
laboration we find no evidence for anomalous, resonant

D0: PRL 107, 011804 (2011)

CDF: http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html

CDF

http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
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W+JJ AT LHC
• Similar strategy and selection as CDF

– #jet = 2 at CDF probably should be relaxed at LHC

– Significance of 0.95 sigma in N>=2 sample

• No deviation from SM observed
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• Large Extra Dimension (ADD)

– only graviton propagates in the bulk

• Warped Extra Dimension (a la Randall-Sundrum)

– as ADD with warped geometry for extra dimension

• Universal Extra Dimension (UED)

– all particles propagate in the bulk

1

1 Introduction
The existence of extra spatial dimensions is an intriguing scenario that may solve the hierarchy
problem [1] of the standard model (SM), the puzzling fact that the fundamental scale of gravity
MPl ∼ 1019 GeV is so much higher than the electroweak symmetry breaking scale ∼ 103 GeV.
With such a difference in scales, it is difficult to protect the Higgs boson mass from radiative
corrections without a very high degree of fine-tuning.

The original proposal to use extra dimensions (ED) to solve the hierarchy problem was pre-
sented by Arkani-Hamed, Dimopoulos, and Dvali (ADD) [2, 3]. They posited a scenario where-
in the SM is constrained to the common 3+1 space-time dimensions (brane), while gravity is
free to propagate through the entire multidimensional space (bulk). Thus, the gravitational
flux in 3+1 dimensions is effectively diluted by virtue of the multidimensional Gauss’s Law.
The fundamental Planck scale MD is therefore related to the apparent scale MPl according to
the formula

MnED+2
D =

M2
Pl

rnED
, (1)

where r and nED are the size and number of the EDs, respectively.

Another model of EDs that solves the hierarchy problem is due to Randall and Sundrum
(RS) [4]. In this scenario—as in the ADD scenario—the SM is constrained to the brane while
the graviton may propagate throughout the bulk. However, in the RS scenario, the observed
hierarchy is due instead to the warped geometry of the EDs, rather than their physical size. In
this paper, we consider the RS1 model, where only one finite ED exists separating two branes,
one at each end. The geometry of the bulk is based on a slice of AdS5 space with a length πrc,
where rc is the compactification radius. The full metric is given by

ds2 = e−krcyηµν dxµdxν − r2
c dy2, (2)

where Greek indices run over 4-dimensional space-time, ηµν is the Minkowski metric tensor,
and 0 ≤ y ≤ π is the coordinate along the single ED of radius rc. The value of k specifies the
curvature scale (or “warp factor”) and relates the fundamental Planck scale on one brane to the
apparent scale on the other by

MD = MPle−krcπ. (3)

Therefore, TeV scales naturally solve the hierarchy problem in this model when krc ∼ 10 − 11.

In the RS scenario, gravitons appear as a well-separated tower of Kaluza–Klein (KK) excita-
tions with masses and widths determined by the parameters of the RS1 model. One conve-
nient choice of parameterization is the mass of the first graviton excitation mode M1 and the
dimensionless warp factor

k̃ ≡ k
MPl

, (4)

which defines the strength of coupling of the graviton to the SM fields. Precision electroweak
data constrains k̃ � 0.01, while perturbativity requirements limit k̃ � 0.1. The excited gravitons
can decay into two photons, but decays to fermions are suppressed relative to photons because
the graviton is spin–2, and so fermions cannot be produced in the s wave.

Phenomenologically, the ADD scenario also results in s-channel production of massive KK
graviton states, which can decay into two photons. However, unlike the RS model, the wave-
function of the KK gravitons must satisfy periodic boundary conditions, resulting in discrete
energy levels with modal spacing of the order of the inverse ED size, from 1 meV to 100 MeV.

Apparent Planck Scale
Fundamental Planck Scale

Size of ED

# of EDs



• Enhanced cross section at high mass
– Large number of KK states

– not a single resonance to resolve but rather a continuum enhancement

• Counting experiment for M > Mmin

– Mmin μμ: 1.1 TeV       Min γγ: 0.8 TeV

Sh. Rahatlou

μμ AND γγ
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8 7 Model Limits

7 Model Limits
In order to set limits on virtual graviton exchange in the ADD scenario, we perform a counting
experiment in the signal region (Mγγ > 0.8 TeV) and set 95% CL upper limits on the quantity

S ≡ (σtotal − σSM)× B ×A, (8)

where σtotal represents the total diphoton production cross section (including both signal, SM,
and interference effects), and σSM represents the SM diphoton production cross section. We
indicate the signal branching fraction to diphotons by β and the signal acceptance by A. We
utilize the CLs technique with Gaussian priors for the nuisance parameters (integrated lumi-
nosity, signal efficiency, and background). The likelihood is constructed from the Poisson prob-
ability to observe N events, given S, the signal efficiency of (76.4± 9.6)%, the expected number
of background events (1.3 ± 0.2), and the integrated luminosity L = (1.14 ± 0.05) fb−1 [15].
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Figure 4: Signal cross section parameterization as a function of the strength of the ED effects,
ηG (left) and as a function of 1/M4

s for the nED = 2 case (right).

The observed upper 95% CL limit on S is 4.2 fb. We then translate this limit on the signal into
a limit on the parameters of the ADD model, using the following technique. Since the effects
of virtual graviton exchange interfere with the SM diphoton production, generally, we expect
the overall cross section of the diphoton production from physics sources to have the following
form:

σADD = σSM + AηG σint + Bη2
G σED, (9)

where ηG is the parameter specifying the strength of ED effects. Consequently, we parameterize
the signal cross section within the counting window as a bilinear form in the parameter ηG and
subtract the σSM term, already accounted for in setting the cross section limit on the signal.
For nED = 2 case, ηG is not a constant, as it depends on the invariant mass of the diphoton
pair. Consequently, in this case we parameterize signal cross section with a smooth function of
1/M4

S and then directly translate the limit on the cross section into the limit on MS.

The expected 95% CL limit together with the signal cross section parameterization as a function
of ηG are shown on the left in Fig. 4. The intersection of the cross section limit with the signal
cross section curve determines the upper 95% CL limit on the parameter ηG. As seen from
the plot, these limits are equal to ηG = 0.0108 TeV−4 and 1/M4

S = 0.0064 TeV−4. We further
translate these limits into the lower limits on the fundamental Planck scale for various numbers

n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
µµ 2.6 3.1 2.6 2.3 2.1 2.0
γγ 3.2 3.4 2.8 2.6 2.4 2.2

Upper Limit on Ms (no K-factor)

2 2 The CMS Detector

This results in an apparent continuum spectrum of diphotons, rather than distinct resonances,

at high diphoton invariant mass Mγγ.

Summing over all KK modes in the ADD scenario results in a divergence in the cross section,

so an ultraviolet (UV) cutoff scale Ms is imposed. This cutoff scale is related to—but poten-

tially different from—the fundamental Planck scale MD. The precise relationship depends on

the UV completion of the effective theory. The effects of virtual-graviton production on the

cross section are parameterized by the single variable ηG = F/M4

S
, where F is an order-unity

dimensionless parameter, for which several conventional assumptions exist:

F = 1 (Giudice, Rattazzi, and Wells, GRW [5]), (5)

F =





log

�
M2

S

ŝ

�
if nED = 2

2

(nED−2) if nED > 2

(Han, Lykken, and Zhang, HLZ [6]), (6)

F = ± 2

π
(Hewett [7]), (7)

where
√

ŝ is the center-of-mass energy of the hard parton-parton collision. We note that the

HLZ convention (uniquely among the three) contains an explicit dependence on the number of

EDs.

Searches for EDs via virtual-graviton effects in the ADD model have been conducted at HERA,

LEP, and the Tevatron (Refs. [8, 9] contain recent reviews of these searches). The most stringent

previously published limits on MS for nED ≥ 3 come from the previous measurement in this

channel at the Compact Muon Solenoid (CMS) experiment [10]. For nED = 2, the D0 measure-

ments in the dijet [11] and diphoton plus dielectron [12] channels are more restrictive. The most

restrictive previous search for RS gravitons was also conducted at the D0 experiment [13]. They

present a search in the dielectron and diphoton channel, excluding graviton masses M1 < 0.56

(1.05) TeV for k̃ = 0.01 (0.10).

In this paper, we present a search for both non-resonant and resonant diphoton production, in

the ADD and RS models, respectively. We use a data sample corresponding to an integrated

luminosity of 1.1 fb
−1

, collected in pp collisions at
√

s = 7 TeV at the CERN Large Hadron

Collider (LHC) with the CMS detector.

2 The CMS Detector
CMS is a general-purpose detector designed to study proton collisions at the LHC and is de-

scribed in detail in Ref. [14]. The detector consists of an all-silicon tracker, an electromagnetic

calorimeter (ECAL), and a hadronic sampling calorimeter (HCAL), all contained inside a large-

bore 3.8 T superconducting solenoid. In the central region, the tracker consists of three layers

of silicon pixel detectors, followed by ten layers of single- and double-sided silicon-strip detec-

tors. The calorimeter towers are projective and finely segmented, with ∆η ≈ ∆φ ≈ 0.087 in the

central region. Moreover, each tower consists of a five-by-five transverse grid of ECAL crystals

(∆η ≈ ∆φ ≈ 0.0174), allowing precise reconstruction of the e/γ position and energy. Here, the

pseudorapidity η is defined as − ln(tan
θ
2
), where θ is the polar angle with respect to the direc-

tion of the counterclockwise beam, and φ is the azimuthal angle. Beyond the solenoid there are

four layers of muon detectors, which are interspersed throughout the steel return yoke of the

magnet. The instantaneous luminosity is measured with a relative uncertainty of 4.5% using

information from forward hadronic calorimeters [15].
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CMS is a general-purpose detector designed to study proton collisions at the LHC and is de-
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calorimeter (ECAL), and a hadronic sampling calorimeter (HCAL), all contained inside a large-

bore 3.8 T superconducting solenoid. In the central region, the tracker consists of three layers

of silicon pixel detectors, followed by ten layers of single- and double-sided silicon-strip detec-

tors. The calorimeter towers are projective and finely segmented, with ∆η ≈ ∆φ ≈ 0.087 in the

central region. Moreover, each tower consists of a five-by-five transverse grid of ECAL crystals

(∆η ≈ ∆φ ≈ 0.0174), allowing precise reconstruction of the e/γ position and energy. Here, the

pseudorapidity η is defined as − ln(tan
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2
), where θ is the polar angle with respect to the direc-

tion of the counterclockwise beam, and φ is the azimuthal angle. Beyond the solenoid there are
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• Experimentally challenging
– 1 photon, MET and no other activity

– excellent estimate of non-beam background
with ECAL time measurement

• Look for excess in photon pT spectrum
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MONO-PHOTON + MET
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! Some new physics scenarios 
predict a photon+MET 
signature like in ADD 
graviton production.
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MONO-JET + MET
• Similar challenge to monophoton

– 1 jet  and MET

– main background from invisible Z measured
with data driven method

• Comparable limits in MD from both experiments
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Cross sections (LO, in pb) are large: 

2 2 Trigger and data samples

LEP CDF ATLAS CMS jet+Emiss
T

δ γ + Emiss
T combined jet+Emiss

T [LO] [LO] [NLO]
2 1.60 1.420 2.3 2.29 2.56
3 1.20 1.160 2.0 1.92 2.07
4 0.94 1.040 1.8 1.74 1.86
5 0.77 0.990 1.65 1.74
6 0.66 0.950 1.59 1.68

Table 1: The 95% confidence limits on MD (in TeV/c2) from CDF [7], LEP [10], ATLAS [11], and
CMS [2] in the γ + Emiss

T and jet+Emiss
T signatures.
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Figure 2: Trigger efficiency and turn-on curves for HLT CentralJet80 MET80HF , shown
separately for Emiss

T (left) and jet pT (right). For the plot of Emiss
T , pT(j1) > 80 GeV is required.

Similarly for the leading jet pT, Emiss
T > 80 GeV is required.

2 Trigger and data samples36

The primary trigger for our search in 2011 data is HLT_CentralJet80_MET80HF and is un-37

prescaled. This trigger requires a Level 1 seed with a Emiss
T (without HF) larger than 30 GeV38

(L1_ETM30). At the HLT trigger level, the primary requirements for the Emiss
T and leading jet39

(j1) are as follows:40

Emiss
T (with HF) > 80 GeV (1)

pT(j1) > 80 GeV (2)
|η(j1)| < 2.6 (3)

EMF(j1) > 0.01 (4)

For a recent run (166408), the trigger selected about 50% physics events and about 50% events41

that are filtered at an early stage of the analysis (25% noise or beam halo in ECAL, 15% noise in42

HCAL, 10% beam halo). The trigger turn-on curves are shown in Figure 2, and are calculated43

from an independent sample of events from the HLT_Mu30 trigger path (unprescaled). Trigger44

cuts listed in eqns. 1–4 are applied, except for the cut under study (and the lepton event veto,45

as we use the HLT_Mu30 sample for this study). Our trigger path becomes fully efficient at46

∼110 GeV for pT(j1) and ∼150 GeV for Emiss
T .47

The data are reconstructed with the CMSSW_4_2_4 release (May 10, 2011 ReReco and Prompt48

v4). The good-run list and luminosity have been obtained by using the JSON file certified on49
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Without including the effect of the LAr hole, the factor is close to unity. Similar detector to particle
level correction factors are obtained when the LowPt and veryHighPt thresholds are considered. The
correction factors are used to compute model-independent upper limits on the fiducial cross sections, as
determined within each different kinematic range. This results into 95% CL cross section upper limits of
2.02 pb, 0.13 pb, and 0.045 pb for the LowPt, HighPt, and veryHighPt regions, respectively.

5.2.2 Lower limits on MD

New improved 95% CL lower limits are set on the value of MD as a function of the number of extra
dimensions considered in the ADD LED model. The CLs approach is used, including statistical and
systematic uncertainties. For the latter, the uncertainties on the signal cross section and signal acceptance,
the background predictions, and the luminosity are considered, and correlations between systematic
uncertainties on signal and background predictions are taken into account.

Separate observed and expected limits are computed for the different analyses, and the results are
collected in Table 2. The sensitivity of the observed limits onMD to the ultraviolet behavior of the theory
is also considered, for which the limits on MD are re-calculated using the truncated phase space region
with ŝ<M2

D (see Table 3).

95% CL limits onMD for the ADD model
LowPt selection HighPt selection veryHighPt selection

n expected [TeV] observed [TeV] expected [TeV] observed [TeV] expected [TeV] observed [TeV]
2 2.38 2.21 2.98 3.16 3.04 3.39
3 1.94 1.82 2.44 2.56 2.48 2.71
4 1.73 1.64 2.18 2.27 2.25 2.42
5 1.63 1.55 2.03 2.10 2.12 2.26
6 1.55 1.47 1.92 1.99 1.98 2.12

Table 2: Expected and observed 95% lower limits onMD as a function of the number of extra dimensions
in the ADD model for the LowPt, HighPt, and veryHighPt selections.

For the LowPt and HighPt regions, the truncation of the ADD cross sections translates into no
significant change in the case of 2 and 3 extra dimensions, and reduces the quoted observed limits by
about 9%, 12% and 16% for 4, 5 and 6 extra dimensions, respectively. In the case of the veryHighPt
analysis, the effect of the truncation is larger and modifies the observed limits on MD by 7% to 26% for
n varying between 4 and 6.

95% CL limits on MD for the ADD model (ŝ<M2
D)

LowPt selection HighPt selection veryHighPt selection
n observed [TeV] observed [TeV] observed [TeV]
2 2.20 3.16 3.39
3 1.76 2.50 2.55
4 1.54 2.15 2.26
5 1.37 1.89 1.90
6 1.24 1.68 1.58

Table 3: Observed 95% lower limits onMD as a function of the number of extra dimensions in the ADD
model for the LowPt, HighPt and veryHighPt selections using truncated (ŝ<M2

D) cross sections.

The HighPt selection is used for the final results. It provides better expected limits than the ones
obtained in the LowPt region, and the results are comparable with those for the veryHighPt region
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MICROSCOPIC BLACK HOLES

• Microscopic black holes decaying due to Hawking radiation

• General assumption: isotropic and democratic decay in all species
– high multiplicity final state

– CMS: multi-jet+lepton events with large total transverse energy
– ATLAS: multijet. Also same-sign dilepton in high track-multiplicity events

‣ Also search for Quantum Black Holes in di-jet final state

30
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LEPTOQUARKS
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Introduction

The Basics:
Leptoquarks are hypothetical particles carrying both baryon and lepton number.
Many theories predict the existance of Leptoquarks

Grand Unified Theories
Superstring-inspired E6 models
Technicolor Schemes
Composite Models

According to the minimal Buchmüller-Rückl-Wyler (mBRW), LQs couple to a single generation.

Leading order Diagrams: Model Parameters:

The Analysis:
Search for 2nd generation, β = 1 and β = 1/2 Pair Production of Leptoquarks

i.e. The processes LQLQ → µqµq and LQLQ → µqνq
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1ST GENERATION

• Many theories predict the existence of Leptoquarks
– Grand Unified Theories

– Superstring-inspired E6 models 
– Technicolor Schemes 

– Composite Models

• Assume coupling only to 1 SM generation

• Main observables: LQ mass and

32
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set an upper limit on the LQ pair production cross sec-
tion in the eqνeq′ channel. For each generated MLQ,
the limit is calculated at the 95% C.L. using the semi-
frequentist CLs method based on a Poisson log-likelihood
test statistic [33]. Signal and background normalizations
and shape variations due to systematic uncertainties are
incorporated assuming Gaussian priors. The best fit to
the background distributions is evaluated by minimizing
a profile likelihood function with respect to the observed
data and various sources of uncertainty, maintaining all
correlations among systematic uncertainties [34]. Limits
on the cross section multiplied by the branching frac-
tion and the theoretical LQ cross section for β = 0.5 are
shown in Fig. 2. The limit on the LQ mass as a func-
tion of β is determined as shown in Fig. 3, and compared
to the previous D0 [10], CMS [11, 12], and ATLAS [13]
results.
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FIG. 2: (color online) Expected and observed upper limits
calculated at the 95% C.L. on the LQ cross section as a func-
tion of MLQ for a scalar leptoquark compared with the NLO
prediction for β = 0.5. The NLO cross section is shown for dif-
ferent choices of the renormalization and factorization scales,
µ = MLQ, µ = 0.5×MLQ, and µ = 2×MLQ.

In summary, we have searched for scalar leptoquark
pair production in the eqνeq′ final state in 5.4 fb−1 of
integrated luminosity of pp̄ collisions at

√
s = 1.96 TeV.

In the absence of a signal, we exclude the production of
first generation leptoquarks with MLQ < 326 GeV for
β = 0.5 at the 95% C.L.
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TABLE II: Event counts and the predicted number of signal
events for MLQ = 260 GeV and β = 0.5 after each selection
requirement.

Data Total background Signal
Preselection 65992 65703± 5958 50± 7

Meν
T > 110 GeV 990 986± 82 34± 5∑

MLQ > 350 GeV 64 55± 4 27± 4
ST > 450 GeV 15 15± 1 24± 3

At this stage we observe 65992 data events, while we
expect 65703±61(stat)±5958(sys) from SM background
and 50.4±0.4(stat)±6.8(sys) events from scalar LQ pro-
duction for MLQ = 260 GeV and β = 0.5. Figure 1(a)
shows the M eν

T distribution for the data and SM pro-
cesses. Data are consistent with the SM predictions. To
reduce the dominant SM V+jets background, we require
M eν

T ≥ 110 GeV. The pairing algorithm described previ-
ously allows us to reconstruct MLQ. Since the longitu-
dinal component of the neutrino momentum, pz, is not
measurable, we reconstruct only the visible mass of the
decay LQ → νeq′ as MLQ = M(jet + νvis), where the
four vector of νvis is given as (/px, /py, 0, /ET ). Figure 1(b)
shows the distribution of the sum

∑

MLQ of the invariant
mass of the decay LQ → eq and the visible mass of the
decay LQ → νeq′ after the requirement M eν

T ≥ 110 GeV.
We then use

∑

MLQ to reduce SM backgrounds, fur-
ther requiring that

∑

MLQ > 350 GeV. Finally, we re-
quire that the scalar sum of the pT of the lepton, the
/ET , and the two jets, ST , shown in Fig. 1(c) after all
selections, be greater than 450 GeV. Selection criteria
are optimized to achieve the best expected sensitivity for
MLQ = 260 GeV. This yields 15 observed events for an
expected background of 14.8±0.6(stat)±1.1(sys) events.
The event counts after each requirement are shown in Ta-
ble II.

Systematic uncertainties which affect only the nor-
malization of the background and the signal efficiency
include uncertainties on cross sections of signal (10%)
and background (6%− 10%) processes, normalization of
the MJ background (20%), integrated luminosity (6.1%),
and lepton trigger and identification (4%). Uncertain-
ties which also affect the differential distribution of ST

which is the quantity used to set the limits on LQ are due
to the jet energy resolution and scale, jet identification
efficiency, parton distribution functions, and the model-
ing of the jet pT distribution of the dominant W+jets
background. Their impacts are evaluated by repeating
the analysis with values varied by ±1 standard deviation
(SD). For the uncertainty on the jet pT modeling, the im-
pact is estimated by comparing the jet pT distributions
between alpgen and data unfolded to particle level from
the recent D0 measurement [32]. The ratio is applied as
weight to the W+jets jet pT distribution, and the new
distribution is taken as ±1 SD band.

The distribution of the ST after all selection require-
ments, shown in Fig. 1(d), is used as a discriminant to
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FIG. 1: (color online) (a) Meν
T distribution after preselec-

tion, (b)
∑

MLQ for Meν
T > 110 GeV, (c) the ST for

Meν
T > 110 GeV and

∑
MLQ > 350 GeV, and (d) the ST

distribution after the final selection, which is used to set an
upper limit on the LQ pair production cross section.
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Introduction

The Basics:
Leptoquarks are hypothetical particles carrying both baryon and lepton number.
Many theories predict the existance of Leptoquarks

Grand Unified Theories
Superstring-inspired E6 models
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2ND GENERATION
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CMS: 10.1103/PhysRevLett.106.201803

ATLAS: arxiv:1104.4481
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LONG-LIVED PARTICLES
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HEAVY STABLE CHARGED PARTICLES
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• Gluinos and stops hadronizing in heavy R-hadrons (mixture of SM and SUSY 
particles)
– Large ionization in silicon tracker

– Very slow hence long time of flight (TOF)

• Dedicated muon-like reconstruction and mass estimate from TOF and dE/dX

CMS: PAS EXO-11-022

6 5 Background Determination and Search Optimization

exception of the candidate track, is then required to be less than 50 (100) GeV/c for the tracker-
only (tracker-plus-muon) selection. Calorimeter isolation is calculated as the ratio between the
sum of the energies measured in each ECAL and HCAL tower, whose direction computed from
the nominal center of the detector has a distance ∆R < 0.3 from the candidate direction, and the
momentum of the candidate. This ratio is required to be less than 0.3 (0.6) for the tracker-only
(tracker-plus-muon) selection.

Clean separation between HSCPs and SM particles can be achieved by selecting candidates
with large pT, large dE/dx, and large TOF (when applicable). These quantities are expected to
be uncorrelated for MIPs, while a slow-moving HSCP would have large dE/dx and large TOF
even at high pT. Figure 3 shows strong discriminating power for the HSCP signal using Ias,
TOF, and pT.

5 Background Determination and Search Optimization

As in [5], the mass measurement is based on the relationship:

Ih = K
m2

p2 + C. (6)

with K = 2.559± 0.001 MeV cm−1 c2 and C = 2.772± 0.001 MeV cm−1. The search is performed
as a counting experiment in a mass window that depends on the tested HSCP mass, M. The
mass window extends from Mreco − 2 × σ to 2000 GeV/c2 where σ is the mass resolution
expected at the mass M and Mreco is the average reconstructed mass for an HSCP of mass M.
The values of Mreco and σ are obtained from MC simulations.

The candidates passing the pre-selection described in Sec. 4 are used for the signal search and
background estimate. For the tracker-only selection, signal candidates are required to have Ias
and pT greater than the threshold values. A method that exploits the absence of correlation
between the pT and dE/dx measurements in data is used to estimate the background from
MIPs. The number of candidates that are expected to pass both the final pT and Ias thresholds
is estimated as D = BC/A, where A is the number of candidates that fail both the Ias and
pT selections and B (C) is the number of candidates that pass only the Ias (pT) selection. The
B and C candidates are then used to form a binned probability density function in Ih (p) for
the D candidates. Finally, using the mass determination (Eq. 6), the full mass spectrum of the
background in the signal region D is predicted. However, it is observed that the η distribution
of the candidates at low dE/dx is significantly different than that of the candidates at high
dE/dx. The η dependence of dE/dx can bias the background prediction when the latter is
given in a mass range because the p distribution is η dependent. In order to correct for this
effect, events in the C region are weighted so that their η distribution is the same as that in
region B.

For the tracker-plus-muon selection, the method is extended by including the TOF measure-
ment and assuming lack of correlation between the TOF, pT, and dE/dx measurements. With
three independent and non-correlated variables, the estimation of the number of background
candidates in the signal region can be obtained with six different and independent combina-
tions of three out of the eight exclusive samples, each characterized by candidates passing or
not the three thresholds. These eight samples are equivalent to the A, B, C, and D samples
in the case of only two measurements. An additional independent background estimation in
the signal region D can be obtained with a combination of four out of the eight samples. The
corresponding expression is D = AGF/E2, where E is the number of candidates that fail all

http://cdsweb.cern.ch/record/1370057/files/EXO-11-022-pas.pdf
http://cdsweb.cern.ch/record/1370057/files/EXO-11-022-pas.pdf
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STOPPED HEAVY PARTICLES

• Some heavy R-hadrons could stop due to large ionization

• Detect interactions out-of-time wrt bunch collisions
– Special trigger for data acquisition while no collisions

– main background instrumental and non-beam related

• Crucial to have long data-taking periods not just luminosity

• Signal probability determined for each LHC filling scheme
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EXCITED LEPTONS
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• Analysis with 2010 data
– 36 pb-1

• Production via Contact Interaction

• Search for resonance in lγ final 
state with one additional isolated 
lepton

3
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Figure 1: Production of single excited muon via contact interactions.
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Figure 2: Decay channels of excited muon via electroweak and contact interactions.

Offline, the selected events are required to have at least one good reconstructed primary vertex.54

The following cuts define a good offline vertex: transverse distance d0 < 2 cm and longitudinal55

distance z < 24 cm from the nominal beam spot position; number of degrees of freedom on the56

vertex fit Ndo f > 3 (which means the fit contains at least 4 tracks with weight ≈ 1). The default57

filter was applied to remove beam scraping events: requiring high purity on at least 25% of the58

tracks in the event.59

Details on the muon and photon identification and selection will be given in Sections 4 and 5.60

The excited muon candidates were selected in events where at least two muons and one photon61

were identified (Tables 5 and 6), and fulfilled the following criteria:62

Muon cuts:63

• At least two muons with pT > 20 GeV;64

• Both muons with |η| < 2.4;65

• In order to assure high trigger efficiency, at least one of the two muons is matched66

to a trigger object. The objects are considered to be matched if ∆R < 0.2, where ∆R67
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1 Introduction1

An open question in particle physics is the observed mass hierarchy of the quark and lepton2

SU(2) doublets in the standard model (SM). A commonly proposed explanation for the three3

generations is a compositeness model [1] of the known leptons and quarks. According to this4

approach, a quark or lepton is a bound state of three fermions, or of a fermion and a boson [1].5

Due to the underlying substructure, compositeness models imply a large spectrum of excited6

states. The coupling of excited fermions to ordinary quarks and leptons, resulting from novel7

strong interactions, can be described by contact interactions (CI) with the effective four-fermion8

Lagrangian [2]9

LCI =
g2

2Λ2 jµ jµ, (1)

where jµ is the fermion current10

jµ = ηL f̄Lγµ fL + η�
L f̄ ∗L γµ f ∗L + η��

L f̄ ∗L γµ fL

+ h.c. + (L → R).

The SM and excited fermions are denoted by f and f ∗, respectively; g2 is chosen to be 4π, the η11

factors for the left-handed currents are conventionally set to one, and the right-handed currents12

are set to zero. The compositeness scale is Λ.13

Gauge mediated transitions between ordinary and excited fermions can be described by the14

effective Lagrangian [2]15

LEW =
1

2Λ
f̄ ∗R σµν (2)

�
gs fs

λa

2
Ga

µν + g f
τ

2
Wµν + g� f �

Y
2

Bµν

�
fL + h.c.

where Ga
µν, Wµν, and Bµν are the field strength tensors of the gluon, the SU(2) and U(1) gauge16

fields, respectively; fs, f and f � are parameters of order one.17

The partial widths for the electroweak decay of excited fermions are18

Γ( f ∗ → f + γ) =
1
4

α f 2
γ

m∗3

Λ
(3)

Γ( f ∗ → f + V) =
1
8

g2
V

4π
f 2
V

m∗3

Λ2 (1 − m2
V

m∗2 )
2(2 +

m2
V

m∗2 ) (4)

where V refers to the W or Z gauge boson and

fγ = f T3 + f �
Y
2

(5)

fZ = f T3cos2θW + f �
Y
2

sin2θW (6)

fW =
f√
2

(7)
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2 2 Trigger and Event Selection

where T3 denotes the third component of the weak isospin and gW =
√

4πα/sinθW and gZ =19

gW/cosθW , θ is the electroweak coupling constant. f and f � are parameters determined by the20

composite dynamics. In this analysis, they are set to be unity.21

The decay of excited fermion could also be mediated by the four-fermion contact interaction,22

the decay width is given by23

Γ( f ∗ → f + f � f̄ �) =
m∗

96π
(

m∗

Λ
)4NcS (8)

where Nc is the number of colors of the fermion and S is an additional combinatorical factor, S24

= 1 for f �= f �, S = 2 for f = f � and meanwhile f is a lepton.25

At the Large Hardon Collider (LHC), the production of single excited lepton is dominated by26

the contact interaction, the cross section of which depends on both the compositeness scale Λ27

and the mass of the excited lepton m∗
,28

σ̂(qq̄ → ll∗, l∗ l̄) =
π

6ŝ
(

ŝ
Λ2

)2(1 +
1

3
(

ŝ − m∗2

ŝ + m∗2
))(1 − m∗2

ŝ
)2(1 +

m∗2

ŝ
) (9)

The present analysis considers single production of an excited muon µ∗
in association with a29

muon via four-fermion CI, with the subsequent electroweak decay of the µ∗
into a muon and a30

photon (Fig. 2). This decay mode leads to the fully reconstructable and almost background-free31

final state µµγ. With the data considered herein, collected with the CMS detector at the LHC in32

pp collisions at
√

s = 7 TeV, the largest irreducible SM background is from the Drell-Yan (DY)33

process pp̄ → Z/γ∗ → µ+µ−(γ), with the final state photon radiated by either a parton in the34

initial states (ISR), or from one of the final state muons (FSR).35

Decays via contact interactions, not implemented in PYTHIA, contribute between a few percent36

of all decays for Λ � mµ∗ and 92% for Λ = mµ∗ (see Fig. 3). This has been taken into account37

for the signal expectation for this analysis.38

Searches on excited muons at hadron collider have been previously performed by D0 and CDF39

Collaborations [3, 4]. At Tevatron, excited muons were excluded at 95% confidence level in the40

range 107< Mµ∗ < 853 GeV/c
2

for Λ = Mµ∗ by the CDF Collaboration. Using the branching41

ratios that account for hypothetical contact interaction decays when establishing the limits,42

a more stringent limit is given by the D0 Collaboration. It excludes the existence of excited43

muons in the range Mµ∗ < 696 GeV/c
2

for Λ = Mµ∗, and Mµ∗ < 618 GeV/c
2

for Λ = 1 TeV.44

2 Trigger and Event Selection45

The data sample utilized for this study corresponds to about 36.4 pb
−1

of integrated luminosity,46

taken with the CMS detector during 2010, with colliding beams at
√

s = 7 TeV.47

At the high level trigger, the selection consisted of the “PhysicsDeclared” path followed by the48

single muon trigger selection. The unprescaled HLT triggers bits of lowest muon PT threshold49

in a given running period were used. They are summarized in Table 1.50

Since the HLT efficiency was estimated for the threshold of pT > 15 GeV (see Section 6), we re-51

quire at least one triggering object has pT > 15 GeV even for the runs triggered with HLT Mu952

and HLT Mu11, when HLT Mu15 v1 was not yet active.53
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b�b̄� → tW−t̄W+ → bW+W−b̄W−W+

Sh. Rahatlou

b’→ t + W

40

• At least 1 b-jet, 2 or 3 leptons

• Main backgrounds determined from lepton fake rate in data

• Dominant systematic uncertainty: b-tagging and lepton efficiency

• Main background discrimination from total transverse energy

Supersedes previous measurement 
by CDF at 372 GeV

3

Table 1: Summary of expected signal production cross sections, selection efficiencies, and ex-

pected signal yields. The cross sections are calculated in Ref. [40].

Mb� cross section same-sign dilepton trilepton

[GeV/c2] [pb] efficiency [%] yield efficiency [%] yield

350 3.20 1.16 ± 0.15 42 0.33 ± 0.06 12

400 1.41 1.36 ± 0.17 22 0.42 ± 0.06 6.7

450 0.662 1.51 ± 0.18 11 0.45 ± 0.07 3.4

500 0.330 1.57 ± 0.19 5.9 0.48 ± 0.07 1.8

550 0.171 1.80 ± 0.22 3.5 0.57 ± 0.08 1.1

selection threshold is applied on the impact parameter significance of the third track in the list.91

This threshold corresponds to an identification efficiency of ∼50% for b-jets and a misidentifi-92

cation rate of ∼1%.93

Events are required to have at least one well reconstructed interaction vertex [34]. Events94

with two same-sign leptons or with three leptons (two of which must be oppositely charged)95

are selected. Events with fewer than four (two) jets are rejected for the same-sign dilepton96

(trilepton) channel. At least one of the selected jets should be identified as a b-jet. In ad-97

dition, events with a muon or electron pair with |M�� − MZ| < 10 GeV/c2
are rejected in98

order to suppress the background from Z decays. For each event, the scalar quantity ST =99

∑ pT(jets) + ∑ pT(leptons) + E/T is determined and a minimum ST of 500 GeV is required.100

Selection efficiencies for signal events are estimated using samples simulated with the MAD-101

GRAPH/MADEVENT generator [35] with up to two additional partons in the hard interactions.102

Two additional quarks are implemented as a straightforward extension to the standard model103

configuration of the generator. The events are subsequently processed with PYTHIA [36] to pro-104

vide parton showering and hadronization of the particles with the matching prescription given105

in Ref. [37], and then passed through a simulation of the CMS detector based on GEANT4 [38].106

The signal efficiency varies from 1.5 to 2.4% for b
�

masses between 350 and 550 GeV/c2
, in-107

cluding both trilepton and same-sign dilepton channels, as summarized in Table 1. These effi-108

ciencies include the W decay branching fractions, and a correction for b-tagging performance109

in data [39]. The jet multiplicities for the trilepton and same-sign dilepton channels are shown110

in Figure 1. The distributions of dilepton invariant mass M�� and ST are presented in Figure 2.111

The expected distributions for the b
�

signal of a 400 GeV/c2
mass are normalized with the pro-112

duction cross section calculated in Ref. [40], which takes approximate next-to-next-to-leading113

order perturbative QCD corrections into account.114

4 Background Estimation115

For the same-sign dilepton channel, 98% of the background events have at least one top quark,116

including tt, tt + W/Z, and single top processes. The backgrounds are categorized into three117

sources: single-lepton events with an extra misidentified or non-isolated lepton, dilepton events118

with a charge-misidentified electron, or events with prompt same-sign dilepton. Background119

yields from former two sources are estimated from data as follows.120

Leptons chosen with the full selection criteria defined above are denoted as “tight” muons and121

“tight” electrons. Muon candidates with relaxed isolation thresholds and a relaxed track-fit122

quality requirement, or electron candidates with relaxed identification and isolation require-123

ments are defined as “loose” muons or “loose” electrons. Tight leptons are excluded in the124

CMS EXO-11-036

CDF: PRL106.141803 (2011)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11036
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11036
http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E106%252E141803&v=76887fe2
http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E106%252E141803&v=76887fe2
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1 Introduction
The standard model accommodates three generations of fermions. It is natural to ask the ques-

tion whether there could be more than three. Experimental constraints require the fermions

of a chiral fourth generation to be quite massive. The corresponding neutrino has to be more

massive than half the mass of the Z boson [1] and the masses of the quarks have to be greater

than about 350 GeV [2, 3]. The existence of such a fourth generation can be made consistent

with precision electroweak data and could relax the upper limit on the mass of the Higgs boson

to about 500 GeV [4]. In order not to contradict precision electroweak measurements, the mass

splitting between the up-type (t
�
) quark and the down-type (b

�
) quark of a fourth generation

has to be smaller than the mass of the W boson [5–7]. Thus, the t
�
quark cannot decay to W + b

�
.

Assuming moderate mixing between the three known generations and the fourth generation,

the primary decay mode of the t
�

quark is likely to W boson plus b quark.

A search is performed for the strong pair production of a t
�

quark and its antiparticle, followed

by each of their decays to a W boson and a b or b̄ quark. Lepton-plus-jets events are selected

with a single charged lepton, missing transverse momentum, and at least four jets of high

transverse momenta, indicative of events in which one of the W bosons decays to leptons (eν or

µν) and the other W boson decays to quarks. This signature is not limited to quarks of a chiral

fourth generation. Vector-like quarks, predicted by many theoretical models of physics beyond

the standard model [8, 9], could give rise to the same final state.

There are also standard model processes that give rise to the lepton-plus-jets signature, most

notably tt̄ production and W+jets production. The primary discrimination between the stan-

dard model t quark and a t
�
quark is based on the larger mass of the t

�
quark. Thus, a kinematic

fit to the t
�
t̄� → WbWb̄ → �νbqq̄b̄ hypothesis is performed to assign the reconstructed objects,

the jets and the lepton, to the decay products of the t
�

pair and to estimate the parent t
�
-quark

mass. A statistical analysis of the two-dimensional distribution of m f it, the fitted t
�
-quark mass,

and HT, the sum of the transverse energies of the lepton, the jets, and the magnitude of missing

pT, is used to test for the presence of t
�
t̄� production in the data.

CMS uses a polar coordinate system, with the z axis coinciding with the axis of symmetry of the

CMS detector, and oriented in the counterclockwise proton direction. The polar angle θ is de-

fined with respect to the positive z axis, and φ is the corresponding azimuthal angle. Transverse

energy is defined as energy times sin θ and pseudorapidity is defined as η = − ln[tan( θ
2
)].

Events with one electron (the e+jets sample) or with one muon (the µ+jets sample) are analyzed

separately. The event selection for each channel is optimized to maximize the search sensitivity.

Finally, the results from both channels are combined statistically.

2 CMS Detector
The characteristic feature of the CMS detector is the superconducting solenoid, 6 m in diameter

and 13 m in length, which provides an axial magnetic field of 3.8 T. Inside the solenoid are

located a multi-layered silicon pixel and strip tracker covering the pseudorapidity region |η| <
2.5 to measure the trajectories of charged particles, an electromagnetic calorimeter (ECAL) in

the range |η| < 3.0 made of lead tungstate crystals to measure electrons and photons (with a

preshower detector in the endcap region 1.65 < |η| < 2.6), and a hadronic calorimeter (HCAL)

made of brass and scintillators covering |η| < 3.0 to measure jets. Muons are reconstructed

with gas detectors embedded in the return yoke of the solenoid and covering |η| < 2.4. The

detector is nearly hermetic, allowing for momentum balance measurements in the plane trans-

CMS: PAS EXO-11-051 CMS: PAS EXO-11-050

ATLAS-CONF-2011-022mQ4 > 270 GeV with 35 pb-1

http://cdsweb.cern.ch/record/1369546/files/EXO-11-051-pas.pdf
http://cdsweb.cern.ch/record/1369546/files/EXO-11-051-pas.pdf
http://cdsweb.cern.ch/record/1376672/files/EXO-11-050-pas.pdf
http://cdsweb.cern.ch/record/1376672/files/EXO-11-050-pas.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-022
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-022
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1 Introduction
The standard model accommodates three generations of fermions. It is natural to ask the ques-

tion whether there could be more than three. Experimental constraints require the fermions

of a chiral fourth generation to be quite massive. The corresponding neutrino has to be more

massive than half the mass of the Z boson [1] and the masses of the quarks have to be greater

than about 350 GeV [2, 3]. The existence of such a fourth generation can be made consistent

with precision electroweak data and could relax the upper limit on the mass of the Higgs boson

to about 500 GeV [4]. In order not to contradict precision electroweak measurements, the mass

splitting between the up-type (t
�
) quark and the down-type (b

�
) quark of a fourth generation

has to be smaller than the mass of the W boson [5–7]. Thus, the t
�
quark cannot decay to W + b

�
.

Assuming moderate mixing between the three known generations and the fourth generation,

the primary decay mode of the t
�

quark is likely to W boson plus b quark.

A search is performed for the strong pair production of a t
�

quark and its antiparticle, followed

by each of their decays to a W boson and a b or b̄ quark. Lepton-plus-jets events are selected

with a single charged lepton, missing transverse momentum, and at least four jets of high

transverse momenta, indicative of events in which one of the W bosons decays to leptons (eν or

µν) and the other W boson decays to quarks. This signature is not limited to quarks of a chiral

fourth generation. Vector-like quarks, predicted by many theoretical models of physics beyond

the standard model [8, 9], could give rise to the same final state.

There are also standard model processes that give rise to the lepton-plus-jets signature, most

notably tt̄ production and W+jets production. The primary discrimination between the stan-

dard model t quark and a t
�
quark is based on the larger mass of the t

�
quark. Thus, a kinematic

fit to the t
�
t̄� → WbWb̄ → �νbqq̄b̄ hypothesis is performed to assign the reconstructed objects,

the jets and the lepton, to the decay products of the t
�

pair and to estimate the parent t
�
-quark

mass. A statistical analysis of the two-dimensional distribution of m f it, the fitted t
�
-quark mass,

and HT, the sum of the transverse energies of the lepton, the jets, and the magnitude of missing

pT, is used to test for the presence of t
�
t̄� production in the data.

CMS uses a polar coordinate system, with the z axis coinciding with the axis of symmetry of the

CMS detector, and oriented in the counterclockwise proton direction. The polar angle θ is de-

fined with respect to the positive z axis, and φ is the corresponding azimuthal angle. Transverse

energy is defined as energy times sin θ and pseudorapidity is defined as η = − ln[tan( θ
2
)].

Events with one electron (the e+jets sample) or with one muon (the µ+jets sample) are analyzed

separately. The event selection for each channel is optimized to maximize the search sensitivity.

Finally, the results from both channels are combined statistically.

2 CMS Detector
The characteristic feature of the CMS detector is the superconducting solenoid, 6 m in diameter

and 13 m in length, which provides an axial magnetic field of 3.8 T. Inside the solenoid are

located a multi-layered silicon pixel and strip tracker covering the pseudorapidity region |η| <
2.5 to measure the trajectories of charged particles, an electromagnetic calorimeter (ECAL) in

the range |η| < 3.0 made of lead tungstate crystals to measure electrons and photons (with a

preshower detector in the endcap region 1.65 < |η| < 2.6), and a hadronic calorimeter (HCAL)

made of brass and scintillators covering |η| < 3.0 to measure jets. Muons are reconstructed

with gas detectors embedded in the return yoke of the solenoid and covering |η| < 2.4. The

detector is nearly hermetic, allowing for momentum balance measurements in the plane trans-

m(t�) (GeV) σmin (pb) σcenter (pb) σmax (pb)
180.0 4.9938 5.7476 6.2396
200.0 2.7815 3.1898 3.4525
220.0 1.5926 1.8236 1.9710
240.0 0.9299 1.0647 1.1515
260.0 0.5499 0.6302 0.6828
280.0 0.3281 0.3769 0.4096
300.0 0.1968 0.2268 0.2475
320.0 0.1183 0.1370 0.1502
340.0 0.0711 0.0828 0.0914
360.0 0.0426 0.0500 0.0555
380.0 0.0255 0.0301 0.0337
400.0 0.0152 0.0181 0.0204

Table 2: Theory values of t� cross section for given mass [15].

Figure 1: Limits.

From Figure 1 it follows that given no t
� presence, this method is on average sensitive to

setting an upper limit at 370 GeV t
� mass.

We perform the analysis fit on the data and determine upper limits on the t� signal. The red
curve in Figure 1 shows the final result, expressed as a 95% CL upper limit on the t� production
rate as a function of t� mass. Table 3 shows the individual calculated limits along with expected
limits from pseudo-experiments.

Distributions of HT and Mrec in four different categories of events are shown in Figure 4. t�

signal with mass of 360 GeV is normalized to the theoretical cross section value.
Based on these results we exclude at 95% CL the t

� quark with mass below 358 GeV, given
the true top mass is 172.5 GeV.
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Figure 1: The distribution of the invariant mass of two oppositely charged muons or electrons,
M�+�− (left), jet multiplicity distribution (middle), and the distribution of residual ST (right) for
the events with a reconstructed Z-boson candidate and a charged lepton.

Table 1: Contributions for the background with two tight leptons (B2�, estimated with data), for
the background with 3 tight leptons (B3�, estimated with simulations), and sum of them (Btotal),
to the eee, eeµ, µµe, and µµµ channels, as well as the observed yield in data after applying full
selection criteria. The errors accompanying with these yields take account of the systematic
uncertainties.

Channel eee eeµ µµe µµµ Total
B2� 0.2 ± 0.3 0.8 ± 0.5 0.9 ± 0.4 1.1 ± 0.5 3.0 ± 0.8
B3� 0.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.2 0.5 ± 0.2 1.6 ± 0.5

Btotal 0.5 ± 0.3 1.1 ± 0.5 1.4 ± 0.5 1.7 ± 0.6 4.6 ± 1.0
Data 0 2 2 3 7

trons. Muon candidates not passing tight isolation requirements or electron candidates not88

passing tight identification requirements are referred to as “loose” muons or “loose” electrons.89

The loose lepton selection is so defined such, that it excludes tight leptons. The background90

is estimated using the event yield observed in a control region multiplied by the ratio of ef-91

ficiencies for identifying loose and tight leptons. The control region is defined with selection92

criteria similar to those of the signal region, except that the third lepton is reconstructed with93

loose lepton requirements. The dominant processes in the control region are also Z and tt. The94

efficiency ratio for identifying loose versus tight electron (muon) is 2.0 ± 0.02% (18.7 ± 0.1%).95

These ratios are determined from data using the number of events in a region with one loose96

and one tight lepton divided by the number of events with two loose leptons. The background97

yield in the signal region is estimated to be 3.0 ± 0.8. The contribution from QCD multijet pro-98

cesses is included in this estimation, and it is found to be small (4 × 10−2 events). The method99

described above predicts a background contribution in the signal region that is consistent with100

the expectation from simulated standard model samples.101

The remaining contribution of 1.6 events comes from the processes, such as tt + Z and diboson102

production, where three genuine prompt leptons are produced. These background processes103

are irreducible, and their yields are estimated using simulations. As summarized in Table 1,104

the total estimated background yield in the signal region is 4.6 ± 1.0 events with systematic105

uncertainties; there are 7 events observed in data, in agreement with the SM expectation.106

T �T̄ � → tZt̄Z → bb̄W+W−ZZ

Sh. Rahatlou

T’→ t + Z/A0
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Table 3: Summary of the predicted cross sections, selection efficiencies, the expected yields
normalized to 1.14 fb−1 integrated luminosity, and the observed limit in terms of cross sections.
The yields include the combined branching fraction of 5.4% from the W and Z leptonic decays.

M(T) [GeV/c2] 250 300 350 400 450 500 550
Cross-section [pb] 22.6 7.99 3.20 1.41 0.662 0.330 0.171
Efficiency [%] 14.4 ± 2.8 24.0 ± 4.4 29.4 ± 5.3 32.8 ± 5.8 34.3 ± 6.1 32.7 ± 5.8 35.6 ± 6.3
Expected yield 200 118 57.8 28.3 13.9 6.6 3.7
Observed limit [pb] 1.09 0.65 0.53 0.48 0.45 0.48 0.44
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Figure 2: The 95% confidence level (CL) upper limit on the cross section of the pp → TT
process, as a function of the T-quark mass. The black solid line shows the observed limit. The
dotted line corresponds to the expected limit under a background-only hypothesis. The solid
(hatched) area shows the ±1σ (±2σ) uncertainties on the expected limit. The event yield in
data is consistent with the estimated contribution from SM processes.

lected by the CMS experiment during March-June 2011, we have searched for a vector-like134

charge 2/3 T-quark pair-produced in proton-proton collisions at a center-of-mass energy of135

7 TeV and decaying to a top quark (t) and Z boson. There are 7 events observed in data, and are136

consistent with 4.6 ± 1.0 events expected from SM processes alone. Assuming a 100% branch-137

ing fraction for the decay T → tZ, we exclude a T quark with a mass less than 475 GeV/c2 using138

a Bayesian approach at the 95% confidence level.139
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We present a search for dark matter particles in the decay of exotic 4th generation quarks t�

which decay via t� → t + X, where X is a dark matter particle. In a data sample with 4.8 fb−1

of integrated luminosity collected by the CDF experiment in pp̄ collisions with
√
s = 1.96 TeV we

search for pair production of T � in the lepton+jets channel, pp̄ → tt̄+X +X → �νbqq�b+X +X.
To isolate the detector signature of � + 4 jets + /ET , we select events with an electron or muon, at
least 4 jets and large missing transverse energy (100-160 GeV). Current direct and indirect bounds
on such exotic quarks restrict their masses to be between 300 and 600 GeV, and the dark matter’s
mass anywhere below mT � . The data are consistent with standard model expectations, and we set
95% confidence level limits on the production of tt̄+X+X, which can be applied to T � production,
or supersymmetric t̃ → t+ χ0.

I. INTRODUCTION

We present a search for production of top quark pairs plus invisible particles using the CDF detector [1]. The model
we investigate with top quark pairs and invisible particles involves exotic 4th generation quarks t� decaying via

t� → t+X,

where X is dark matter [3]. We frame the analysis generically as a search for top quark pairs plus invisible particles,
and reinterpret the results in terms of stop quarks decaying to top quarks plus stable neutral supersymmetric particles.

II. SIGNAL AND SELECTION

In the lepton + jets channel the detector signature is tt̄+ /ET , giving �+ ν + qq� + bb� + /ET , see Figure 1.
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We present a search for a new particle T ′ decaying to a top quark via T ′ → t+X, where X goes
undetected. We use a data sample corresponding to 5.7 fb−1 of integrated luminosity of pp̄ collisions
with

√
s = 1.96 TeV, collected at Fermilab Tevatron by the CDF II detector. Our search for pair

production of T ′ is focused on the hadronic decay channel, pp̄ → T ′T̄ ′ → tt̄+XX̄ → bqq̄ b̄qq̄ +XX̄.
We interpret our results in terms of a model where T ′ is an exotic fourth generation quark and X is
a dark matter particle. The data are consistent with standard model expectations. We set a limit
on the generic production of T ′T̄ ′ → tt̄ + XX̄ , excluding the fourth generation exotic quarks T ′ at
95% confidence level up to mT ′ = 400 GeV/c2 for mX ≤ 70 GeV/c2.
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sections to an exclusion curve in mass parameters space
(mT ′ ,mX). As shown in Fig. 4, a significant enhance-
ment in sensitivity is obtained when comparing to the
previous analysis in semi-leptonic channel.

Ev
en

ts
/b

in

1

10

210

310  tt + XX!T’T’ 
2) = (330, 40) GeV/c

X
, m

T’
(m

2) = (380, 1) GeV/c
X

, m
T’

(m

Data

QCD

tt
W+jets

Z+jets

diboson
single top

GeV)" sig (TE
0 2 4 6 8 10 12 14 16 18 20

bg
D

at
a-

bg

-0.4
-0.2

0
0.2
0.4

FIG. 3: !ET sig distributions for the standard model
backgrounds, the observed data, and for two scenarios

with different values of mT ′ and mX .

TABLE II: Expected 95% C.L. upper limits on T ′T ′

production, where the uncertainty range covers 68% of
the pseudoexperiments, and observed exclusion limits

for representative signal points.

(mT ′,mX) GeV/c2 σexp.95%C.L.excl.(pb) σobs.95%C.L.excl.(pb)
(200,40) 2.02 ± 0.65 1.90
(220,40) 2.14 ± 0.75 3.00
(260,1) 0.23 ± 0.08 0.18
(280,1) 0.15 ± 0.05 0.12
(280,40) 0.18 ± 0.07 0.15
(300,1) 0.09 ± 0.03 0.09
(300,80) 0.20 ± 0.06 0.16
(300,100) 0.29 ± 0.09 0.38
(330,1) 0.05 ± 0.02 0.03

(330,100) 0.13 ± 0.04 0.18
(360,1) 0.03 ± 0.01 0.02

(360,100) 0.06 ± 0.02 0.04
(380,100) 0.06 ± 0.02 0.05
(400,1) 0.023 ± 0.008 0.016

In conclusion, we performed the first search for new
physics in the tt̄+ !ET → bb̄qq̄qq̄+ !ET final state. Data is
consistent with the background-only hypothesis, and we
thus set 95% C.L. upper limit on the production cross
section for fermionic T ′ pairs decaying to top quarks and
dark matter candidates X , increasing the existing mass

exclusion range up to mT ′ = 400 GeV/c2, for mX ≤ 70
GeV/c2. Finally, this study shows that the bb̄qq̄qq̄ + !ET

final state is the most sensitive to the generic production
of top quarks plus dark matter candidates, and thus the
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most promising to probe the supersymmetric t̃ → t+χ/g
scenarios at the LHC.
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We present a search for a new particle T ′ decaying to top quark via T ′ → t+X, where X is an
invisible particle. In a data sample with 4.8 fb−1 of integrated luminosity collected by the CDF II
detector at Fermilab in pp̄ collisions with

√
s = 1.96 TeV, we search for pair production of T ′ in

the lepton+jets channel, pp̄ → tt̄+X +X → !νbqq′b+X +X. We interpret our results primarily
in terms of a model where T ′ are exotic fourth generation quarks and X are dark matter particles.
Current direct and indirect bounds on such exotic quarks restrict their masses to be between 300
and 600 GeV/c2, the dark matter particle mass being anywhere below mT ′ . The data are consistent
with standard model expectations, and we set 95% confidence level limits on the generic production
of T ′T̄ ′ → tt̄ + X + X. We apply these limits to the dark matter model and exclude the fourth
generation exotic quarks T ′ at 95% confidence level up to mT ′ = 360 GeV/c2 for mX ≤ 100 GeV/c2.
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We present a search for a new particle T ′ decaying to a top quark via T ′ → t+X, where X goes
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with
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We interpret our results in terms of a model where T ′ is an exotic fourth generation quark and X is
a dark matter particle. The data are consistent with standard model expectations. We set a limit
on the generic production of T ′T̄ ′ → tt̄ + XX̄ , excluding the fourth generation exotic quarks T ′ at
95% confidence level up to mT ′ = 400 GeV/c2 for mX ≤ 70 GeV/c2.
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There are many hints, from astronomical observations
and cosmological theories, for the existence of dark mat-
ter (DM) particles, which must be long-lived on cosmo-
logical time scale [1]. The long lifetime of DM can be
explained by the conservation of a charge of a new sym-
metry. Direct-detection experiments based on ultra-low
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• Assume heavy neutrinos being lightest 4th generation particles
– mixture of Dirac and Majorana states

• leptonic and hadronic Z decays and missing energy from lightest heavy neutrino

Sh. Rahatlou

HEAVY NEUTRINO
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pp̄ → Z/γ∗ → N2N2 → N1ZN1Z → lljjN1N1
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FIG. 1: Delta mass function of signal stacked on background for mass point MN2=225 and MN1=125 with
selection cut of MET>33 GeV. Data points and background uncertainties [4] are shown.

Theoretical cross-section and yields for each mass point are presented in the table below, along with their respective
expected and observed limits. Also provided are plots of acceptance and the expected and observed cross-section limits
across the spectrum of mass points MN2 and MN1.

CDF Run II Preliminary
�
Ldt = 4fb−1 95% CL

MN1 MN2 Cut Acceptance Cross-Section [fb] Yield [events]
[GeV/c2] [GeV/c2] [GeV] [%] Theory Exp. Limit Obs. Limit Theory Exp. Limit Obs. Limit

75 175 37 0.99 5.1e-01 511 702 2.1e-02 21 29
75 200 68 1.02 2.1e-01 292 369 8.8e-03 12 16
125 225 35 0.85 1.6e-01 684 1088 5.8e-03 24 39
75 225 92 0.93 8.1e-02 156 273 3.2e-03 6 11
75 275 118 1.01 1.5e-02 94 132 6.2e-04 3 6
125 300 119 1.06 1.3e-02 99 138 5.9e-04 4 6
175 300 80 0.96 2.2e-02 171 315 8.8e-04 6 13
125 350 156 1.05 2.9e-03 75 48 1.3e-04 3 2
225 350 80 1.05 6.3e-03 190 297 2.8e-04 8 13
75 350 167 1.06 1.2e-03 71 55 5.54e-05 3 2
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FIG. 3: Plot of expected cross-section limit for spectrum of MN2 and MN1 mass points.
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FIG. 4: Plot of observed cross-section limit for spectrum of MN2 and MN1 mass points.

http://www-cdf.fnal.gov/physics/exotic/r2a/20110603.zzmet/index.html

http://www-cdf.fnal.gov/physics/exotic/r2a/20110603.zzmet/index.html
http://www-cdf.fnal.gov/physics/exotic/r2a/20110603.zzmet/index.html
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Decay Experiment Method Excluded 
mass (GeV)

Luminosity
(fb-1) Notes

b’→ t + W
CMS

lepton + jet
495 1.1

b’→ t + W
CDF

lepton + jet
372 4.8

Q4→ q + W ATLAS dilepton 270 0.035

T’→ b + W

CMS
dilepton 422 1.1

T’→ b + W

CMS

lepton + jet

450 1.1
T’→ b + W

CDF lepton + jet 358 5.6
T’→ b + W

D0

lepton + jet

285 5.3

T’→ t + Z CMS lepton + jet 417 0.2

T’→ t + A0 ATLAS lepton + jet 410 1.0 mA0 < 30 GeV

T’→ t + X
T’→ t + X

CDF
hadronic 400 5.7 mX ≤ 70 GeVT’→ t + X

T’→ t + X
CDF

lepton + jet 360 4.8 mX ≤ 100 GeV
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FANTASTIC 1ST YEAR AT LHC
• Outstanding performance of detector, trigger, computing, and 

offline in ATLAS and CMS
– last chunk of 1 fb-1 dataset delivered last week of June
– Most of results using full dataset by 3rd week of July!

• Good news
– excellent detector performance
‣ b-tagging and MET reliable and under control since day 1

– surprisingly good data/MC agreement

• Bad news
– So far only exclusion limits and no discovery
– No hint of New Physics yet

• LHC superseding Tevatron searches already after 1 year of data
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Table 4: Relative uncertainties on the event selection efficiency and background level for a W ′ with a mass of 1500 GeV. The efficiency
uncertainties include contributions from trigger, reconstruction and event selection. The cross section uncertainty for εsig is that assigned to
the acceptance correction described in the text. The last row gives the total uncertainties.

εsig Nbg

Source eν µν eν µν
Efficiency 2.7% 3.9% 2.7% 3.8%
Energy/momentum resolution 0.3% 2.3% 2.9% 0.6%
Energy/momentum scale 0.5% 1.3% 5.2% 3.0%
QCD background - - 10.0% 1.3%
Monte Carlo statistics 2.5% 3.1% 9.4% 9.9%
Cross section (shape/level) 3.0% 3.0% 9.5% 9.5%
All 4.7% 6.3% 18% 15%
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Figure 3: Normalized cross section limits (σlimit/σSSM) forW ′
→ #ν

as a function of mass for this measurement and from CDF, CMS and
the previous ATLAS search. The cross section calculations assume
the W ′ has the same couplings as the standard model W boson. The
region above each curve is excluded at the 95% CL.

measurements. The comparison is made using the ratio of
the limit to the calculated value of σB, a quantity that is
proportional to the square of the coupling strength. The
NNLO cross sections in Table 1 are used for both the AT-
LAS and CMS points. The limits presented here provide
significant improvement for masses above 600 GeV.

8. Conclusions

The ATLAS detector has been used to search for new
high-mass states decaying to a lepton plus missing ET in
pp collisions at

√
s = 7 TeV using 1.04 fb−1 of integrated

luminosity. No excess beyond SM expectations is observed.
Bayesian limits on σB are shown in Figs. 2 and 3. These
are the best published limits for mW ′ > 600 GeV. A W ′

with SSM couplings is excluded for masses up to 2.15 TeV
at the 95% CL.

Acknowledgments

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWF, Austria;
ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP,
Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR
and VSC CR, Czech Republic; DNRF, DNSRC and
Lundbeck Foundation, Denmark; ARTEMIS, European
Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS,
Georgia; BMBF, DFG, HGF, MPG and AvH Foundation,
Germany; GSRT, Greece; ISF, MINERVA, GIF, DIP
and Benoziyo Center, Israel; INFN, Italy; MEXT and
JSPS, Japan; CNRST, Morocco; FOM and NWO,
Netherlands; RCN, Norway; MNiSW, Poland; GRICES
and FCT, Portugal; MERYS (MECTS), Romania; MES
of Russia and ROSATOM, Russian Federation; JINR;
MSTD, Serbia; MSSR, Slovakia; ARRS and MVZT,
Slovenia; DST/NRF, South Africa; MICINN, Spain; SRC
and Wallenberg Foundation, Sweden; SER, SNSF and
Cantons of Bern and Geneva, Switzerland; NSC, Taiwan;
TAEK, Turkey; STFC, the Royal Society and Leverhulme
Trust, United Kingdom; DOE and NSF, United States of
America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from CERN
and the ATLAS Tier-1 facilities at TRIUMF (Canada),
NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France),
KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1
(Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK)
and BNL (USA) and in the Tier-2 facilities worldwide.

8

Sh. Rahatlou

OUTLOOK

• Heavy resonances excluded past 2 TeV

• 4th generation excluded up to ~0.5 TeV

• Increase of x35 in data from 2010 to Summer 
2011 improved exclusion limits sometime less 
than 20%
– and has not brought any breakthrough discovery yet 

• Higher center-of-mass energy perhaps a better option than x10 data at 7 TeV
– big gains in cross section for several processes
– modest gain in parton luminosity from 7 TeV to 9 TeV

• Searches in 2012
– many data-driven methods rely on extrapolation from 

low to high mass/pt
‣ works until nothing seen. What if we actually see events out there?

– Trigger thresholds rising with luminosity
‣ many exotic searches so far relying on generic triggers
‣ dedicated triggers will be necessary in 2012
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