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jjmColor octet scalar : dijet resonance, 
µµ

m)=1) : SS dimuon, µµ
L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), Techni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, 
µ

m resonance, -µExcited muon : e
m resonance, Excited electron : e-

jjmExcited quarks : dijet resonance, 
jet

m-jet resonance, Excited quarks : 
llqmVector-like quark : NC, 
qlmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + ATop partner : TT Zb

m Zb+X, New quark b’ : b’b’
 WtWt)5/3T

5/3
 generation : b’b’(Tth4

 WbWb generation : t’t’th4
jjµjj, µµ=1) : kin. vars. in Scalar LQ pairs (
jj=1) : kin. vars. in eejj, eScalar LQ pairs (
µT,e/mW* : 
tb

m tb, SSM) :  (RW’
tqm=1) : 

R
 tq, gW’ (

µT,e/mW’ (SSM) : 
mZ’ (SSM) : 

µµee/mZ’ (SSM) : 
,missTEuutt CI : SS dilepton + jets + ll
m combined, µµqqll CI : ee, 

)
jj

m(qqqq contact interaction : 
)jjm(Quantum black hole : dijet, F T

p=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, tt)=0.925 : tt 

KK
RS with BR(g

l,lTm = 0.1 : WW resonance, PlM/kRS1 with 
llll / lljjm = 0.1 : ZZ resonance, PlM/kRS1 with 

llm = 0.1 : dilepton, PlM/kRS1 with 
m = 0.1 : diphoton, PlM/kRS1 with 
,missTEUED : diphoton + 
mLarge ED (ADD) : diphoton, 
,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.94 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

 massL
±±H355 GeV , 7 TeV [1201.1091]-1=1.6 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T

(m) = 1.1 
T

(am, Wm) + T(m) = 
T

(m mass (
T483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MT(m) - T/
T

(m mass (T/
T850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

*))µ = m(* mass (µ1.9 TeV , 7 TeV [ATLAS-CONF-2012-008]-1=4.8 fbL

 = m(e*))e* mass (2.0 TeV , 7 TeV [ATLAS-CONF-2012-008]-1=4.9 fbL

q* mass3.66 TeV , 8 TeV [ATLAS-CONF-2012-088]-1=5.8 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/m = qQVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/m = qQVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b’ mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b’ (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t’ mass656 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W’ mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W’ mass350 GeV , 7 TeV [CONF-2012-096]-1=4.7 fbL

W’ mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z’ mass1.3 TeV , 7 TeV [ATLAS-CONF-2012-067]-1=4.7 fbL

Z’ mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)10.2 TeV , 7 TeV [1112.4462]-1=1.1-1.2 fbL

7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6) (DM4.11 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.7 fbL

=6) (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6) (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

KK gluon mass1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

Graviton mass1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

Graviton mass845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

Graviton mass2.16 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

Graviton mass2.06 TeV , 7 TeV [ATLAS-CONF-2012-087]-1=4.9 fbL

Compact. scale 1/R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

 (GRW cut-off, NLO)SM3.29 TeV , 7 TeV [ATLAS-CONF-2012-087]-1=4.9 fbL

=2) (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2) (DM3.39 TeV , 7 TeV [ATLAS-CONF-2011-096]-1=1.0 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 6.1) fbLdt

 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: LHCC, Sep 2012)It’s Been a Busy Year!
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... and the Data is still coming like a tidal wave!
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Focus of  Talk Today

Type
Physics / 
Model(s) ee μμ γγ

Resonant 
New 

Physics

Zʹ (E6, SSM) ✓ ✓Resonant 
New 

Physics G* (RS) ✓ ✓ ✓
Non-

Resonant 
New 

Physics

CI (ηLL) ✓ ✓Non-
Resonant 

New 
Physics G* (ADD) ✓ ✓ ✓

Dijet mass and angular 
distributions

Excited quarks, colour octets, heavy W 
bosons, string resonances, quantum black 

holes, contact interactions.
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Resonant
New Physics
Signatures
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Resonant New Physics: Zʹ Theory

Many natural extensions to the SM involve the addition of new 
symmetries, such as the addition of a U(1) symmetry.  The 

simplest of these is called the Sequential Standard Model (SSM), 
where U(1)ʹ is added to the existing SM gauge symmetries:

Strong Force
(8 Gluons)

Electro-Weak Force
(W±, Z⁰, γ)

New Physics
(Zʹ)
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The linear combination of these U(1)ʹ states gives different possible Zʹ states 
depending on the mixing angle θ which sets the coupling the fermions:

The theoretically motivated most likely values for θ leads to six different 
models with specific Zʹ states named: 

However the SSM model is mainly used as a benchmark between 
experiments and is fairly unphysical.  The E6 GUT provides a more 

realistic model, where the decomposition of E6 gives:

SM
Forces

New
Physics

GUT
Decomposition

Resonant New Physics: Zʹ Theory
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Other GUT decompositions such as that leading to the Left-Right 
Symmetric Model (LRM), even predict an extended Weak like structure:

Strong Force
(8 Gluons)

EW Force
(W±, Z⁰)

New Physics
(Wʹ±, Zʹ)

EM
(γ)
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9

!"#$%&'()*+,$*-&"*./*0#1)"*2,3,(
'(*-&"*

24*5#('"6*7#48"(9*!1:"$;'3,$<*5$*=$#%"4*2"$$4
Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.

??#
@0,,+3+0(#
A2)'
B#C4D

%&'()#
A2)'E
FG#/4D

!B
%&'()#A2)'E

"#/4D
%&'()#
HI+,J'-

!" %&'()#
A2)'E
"KK#4D

(Signal)

)eeZ'(pp

(Drell-Yan Background)

)eeZ/(pp

Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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EE

E

Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-

(Invariant Mass) (Pt Spectrum) (Eta Spectrum)

%*
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pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-

(Invariant Mass) (Pt Spectrum) (Eta Spectrum)
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on e!ciencies, 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
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Total 236821 ± 487 5434 ± 150 571 ± 23 46.1 ± 2.6 2.1 ± 0.3
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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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. Figure 2 (bottom) shows
the corresponding limits on the RS graviton. Mass lim-
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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search for narrow, heavy resonances in the dilepton in-
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mass spectra are consistent with the SM expectations.
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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 To calculate the limit we then solve below for (σB)95.
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9

!"#$%&'()*+,$*-&"*./*0#1)"*2,3,(
'(*-&"*

24*5#('"6*7#48"(9*!1:"$;'3,$<*5$*=$#%"4*2"$$4
Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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Back Asymmetry Angle will also be
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couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.
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spin . The Z' from theory should have
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therefore their distributions should differ
considerably. Measuring the Forward-
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couplings to exotics and fermions
(Right)*!. Note that this would show up
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over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.
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The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.
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The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.
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�
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0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.
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Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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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-
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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As well as new Gauge Bosons arising from beyond the standard 
model symmetries, a resonance could be observed in the form of a 

Tensor Boson, if Gravity effects become visible at the TeV scale.
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9

!"#$%&'()*+,$*-&"*./*0#1)"*2,3,(
'(*-&"*

24*5#('"6*7#48"(9*!1:"$;'3,$<*5$*=$#%"4*2"$$4
Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.

??#
@0,,+3+0(#
A2)'
B#C4D

%&'()#
A2)'E
FG#/4D

!B
%&'()#A2)'E

"#/4D
%&'()#
HI+,J'-

!" %&'()#
A2)'E
"KK#4D

(Signal)

)eeZ'(pp

(Drell-Yan Background)

)eeZ/(pp

Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.

%7.0%10)(
EE

E

Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)
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Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
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The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on e!ciencies, 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.
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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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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 To calculate the limit we then solve below for (σB)95.

If we roughly compare the everyday strength of the known fundamental 
forces, a hierarchy problem is apparent. Why is Gravity so weak?

Attempting to resolve this hierarchy led to the rise in popularity towards the 
end of the millennium with models involving extra spatial dimensions. 

While the ADD model1 was among the first, involving large flat extra dimensions 
(see later), the RS model2 is relevant in the context of searching for new 

resonances with the ATLAS Detector, and involves warped extra dimensions.

1 Proposed in 1998 by Nima Arkani-Hamed, Savas Dimopoulos, and Gia Dvali 2 Proposed in 1999 by Lisa Randall and Raman Sundrum

Resonant New Physics: RS G* Theory
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Figure 1.9: Differential cross section for a 1.5 TeV KK G! and its subsequent tower states in the
RS model context, decaying to leptons at the LHC. From upper to lower, the curves show the effect
of increasing extra dimensional size on the width and distribution of tower states [38].

V (r) "
m1m2

Mn+2
Pl(4+n)Rn

1
r

, (r# R) (1.21)

Considering the cases of n = 1, 2, and 3, extra dimensional sizes of R $ 1011 m,

10%3 m, and 10%9m, are obtained respectively. n = 1 is therefore already excluded as it

predicts deviations from general relativity on large scale distances which are not observed

in experiment. n= 2 is on the scale at which experiments have recently started to probe

with some considerable precision [39], setting exclusion limits close to ruling out n = 2

as a possibility. For n > 2, the size of the extra dimensions shrink to such small scales

that they are currently impossible to directly probe. However, experiments at the LHC

are continually setting constraints on ADD model parameters, looking for G! emissions

which would show up in the missing ET spectrum, as the strength of the coupling to

SM fermions in this model are suppressed by a 1/MPl scale factor (Equation(1.22)). One

problem with the ADDmodel is that it does not, in fact, truly solve the hierarchy problem,

as much as it replaces it with another, i.e. RMPl(4+n) " (M2
Pl/M2

Pl(4+n))
1/n, which for

small values of n, gives very large values. A model that boasts an attempt to truly solve

the hierarchy problem, the RS model, will next be explored.

L = %
1
MPl

!
n
Gµ"n Tµ" (1.22)
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Figure 1.10: The expected cross section times branching ratio ("B) for an RS G! decaying to two
electrons at the LHC (

"
s = 7 TeV). Various possible values of G! coupling constant, k/MPl , are

displayed.

Figure 1.11: Allowed region for the RS model in theoretical parameter space as described in
the text. The dashed (solid) red line shows the expected reach of the LHC with an integrated
luminosity of 10 (100) fb#1 at

"
s = 14 TeV [31, 38].

Above Figures from: H. Davoudiasl, J. L. Hewett, and T. G. Rizzo, Experimental probes of localized gravity: On and off the wall, Phys. Rev D 63 (2001) .
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.

??#
@0,,+3+0(#
A2)'
B#C4D

%&'()#
A2)'E
FG#/4D

!B
%&'()#A2)'E

"#/4D
%&'()#
HI+,J'-

!" %&'()#
A2)'E
"KK#4D

(Signal)

)eeZ'(pp

(Drell-Yan Background)

)eeZ/(pp

Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
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Electron Pair +/-
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electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9

!"#$%&'()*+,$*-&"*./*0#1)"*2,3,(
'(*-&"*

24*5#('"6*7#48"(9*!1:"$;'3,$<*5$*=$#%"4*2"$$4
Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
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spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
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important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
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reduced to insignificant levels using
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Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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Z' Property Probing Methods
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If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
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� ∞
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. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.
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Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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that the uncertainty on the luminosity, and any mass
independent uncertainties on e!ciencies, 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.
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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
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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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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TABLE II: Summary of the dominant systematic uncertain-
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its obtained for the Z !

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

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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 To calculate the limit we then solve below for (σB)95.
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Figure 7.9: Atlantis event display showing the highest invariant mass dielectron event selected by the 2.12 fb!1 analysis presented in this thesis, recorded by the
ATLAS detector in 2011. This event has an invariant mass of 1213.94 GeV. Views in X -Y (upper left), pZ (lower left), and ECAL lego plot (upper right) are
shown.
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Figure 1.16: The cos!! distribution for a Z" (spin-1), and RS G! (spin-2) particle, decaying to two
electrons. qq and gg production terms for the G! are separated, as the gg/qq fraction depends on
G! mass. Distributions are from [48]

or otherwise. The angular distribution of events is used to differentiate between these pos-

sibilities, specifically the cos!! spectrum, where !! is the angle of the outgoing electron

from the Z"/G! decay in the Collins-Soper Z"/G! rest frame8. The predicted cos!! distri-

bution for a Z"/G! is presented in Figure 1.16. Note that because the G! has a qq and a gg

production component, these are plotted separately, with the combination of the two not

shown as the gg/qq fraction depends on G! mass as presented in Figure 1.17. A measure-

ment of the asymmetry between forward (cos!! > 0), and background (cos!! < 0) events,

denoted AFB, is quantified in Equation (1.26). A shift in AFB from that predicted by the

vector and axial-vector couplings of electroweak bosons to SM fermions [47] through the

Drell-Yan process at the LHC, would be an indication of new physics, and so provides yet

more fertile ground in which to search for a Z"/G! resonance. Unfortunately, the size of

the dataset available for this thesis means that the cos!! distribution and AFB would not

yield a statistically significant deviation should a BSM high mass resonance be present.

Therefore the search is only conducted using the dielectron invariant mass distribution,

although cos!! plots will be provided.
8The Collins-Soper frame has the z-axis aligned with the direction bisecting the incoming partons’

momentum, and x-axis perpendicular to the partons’ momentum plane.

Distributions for 
above plot from: B. C. 
Allanach, K. Odagiri, 
M. A. Parker, and B. 
R. Webber, Searching 
for Narrow Graviton 
Resonances with the 
ATLAS Detector at 
the Large Hadron 
Collider, JHEP 9 
(2000) .



12Daniel.Hayden@cern.ch

Dilepton Analysis: SM Backgrounds

1.2. Theory and Motivation 36

 ee!* "Z/ # e!W+Jets  eeX! tt  ee!Diboson  ee!Z’  ee!G* 

C
ro

ss
 s

ec
tio

n 
[p

b]

-310

-210

-110

1

10

210

310

410

 ee!* "Z/ # e!W+Jets  eeX! tt  ee!Diboson  ee!Z’  ee!G* 

C
ro

ss
 s

ec
tio

n 
[p

b]

-310

-210

-110

1

10

210

310

410

Figure 1.15: Cross sections for the SM background processes considered in this search (except
QCD dijets) at

!
s = 7 TeV. Expected cross sections for a 1.5 TeV Z"

SSM and RS G# (k/MPl = 0.10)
are also shown. A full list of cross sections is provided in Appendix B.

which is the s-channel process whereby qq fusion creates a Z0 boson or virtual photon,

which subsequently decays into two electrons. The difficulty in separating this type of

event from that of the signal, is due to the processes being very similar, whereas other

backgrounds such as tt̄ andW + jets (see (c) and (d) of Figure 1.14 respectively) are re-

ducible to an extent, as they are innately different processes which happen to have decay

characteristics that can mimic the new physics signature. It is for this reason that despite

theW + jets background having a larger cross section (see Figure 1.15), Drell-Yan is the

dominant background in this search.

If a new gauge boson like the Z" or G# is found, then the next immediate aim would

be to determine its properties such as: the spin of the resonance to differentiate between

the observation of a Z" (spin-1), and G# (spin-2); Z"/G# couplings to SM quarks and lep-

tons; Z"/G# couplings to exotic particles. It would also be desirable to probe the relative

strength of the Z" gauge couplings, and the G# coupling constant k/MPl. While each of

these tasks would require large amounts of data to study in detail, the spin of a new reso-

nance is particularly interesting for its use in determining whether the particle is a Z", G#,

Below is a graph showing the respective cross sections of 
the main backgrounds to a dielectron resonance search 

(except QCD dijets which is estimated in Data).
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Event Selection
Event-Level Cuts Value

e/γ Good Runs List (GRL) DQ::PassRunLB(RunNumber,lbn) == true

Event Trigger EF_g35_loose_g25_loose == true

Incomplete Event Veto coreFlats&0x40000 != 0

# Electron Check el_n > 1

Primary Vertex Loop over vxp_n, Check vxp_trk_n > 2 for each

LAr Error larError < 2

Tile Error tileError < 2

Object-Level Cuts Value

pT > 30 GeV

Author 1 OR 3

η abs(η) < 2.47 and 1.37 > abs(η) > 1.52
Object Quality egammaPID:BADCLUSELECTRON

Electron ID Medium++

Leading pT > 40 GeV

Leading Isolation < 7 GeV

Electron Pair Invariant Mass >= 80 GeV

Dilepton Analysis: Event Selection
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-
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electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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Z' with the same couplings as the current Zº, unfortunately this model is not
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are numerous ways of doing this at the
LHC. To distinguish the particle as the
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Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-

(Invariant Mass) (Pt Spectrum) (Eta Spectrum)

%*

A Search for Heavy Resonances in the 
Dilepton Channel

by Daniel Hayden, on behalf of the ATLAS Collaboration

Supervisor:
Dr Tracey Berry

E-mail:
daniel.hayden@cern.ch

References: 

Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.
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tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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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 !B. The resulting mass limits are 1.83 TeV for the
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.

10

 To calculate the limit we then solve below for (σB)95.

Statistical Interpretation: Discovery Search
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9

!"#$%&'()*+,$*-&"*./*0#1)"*2,3,(
'(*-&"*

24*5#('"6*7#48"(9*!1:"$;'3,$<*5$*=$#%"4*2"$$4
Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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(Signal)
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(Drell-Yan Background)
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.

%7.0%10)(
EE

E

Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-

(Invariant Mass) (Pt Spectrum) (Eta Spectrum)

%*
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spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>
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Semi-
Conductor

Tracker
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Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-

(Invariant Mass) (Pt Spectrum) (Eta Spectrum)
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
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of the GUT, SO(10) where;
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constant of 0.7%.
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compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
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at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
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Limits with Current, Early & Future Data
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At the LHC, it is expected a Z' search up to an invariant mass of
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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!!.
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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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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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 !B. The resulting mass limits are 1.83 TeV for the
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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 To calculate the limit we then solve below for (σB)95.

Statistical Interpretation: Exclusion Limits
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9
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Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>

LAr Electromagnetic Calorimeters (ECAL)

Muon Chambers

Toroid
Magnets

LAr Hadronic endcap (HEC)

Transition
Radiation
Tracker
(TRT)

Solenoid Magnet

Tile Calorimeters (HCAL)

LAr
Forward 

Calorimeter 
(FCal)

Semi-
Conductor

Tracker
(SCT)

Pixel 
Tracker

The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.

References:   *! I. Golutvin et al.Search for TeV-Scale bosons, Czech. J. Phys., 54:A261-A268,2004.   *" The CDF Collaboration. High Mass Dielectron Resonances CDF/PUB/EXOTIC/PUBLIC/9160, 2008/09.   *# The ATLAS Collaboration. Dilepton Resonances at High Mass. CERN-OPEN-2008-020, September 2008.   * ee

Cuts Applied:

Electron Pt > 15 GeV
Electron Eta < 2.47
IsEM Cut = Loose
Track Matched
Electron Pair +/-
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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mass spectra are consistent with the SM expectations.
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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 To calculate the limit we then solve below for (σB)95.

A
T

L
-P

H
Y

S
-S

L
ID

E
-2

0
1
1
-6

9
7

2
2
/

1
1
/

2
0
1
1

There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;

!"#$#%&'()#*+,)'-.#/(01(#23#4!5#64+78#!'&',#5-+77'-9

!"#$%&'()*+,$*-&"*./*0#1)"*2,3,(
'(*-&"*

24*5#('"6*7#48"(9*!1:"$;'3,$<*5$*=$#%"4*2"$$4
Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )

Triggers

The ATLAS Detector

At full luminosity, one can only write 1 in every 5x10 events to disk, therefore we require a way of filtering events at run time, so
we only record the interesting physics. Some examples of Triggers for a :; 3'2-<8 2-' >?@ABC?D. >?@BC?EE. = >A@"?EF@6,,3"?>
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Electron Reconstruction & Analysis
Particles other than the Z', such as the known Z boson, and the theoretical Graviton, can also decay through the e e channel, it
is therefore vital that we understand the differences in each signal, so we can distinguish a Z' particle. Below are plots
constructing the two highest Pt electrons per event for the Z, Z', and Graviton.

Limits with Current, Early & Future Data
The best current limits for the channel come from CDF,
pushing the minimum mass for the Z' up to around 1TeV *" *# * .

At the LHC, it is expected a Z' search up to an invariant mass of
6 TeV will be possible, with most probing methods of use after a
discovery being limited to a Z' mass of up to 3 TeV.
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There are many extensions of the current standard model gauge group, that predict an
electrically neutral, heavy partner of the Zº Boson. Currently we can describe the
known standard model using group theory as such:

Several (Grand Unified Theories) allow this scheme to be extended however,
the simplist of which is called the SSM (Sequential Standard Model), which invokes a
Z' with the same couplings as the current Zº, unfortunately this model is not
satisfactory as the Z' would not be gauge invariant.

A viable working extension of the standard model called the LRM (Left-Right
Symmetric Model), where the Z' is gauge invariant, can come from the decomposition
of the GUT, SO(10) where;
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Theoretical Motivation for the Z' Gauge Boson

Strong Force
(8 Gluons)

Weak Force
(W , Zº)

Electromagnetic
( )

U(1)'U(1)SU(2)SU(3)

Standard Model (8 Gluons, W , Zº, )  Extra U(1) symmetry (Z')

LBRL U(1)SU(2)SU(2)SU(3)SO(10)

U(1)SU(2)SU(3)

(8 Gluons) (W , Zº) (W' , Z') ( )

Z' Property Probing Methods

BF
BFAFB

If the Z' is found, then it will be
desirable to probe its properties. There
are numerous ways of doing this at the
LHC. To distinguish the particle as the
Z' and not say, the Graviton, one can
look at the Angular Distribution of
events (Left)*! which heavily relies on
spin . The Z' from theory should have
spin-1, where as the Graviton is spin-2,
therefore their distributions should differ
considerably. Measuring the Forward-
Back Asymmetry Angle will also be
important in determining the Z'
couplings to exotics and fermions
(Right)*!. Note that this would show up
as an asymmetry about the cos( *) = 0
line on the left plot.

(where F is the no. events
found in the forward part of the
detector cos( *) > 0, and B,
the backward cos( *) < 0. )
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The ATLAS (A Toroidal LHC ApparatuS) Detector, is an all purpose, custom built detector, which weighes
over 7000 tonnes, is 44 metres long, 25 metres in diameter, and has multiple 2T magnets to curve the
tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.

Feynman Diagrams Electron Identification and Resolution
The ATLAS Detectors ability to measure the properties of
electrons is limited by intrinsic energy resolution. The
energy resolution of the ATLAS detector goes as:

Where; E is the energy of the electron, (E) is the deviation
between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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tracks of high energy charged particles. As the Z' search I am conducting is in the di-lepton channel,
namely to two electrons, I will be concentrating on the ECAL, which uses Lead to cause showering via
bremstraalung, and pair production, with Liquid Argon (LAr) to sense, and enable the energy of the initial
electrons to be calculated. The inner detector will also be important for track matching and vertex finding.
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Signal Backgrounds
The dominant background for a Z'
search will be the Drell-Yan
background proceeding via Zº or a
high energy photon. This process
eventually becomes irreducible,
and will therefore have to be
understood in a search beyond the
standard model. QCD and di-jet
interference, also contributes to the
signal background, but can be
reduced to insignificant levels using
robust analysis techniques.
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electrons is limited by intrinsic energy resolution. The
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between actual and measured energy of the electron, and the
addition is in quadrature. Note that a lower % means a better
resolution, and that at very high energies, such as those
present in a search for the Z', the resolution should approach a
constant of 0.7%.

Above is a plot of expected energy resolution
compared with that using Z' monte carlo data. The advantage
of a search over a search, is that while the
energy of a muon is estimated from track curvature (which
at increasingly high energy becomes harder to do), for an
electron whose energy is determined from showering in the
ECAL, the resolution tends to a constant, meaning that a
search for increasingly high Z' masses is possible.
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Limit Setting

Many extensions to the Standard Model (SM) predict extra U(1) symmetries.  
Currently the SM gauge symmetries can be described using group theory as such:

SU(3)⨉SU(2)⨉U(1) SU(3) ⇒ Strong Force (8 Gluons)
SU(2) ⇒ Weak Force (W±,Z0), U(1) ⇒ E/M Force (γ)

Several Grand Unified Theories (GUTs) allow this scheme to be extended, such as 
the Sequential Standard Model (SSM) where the Zʹ has the same couplings as the Z.

SU(3)⨉SU(2)⨉U(1)⨉U(1)ʹ U(1)ʹ ⇒ Extra Symmetry (Zʹ)

Interaction Strong E/M Weak Gravity
Coupling 1 1x10-2 1x10-6 1x10-39

In physics we observe a large difference between the force couplings (Hierarchy Problem).

Many possibilities: Higgs Mechanism, Super Symmetry, Extra Dimensions, and so on!

Zʹ G*Theory

A more theoretically motivated model involves the decomposition of the E6 GUT:

E6 ! SO(10)⨉U(1)Ψ
    ! SU(5)⨉U(1)!⨉U(1)Ψ

Zʹ(θ) = Zʹ! cosθ + ZʹΨ sinθ
where the mixing angle θ 

determines the coupling to fermions.

This leads to six different possible models with specific Zʹ states named:
ZʹΨ  ZʹN  Zʹη  ZʹI  ZʹS  Zʹ! 

Electron Cut Flow

e/γ Good Runs List (GRL)
Primary Vertex (>2 Tracks)

Trigger (e20_medium)
Reconstruction Algorithm

|η| < 2.47
ET > 25 GeV

Object Quality
isEM Identification

B-Layer requirement
Isolation < 7 GeV

Mee ≥ 70 GeV

Muon Cut Flow
Muon CP GRL

Trigger (mu22 or mu40)
PV > 2 Tracks, |zPV|>200mm

2 combined MuID muons
pT > 25 GeV

Pixel, SCT, and TRT req

≥3 hits in all MS layers
d0<0.2mm, z0<1.0mm

∑PT(cone30)/PT < 0.05
 Opposite Sign Muons

Highest ∑PT Pair

To select candidate events from data, each channel performs an analysis to select high energy electron/muon pairs.
The main backgrounds to a Zʹ/G* search come from: Drell-Yan,  tt ̄,  W+Jets,  Di-Bosons, and QCD.

The SM background contributions are estimated using Monte Carlo (MC) simulation, except for QCD which is 
estimated from data using a reverse ID sample for electrons, and a non-isolated sample for muons [1] [2].

Any excess in data is quantified using a log-
likelihood-ratio test. In this dataset the greatest 
excesses gave p-values of 54% and 24% for the 

e⁺e⁻ and μ⁺μ⁻ channel respectively.

In the absence of any signal, limits are set on the 
σB of the process at 95% CL, using the Bayesian 

Analysis Toolkit (BAT) [3].

BAT constructs a binned likelihood, and can 
combine analysis channels by taking the product 

of poisson probabilities like so:

RS GravitonRS GravitonRS GravitonRS Graviton

Coupling
[k/MPl]

0.01 0.03 0.05 0.10

Mass Limit 
[TeV]

0.71 1.03 1.33 1.63

ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6ZʹSSM | ZʹE6

Model
Zʹ
SSM

Zʹ
(Ψ)

Zʹ
(N)

Zʹ
(η)

Zʹ
(I)

Zʹ
(S)

Zʹ
(!)

Mass 
Limit 
[TeV]

1.83 1.49 1.52 1.54 1.56 1.60 1.64

 Employing bayesian statistics and treating the 
nuisance parameters as gaussian priors, Markov 

Chain Monte Carlo (MCMC) is used to obtain a 
marginalised posterior.

[1] The ATLAS Collaboration, Search for dilepton resonances in pp collisions at √s = 7 TeV with the ATLAS detector, arXiv:1108.1582v1 (Accepted by PRL). [4] D. London and J. L. Rosner, Phys. Rev. D34, 1530 (1986).

[2] The ATLAS Collaboration, Search for high-mass dilepton resonances in pp collisions at √s = 7 TeV (Support Note), ATL-COM-PHYS-2011-770. [5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[3] Limit Setting and Signal Extraction Procedures in the Search for Narrow Resonances Decaying into Leptons at ATLAS, ATL-COM-PHYS-2011-085. [6] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009).
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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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 e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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within 1% of unity. The advantage of this approach is
that the uncertainty on the luminosity, and any mass
independent uncertainties on e!ciencies, 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 e!ciencies. 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 "S 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 "S . The di"erence 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/#" cross section is 5%, which is
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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/!S 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 e!ects due to resolution and

ine"ciencies 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 e"ciency 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 ine"-
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 !B by scaling with the observed number of
Z boson events and the theoretical value of !B(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 !B(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 !B. 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
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FIG. 2: Expected and observed 95% C.L. upper limits on "B
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 !B. The resulting mass limits are 1.83 TeV for the
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E6-motivated models and the G" with various couplings
are given in Table IV.

TABLE III: Observed (Expected) 95% C.L. mass lower
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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 !B. The resulting mass limits are 1.83 TeV for the
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5 Discovery Statistics

The significance of a potential Z � signal is summarized by a p-value, the probability of observing an
outcome of an analysis at least as signal-like as the one observed in data, assuming that a signal is
absent. The common convention is that a p-value less than 1.35×10−3 constitutes evidence for a signal
and a p-value less than 2.87×10−7 constitutes a discovery. These are one-sided integrals of the tails of a
unit Gaussian distribution beyond +3σ and +5σ, respectively.

Experimental outcomes are ranked on a one-dimensional scale using a test statistic that is used to
calculate the p-value.

5.1 Narrow Resonance Search

We test the consistency of the observed data with the standard model prediction using the template shape
fitting technique described in Section 4 and search for a Z � signal of unknown mass and unknown rate in
ATLAS dilepton data.

A natural choice for the test statistic is based on the Neyman-Pearson lemma [3] which states that
when performing a hypothesis test between two hypotheses - in our case one assuming the presence
of signal and background (S+B) and one hypothesis that assumes only SM background (B) - the log-
likelihood-ratio (LLR) LLR = −2ln L(S+B)L(B) is the best test to reject (B) in favor of (S+B).

In the Gaussian limit, the LLR corresponds to the χ2 difference for the two hypotheses under test
∆χ2 = χ2(B) − χ2(S + B).

Since the mass and the rate of a hypothetical Z � is unknown a-priori, we perform a likelihood fit for
the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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the best-fit number of signal events (NZ�) and the best-fit mass of Z � (MZ�) present in data. This approach
accounts naturally for the ’look elsewhere effect’.

In the presence of nuisance parameters to account for systematic uncertainties of each model, the
LLR can be written more explicitly as:

LLR = −2 ln L(data|N̂Z� , M̂Z� , θ̂i)

L(data|(NZ� = 0), ˆ̂θi)
(9)

where N̂Z� , M̂Z� are the best-fit values of the Z � normalization and mass and θ̂i are the best-fit values
of the nuisance parameters which maximize L given the data, assuming a Z � signal is present. For the
background only hypothesis, ˆ̂θi are the best-fit values of the nuisance parameters which maximize L
assuming that no Z� signal is present. Figure 7 shows the marginalized posterior probability density as
a function of NZ� and MZ� for the (S+B) hypothesis fit to ATLAS data in the electron and muon channel
combined. The ‘hot‘ regions support the (S+B) hypothesis for particular values of NZ� and MZ� and
correspond to localized excesses in the dilepton spectrum. We quantify the significance of the excess
using the LLR test statistic.

The expected distribution of LLR assuming the background only (B) hypothesis is computed nu-
merically performing pseudo-experiments varying all sources of systematic uncertainty as described in
Section 4.

The p-value is then:
p = p(LLR > LLRobs|S M only) (10)

For the dimuon sample we observe a p-value of 70% as shown in Figure 8 (left). For the dielectron
sample, we observe a p-value of 68% as shown in Figure 8 (right). In conclusion, the data is consistent
with the SM hypothesis and not significant excess is observed.
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function in terms of the common variable of interest, namely the cross section of a potential Z � signal.
This is done by the simple substitution of the Z � normalization parameter (NZ�) and expressing it in terms
of Z� cross section times branching ratio (σZ�B) : NZ� = (σZ�B)AZ�L as shown in equation 6.

L(data|σB, θi) =
Nchannel�

l=1

Nbin�

k=1

µnlklk e
−µlk

nlk!

Nsys�

i=1
G(θi, 0, 1) , where µk =

�

j
(σB) jAl jLlTl jk(1 + θi�l jik) (6)

Sources of systematic uncertainties are treated in the same way as in the single channel analysis but can
be correlated across channel as well as across processes.

4.3 Bayesian Limit

Employing Bayesian statistics we use equation 6 and treat G(θi, 0, 1) as nuisance parameters θi with
Gaussian priors to incorporate the effects of systematic uncertainty. The dependence of the likelihood
function is reduced to one parameter of interest, the signal cross section, by a marginalization technique.
For this analysis we use the Bayesian Analysis Toolkit [2].

L�(data|σB) =
�
L(σB, θ1, ..., θN)dθ1, ..., dθN (7)

The reduced likelihood function is converted into a posterior probability density using Bayes’ the-
orem, assuming a uniform positive prior in (σB), i.e. π(σB) = 1. The maximum of the posterior
probability density P(σB|data) corresponds to the most likely signal content given the data. The 95%
Bayesian upper limit (σB)95 is obtained by integrating the posterior probability density:

0.95 =

� (σB)95
0 L�(σB)π(σB)d(σB)
� ∞
0 L�(σB)π(σB)d(σB)

. (8)

The cross section limits are converted into mass limits using the theoretical (σB) dependence on the
resonance mass.

A simple cross check of the combination procedure has been performed. We combine the 95 % C.L.
limits obtained for each individual channel computing the product of the posterior probability densitities
of each channel. The result obtained this way is compared to the 95 % C.L limit obtained using the
multi-channel likelihood of 6. The results agree to better than 1.7% as shown in figure 1. The very small
difference can be attributed to correlated sources of systematic uncertainties that are ignored in the first
approach but treated in the 2nd.

4.4 Mass Dependent Systematic Uncertainty

Mass-dependent systematic uncertainties are incorporated as nuisance parameters in the likelihood func-
tion as shown in equation 6. The relevant systematic uncertainties are reconstruction efficiency, QCD and
EW K-factors, PDF uncertainty, lepton resolution smearing and uncertainties in the QCD background
estimation. These uncertainties are correlated across all bins in the search region of m�� > 110 GeV,
and correlations between signal and background are taken into account. We assume that the systematic
uncertainty on the template shapes grow linearly from the Z boson pole to a specified value at a reference
mass of 1.5 TeV and is summarized in Table 1.
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5DiscoveryStatistics

ThesignificanceofapotentialZ�signalissummarizedbyap-value,theprobabilityofobservingan
outcomeofananalysisatleastassignal-likeastheoneobservedindata,assumingthatasignalis
absent.Thecommonconventionisthatap-valuelessthan1.35×10−3constitutesevidenceforasignal
andap-valuelessthan2.87×10−7constitutesadiscovery.Theseareone-sidedintegralsofthetailsofa
unitGaussiandistributionbeyond+3σand+5σ,respectively.

Experimentaloutcomesarerankedonaone-dimensionalscaleusingateststatisticthatisusedto
calculatethep-value.

5.1NarrowResonanceSearch

Wetesttheconsistencyoftheobserveddatawiththestandardmodelpredictionusingthetemplateshape
fittingtechniquedescribedinSection4andsearchforaZ�signalofunknownmassandunknownratein
ATLASdileptondata.

AnaturalchoicefortheteststatisticisbasedontheNeyman-Pearsonlemma[3]whichstatesthat
whenperformingahypothesistestbetweentwohypotheses-inourcaseoneassumingthepresence
ofsignalandbackground(S+B)andonehypothesisthatassumesonlySMbackground(B)-thelog-
likelihood-ratio(LLR)LLR=−2lnL(S+B) L(B)isthebesttesttoreject(B)infavorof(S+B).

IntheGaussianlimit,theLLRcorrespondstotheχ2differenceforthetwohypothesesundertest
∆χ2=χ2(B)−χ2(S+B).

SincethemassandtherateofahypotheticalZ�isunknowna-priori,weperformalikelihoodfitfor
thebest-fitnumberofsignalevents(NZ�)andthebest-fitmassofZ�(MZ�)presentindata.Thisapproach
accountsnaturallyforthe’lookelsewhereeffect’.

Inthepresenceofnuisanceparameterstoaccountforsystematicuncertaintiesofeachmodel,the
LLRcanbewrittenmoreexplicitlyas:

LLR=−2lnL(data|
ˆNZ�,ˆMZ�,θ̂i)

L(data|(NZ�=0),ˆ̂θi)
(9)

whereˆNZ�,ˆMZ�arethebest-fitvaluesoftheZ�normalizationandmassandθ̂iarethebest-fitvalues
ofthenuisanceparameterswhichmaximizeLgiventhedata,assumingaZ�signalispresent.Forthe
backgroundonlyhypothesis,ˆ̂θiarethebest-fitvaluesofthenuisanceparameterswhichmaximizeL
assumingthatnoZ�signalispresent.Figure7showsthemarginalizedposteriorprobabilitydensityas
afunctionofNZ�andMZ�forthe(S+B)hypothesisfittoATLASdataintheelectronandmuonchannel
combined.The‘hot‘regionssupportthe(S+B)hypothesisforparticularvaluesofNZ�andMZ�and
correspondtolocalizedexcessesinthedileptonspectrum.Wequantifythesignificanceoftheexcess
usingtheLLRteststatistic.

TheexpecteddistributionofLLRassumingthebackgroundonly(B)hypothesisiscomputednu-
mericallyperformingpseudo-experimentsvaryingallsourcesofsystematicuncertaintyasdescribedin
Section4.

Thep-valueisthen:
p=p(LLR>LLRobs|SMonly)(10)

Forthedimuonsampleweobserveap-valueof70%asshowninFigure8(left).Forthedielectron
sample,weobserveap-valueof68%asshowninFigure8(right).Inconclusion,thedataisconsistent
withtheSMhypothesisandnotsignificantexcessisobserved.
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 To calculate the limit we then solve below for (σB)95.
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Combination with γγ channel for RS G* search.
Statistical Interpretation
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Aside: Wʹ Results @ 7 TeV

Note:  This is a different analysis to 
the dilepton analysis described on 

the previous slides.

All papers are linked in the Backup.
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Non-Resonant
New Physics
Signatures
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Non-Resonant New Physics:  ADD Theory
In the ADD Paradigm, large flat extra spatial dimensions are introduced 

to dilute gravity, so that it appears weak in the 3+1 space-time 
dimensions to which the other known forces are constrained.

Model parameters include: Size of ED, (R), number of ED, (n≥2), and 
the fundamental Planck scale in 4+n dimensional space-time, (MD), 

which can be related to the string scale, (MS). 

G* is the only particle that propagates in the bulk, giving Kaluza-Klein 
(KK) mode excitations on the SM brane.

mailto:D.Hayden@rhul.ac.uk
mailto:D.Hayden@rhul.ac.uk
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Therefore broad excesses are expected over the SM prediction, 
with a cut off imposed at MS in the dilepton invariant mass 

spectrum to avoid UV divergences when summing over KK modes.

The total expected cross section can be expressed as:

Where FI  is the SM+ADD interference term, FG is the pure ADD 
term, and ηG is the formalism dependent parameter of interest:

(GRW)

(Hewett)

Non-Resonant New Physics:  ADD Theory
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If Quarks and Leptons are composite, with at least one common 
constituent, the interaction would likely be manifested through an 

effective four-fermion contact interaction at energies well below the 
compositeness scale (Λ).

Such a Contact Interaction (CI) could also describe a new interaction 
with a messenger too heavy for direct observation at the LHC.

Here we consider the Left-Left Isoscalar Model, which is often used as a 
benchmark, and gives the Lagrangian:

Where ηLL = ± 1 , defines whether the interaction interferes 
constructively (-1) or destructively (+1) with SM DY.

Non-Resonant New Physics:  Contact Interaction Theory
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The differential cross-section for the process                   at the 
LHC, with the introduction of CI, can then be written as:

Where FI is the DY-CI interference term, and FC is the pure CI term.

At the largest Λ values to which the analysis to be shown is 
sensitive to, both interference and pure CI terms are significant, i.e. 

at mll = 300 GeV, Λ = 9 TeV:  FI = 1.5 x FC.

The present analysis focuses on identifying a broad deviation from 
the SM dilepton mass distribution at masses well above the Z peak, 

and investigates both 1/Λ2 and 1/Λ4 dependence.

Non-Resonant New Physics:  Contact Interaction Theory
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Statistical Interpretation: Exclusion Limits

To quantify any excess seen in data, a Bayesian approach is used once again. 

For the ADD model, counting is done in a single bin above a mass threshold, 
which is optimised to give the highest expected limit on MS. 

For the CI model,  ~10 bins are used to include the kinematic information from 
the expected signal shape.

In both the ADD and CI model statistical analyses, the parameter of interest is 
not directly the number of expected signal events, but the expected signal as a 

function of the parameters MS and Λ, respectively.

Therefore, signal parameterisations are made as inputs, using the available MC, 
so that lower limits are set on these parameters of interest.

9.1. Statistical Interpretation of Results 119

from the approach taken before the mid-19th century, which stated that the probability of

an event was equal among all possible outcomes. This section will employ Frequentist

methods to interpret the 2.12 fb!1 dielectron analysis result.

Single Binned Counting Experiment

A single binned counting experiment was used to analyse the results and set limits on

Z"/G# models at a number of test mass points, counting observed and expected events in a

single bin above a given threshold. In this analysis the counting threshold was set to 70%

of the resonance test mass point, i.e. for a 1 TeV resonance, events are counted above a

mass of 700 GeV, and so on. This boundary was chosen to take into account the varying

width of resonances in this search.

The expected number of events, µ, is the sum of the expected background (µb) and

signal (µs). Using Poisson statistics, the likelihood to observe n events is:

L(n|µ) =
µne!µ

n!
, where µ= µb+µs (9.1)

Uncertainty in any of the free parameters of the likelihood are included as nuisance pa-

rameters by multiplying by the probability density function (pdf) characterising that un-

certainty. If Nsys such nuisance parameters !1, ...,!Nsys are identified (collectively denoted

by the vector, !̄), then the likelihood becomes:

L(n|µ, !̄) =
µne!µ

n!

Nsys

"
i=1

G(!i,0,1) , where µ=#
j
µj(1+#

i
!i$ ji) (9.2)

G(!i,0,1) is the pdf for nuisance parameter !i and is chosen to be a unit Gaussian centred

at zero. $ ji is then the relative change in normalisation of process j for each source of

systematic uncertainty i, which controls the width of the nuisance parameter.

CLs Method

TheCLs method [103] is a Modified Frequentist technique that uses a log likelihood ratio

(LLR) test statistic, Q, to quantify agreement between observed and expected results:

Q= !2ln
L(n|µ)
L(n|µb)

(9.3)

Daniel.Hayden@cern.ch
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TABLE IV. Expected and observed 95% C.L. lower limits
on the contact interaction energy scale ! for the dielectron
and dimuon channels, as well as for the combination of those
channels. Results are provided for constructive and destruc-
tive interference as well as di"erent choices of flat priors: 1/!2

and 1/!4.

Channel Prior Expected limit [TeV] Observed limit [TeV]
Constr. Destr. Constr. Destr.

ee 1/!2 13.8 10.4 12.1 9.5
1/!4 12.5 9.8 11.4 9.1

µµ 1/!2 12.7 9.9 12.9 9.6
1/!4 11.6 9.1 11.7 9.0

ee+ µµ 1/!2 15.0 11.3 13.9 10.2
1/!4 13.8 10.5 12.9 9.8

other sources are treated as uncorrelated. The resulting
combined limits are !! > 13.9 TeV and !+ > 10.2 TeV
for the 1/!2 prior. Table IV summarizes all limits for
the two priors considered in this analysis.

VIII. LARGE EXTRA DIMENSIONS ANALYSIS

AND RESULTS

The search for large extra dimensions is carried out
similarly to that for contact interactions. A di"erence
from the CI analysis is that the DY component present in
the Sherpa DY+ADD simulated samples is subtracted
out to compute the net ADD contribution to the total
event yield. The DY background is modeled with the
same Pythia DY sample as is used for the CI analysis.
Another di"erence is that the search is performed in only
one mass bin with the minimum mass chosen at the value
giving the strongest expected limit. This optimization
results in a signal region with a minimum mass require-
ment of 1300 GeV as determined from a set of pseudo-
experiments in each of the dielectron and dimuon chan-
nels. Table V presents the expected and observed event
yields in the signal region, including the expectation for
several MS values in the GRW formalism.
The consistency between the number of observed

events in the data and the predicted SM contribution
is assessed using a set of SM-like pseudo-experiments.
Using the same likelihood ratio approach as for the CI
analysis, p-values of 6% and 68% are obtained in the di-
electron and dimuon channels, respectively. These values
indicate that there is no significant evidence for large
extra dimensions and thus limits are set on the scale
MS. The observed limits are MS > 2.73 (2.62) TeV in
the dielectron channel and MS > 2.83 (2.61) TeV in the
dimuon channel at 95% C.L. with a prior flat in 1/M4

S
(1/M8

S). Table VI shows these observed limits along with
the expected limits. Limits in the dielectron channel are
slightly worse than expected due to the larger number
of events observed in the data compared with the SM

TABLE V. Expected and observed number of events with
m!! > 1300 GeV in the dielectron and dimuon channels.
Yields given for di"erent MS values correspond to the sum
of signal and background events, with the signal obtained in
the GRW formalism. All yields are normalized to the Z peak
control region. The errors quoted originate from systematic
uncertainties and limited MC statistics.

Process ee µµ

DY 0.89 ± 0.21 0.54 ± 0.16
tt̄ < 0.01 < 0.01
Diboson 0.075 ± 0.005 0.059 ± 0.010
Multi-jet/W+jets 0.16 ± 0.20 –

Total background 1.13 ± 0.29 0.60 ± 0.16

MS = 1.5 TeV 72± 5 47± 9
MS = 2.0 TeV 40.2± 2.6 22± 4
MS = 2.5 TeV 11.7± 0.9 6.3± 1.1
MS = 3.0 TeV 4.2± 0.4 2.3± 0.4

Data 2 0

TABLE VI. Expected and observed 95% C.L. lower limits on
MS in the dielectron and dimuon channels, as well as for the
combination of those channels without and with the diphoton
channel in the GRW formalism. Separate results are provided
for the di"erent choices of flat priors: 1/M4

S and 1/M8
S .

Channel Prior Exp. limit [TeV] Obs. limit [TeV]

ee 1/M4
S 2.88 2.73

1/M8
S 2.72 2.62

µµ 1/M4
S 2.83 2.83

1/M8
S 2.61 2.61

ee+ µµ 1/M4
S 3.16 3.00

1/M8
S 2.96 2.85

ee+ µµ+ !! 1/M4
S 3.43 3.22

1/M8
S 3.27 3.12

expectation. The dielectron and dimuon channels are
combined taking correlated systematic uncertainties into
account in a way identical to the CI analysis.
A search for large extra dimensions has also been car-

ried out in the diphoton final state using the data sam-
ple collected by ATLAS in 2011 [42]. The results of that
search are combined with the dilepton results presented
here with the use of BAT. Correlated sources of system-
atic uncertainty are treated as follows. The PDF uncer-
tainty in the SM diphoton and DY production is consid-
ered to be fully correlated between the ee, µµ and !!
channels, whereas the multi-jet background uncertainty
is fully correlated between the ee and !! final states.
It should be noted that the ee and !! samples are sta-
tistically uncorrelated since ee candidates have been ex-
plicitly removed from the diphoton analysis at the event
selection stage. The observed and expected combined
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uncertainties and limited MC statistics.

Process ee µµ

DY 0.89 ± 0.21 0.54 ± 0.16
tt̄ < 0.01 < 0.01
Diboson 0.075 ± 0.005 0.059 ± 0.010
Multi-jet/W+jets 0.16 ± 0.20 –

Total background 1.13 ± 0.29 0.60 ± 0.16

MS = 1.5 TeV 72± 5 47± 9
MS = 2.0 TeV 40.2± 2.6 22± 4
MS = 2.5 TeV 11.7± 0.9 6.3± 1.1
MS = 3.0 TeV 4.2± 0.4 2.3± 0.4

Data 2 0

TABLE VI. Expected and observed 95% C.L. lower limits on
MS in the dielectron and dimuon channels, as well as for the
combination of those channels without and with the diphoton
channel in the GRW formalism. Separate results are provided
for the di"erent choices of flat priors: 1/M4

S and 1/M8
S .

Channel Prior Exp. limit [TeV] Obs. limit [TeV]

ee 1/M4
S 2.88 2.73

1/M8
S 2.72 2.62

µµ 1/M4
S 2.83 2.83

1/M8
S 2.61 2.61

ee+ µµ 1/M4
S 3.16 3.00

1/M8
S 2.96 2.85

ee+ µµ+ !! 1/M4
S 3.43 3.22

1/M8
S 3.27 3.12

expectation. The dielectron and dimuon channels are
combined taking correlated systematic uncertainties into
account in a way identical to the CI analysis.
A search for large extra dimensions has also been car-

ried out in the diphoton final state using the data sam-
ple collected by ATLAS in 2011 [42]. The results of that
search are combined with the dilepton results presented
here with the use of BAT. Correlated sources of system-
atic uncertainty are treated as follows. The PDF uncer-
tainty in the SM diphoton and DY production is consid-
ered to be fully correlated between the ee, µµ and !!
channels, whereas the multi-jet background uncertainty
is fully correlated between the ee and !! final states.
It should be noted that the ee and !! samples are sta-
tistically uncorrelated since ee candidates have been ex-
plicitly removed from the diphoton analysis at the event
selection stage. The observed and expected combined

CI Limits

ADD Limits
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Dijet Analysis
“At the LHC, collisions with the largest momentum transfer typically result in final states with two 
jets of particles with high transverse momentum (pT). The study of these events tests the Standard 
Model (SM) at the highest energies accessible at the LHC.” - 7 TeV Dijet Paper.

mjj = 4.1 TeV
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Excited Quarks Quantum Black Holes

String Resonances Colour-Octets

Colour-Octet scalars that are SU(2)L 
singlets can arise in techni-colour, and 

universal extra dimension models.

Dominant branching ratio to dijets, 
simple signal topology.

Possible in scenarios with low scale 
strings, and large extra dimensions.

Given this, amplitudes can almost 
completely be determined, and leads to 
dijet resonance at the string scale MS.

Possible only in very limited region of 
parameter space.  However, may be 

visible at the LHC if higher dimensional 
quantum gravity scale is low.

Significant change in two particle final 
states expected at onset of quantum 

gravity, dominated by QCD jets.

If quarks are composite, the observation 
of excited states is also expected.

Dijet final state appears as a resonance, but has 
a large background from the SM.  However the 
isotropic production and decay of the excited 

state can enhance a given search.

As well as other theories already described:  Wʹ, CI, etc...
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Dijet Analysis: mjj Spectrum

The mjj spectrum is used to 
search for new resonances.    
The SM dijet background is 

expected to have a very 
smooth and predictable 
shape, therefore a dijet 

function is fitted directly to 
data to estimate the total 
background, making any 

deviation from this due to 
new physics, easily visible.

A selection has been implemented to avoid a defect in the readout electronics of the

electromagnetic calorimeter in the region from !0.1 to 1.5 in !, and from !0.9 to !0.5

in " that occurred during part of the running period. The average response for jets in

this region is 20% to 30% too low. For the mjj analysis, events in the a!ected running

period with jets near this region are rejected if such jets have a pT greater than 30% of the

next-to-leading jet pT. This requirement removes 1% of the events. A similar rejection has

been made for the angular analysis. In this case the complete ! slice from !0.9 to !0.5 in

" is excluded in order to retain the shape of the distributions. The event reduction during

run periods a!ected by the defect is 13%, and the overall reduction in the data set due to

this e!ect is 4%.

Additional kinematic selection criteria are used to enrich the sample with events in

the hard-scattering region of phase space. For the dijet mass analysis, events must satisfy

|y!| < 0.6 and |!1,2| < 2.8 for the leading jets, and mjj > 850 GeV.

For the angular analyses, events must satisfy |y!| < 1.7 and |yB | < 1.1, and mjj >

800 GeV. The combined y! and yB criteria limit the rapidity range of the leading jets to

|y1,2| < 2.8. This |yB | selection does not a!ect events with dijet mass above 2.8 TeV since

the phase space is kinematically constrained. The kinematic selection also restricts the

minimum pT of jets entering the analysis to 80 GeV. Since at lowest order yB = 1
2 ln(

x1

x2
)

and m2
jj = x1 x2 s, with x1,2 the parton momentum fractions of the colliding protons, the

combined mjj and yB criteria result in limiting the e!ective x1,2-ranges in the convolution

of the matrix elements with the PDFs. The QCD matrix elements for dijet production

lead to # distributions that are approximately flat. Without the selection on yB, the #

distributions predicted by QCD would have a slope becoming more pronounced for the

lower mjj bins. Restricting the x1,2-ranges of the PDFs reduces this shape distortion, and

also reduces the PDF and jet energy scale uncertainties associated with each # bin of the

final distribution.

5 Comparing the dijet mass spectrum to a smooth background

In the dijet mass analysis, a search for resonances in themjj spectrum is made by using

a data-driven background estimate. The observed dijet mass distribution after all selection

cuts is shown in figure 1. Also shown in the figure are the predictions for an excited quark

for three di!erent mass hypotheses [1, 2]. The mjj spectrum is fit to a smooth functional

form,

f(x) = p1(1! x)p2xp3+p4 lnx, (5.1)

where the pi are fit parameters, and x " mjj/
#
s. In previous studies, ATLAS and other

experiments [15, 17, 19, 23] have found this ansatz to provide a satisfactory fit to the QCD

prediction of dijet production. The use of a full Monte Carlo QCD background prediction

would introduce theoretical and systematic uncertainties of its own, whereas this smooth

background form introduces only the uncertainties associated with its fit parameters. A

feature of the functional form used in the fitting is that it allows for smooth background

variations but does not accommodate localised excesses that could indicate the presence

of NP signals. However, the e!ects of smooth deviations from QCD, such as contact
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A selection has been implemented to avoid a defect in the readout electronics of the

electromagnetic calorimeter in the region from !0.1 to 1.5 in !, and from !0.9 to !0.5

in " that occurred during part of the running period. The average response for jets in

this region is 20% to 30% too low. For the mjj analysis, events in the a!ected running

period with jets near this region are rejected if such jets have a pT greater than 30% of the

next-to-leading jet pT. This requirement removes 1% of the events. A similar rejection has

been made for the angular analysis. In this case the complete ! slice from !0.9 to !0.5 in

" is excluded in order to retain the shape of the distributions. The event reduction during

run periods a!ected by the defect is 13%, and the overall reduction in the data set due to

this e!ect is 4%.

Additional kinematic selection criteria are used to enrich the sample with events in

the hard-scattering region of phase space. For the dijet mass analysis, events must satisfy

|y!| < 0.6 and |!1,2| < 2.8 for the leading jets, and mjj > 850 GeV.

For the angular analyses, events must satisfy |y!| < 1.7 and |yB | < 1.1, and mjj >

800 GeV. The combined y! and yB criteria limit the rapidity range of the leading jets to

|y1,2| < 2.8. This |yB | selection does not a!ect events with dijet mass above 2.8 TeV since

the phase space is kinematically constrained. The kinematic selection also restricts the

minimum pT of jets entering the analysis to 80 GeV. Since at lowest order yB = 1
2 ln(

x1

x2
)

and m2
jj = x1 x2 s, with x1,2 the parton momentum fractions of the colliding protons, the

combined mjj and yB criteria result in limiting the e!ective x1,2-ranges in the convolution

of the matrix elements with the PDFs. The QCD matrix elements for dijet production

lead to # distributions that are approximately flat. Without the selection on yB, the #

distributions predicted by QCD would have a slope becoming more pronounced for the

lower mjj bins. Restricting the x1,2-ranges of the PDFs reduces this shape distortion, and

also reduces the PDF and jet energy scale uncertainties associated with each # bin of the

final distribution.

5 Comparing the dijet mass spectrum to a smooth background

In the dijet mass analysis, a search for resonances in themjj spectrum is made by using

a data-driven background estimate. The observed dijet mass distribution after all selection

cuts is shown in figure 1. Also shown in the figure are the predictions for an excited quark

for three di!erent mass hypotheses [1, 2]. The mjj spectrum is fit to a smooth functional

form,

f(x) = p1(1! x)p2xp3+p4 lnx, (5.1)

where the pi are fit parameters, and x " mjj/
#
s. In previous studies, ATLAS and other

experiments [15, 17, 19, 23] have found this ansatz to provide a satisfactory fit to the QCD

prediction of dijet production. The use of a full Monte Carlo QCD background prediction

would introduce theoretical and systematic uncertainties of its own, whereas this smooth

background form introduces only the uncertainties associated with its fit parameters. A

feature of the functional form used in the fitting is that it allows for smooth background

variations but does not accommodate localised excesses that could indicate the presence

of NP signals. However, the e!ects of smooth deviations from QCD, such as contact
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Dijet Analysis: mjj Spectrum

The mjj spectrum is used to 
search for new resonances.    
The SM dijet background is 

expected to have a very 
smooth and predictable 
shape, therefore a dijet 

function is fitted directly to 
data to estimate the total 
background, making any 

deviation from this due to 
new physics, easily visible.

A selection has been implemented to avoid a defect in the readout electronics of the

electromagnetic calorimeter in the region from !0.1 to 1.5 in !, and from !0.9 to !0.5

in " that occurred during part of the running period. The average response for jets in

this region is 20% to 30% too low. For the mjj analysis, events in the a!ected running

period with jets near this region are rejected if such jets have a pT greater than 30% of the

next-to-leading jet pT. This requirement removes 1% of the events. A similar rejection has

been made for the angular analysis. In this case the complete ! slice from !0.9 to !0.5 in

" is excluded in order to retain the shape of the distributions. The event reduction during

run periods a!ected by the defect is 13%, and the overall reduction in the data set due to

this e!ect is 4%.

Additional kinematic selection criteria are used to enrich the sample with events in

the hard-scattering region of phase space. For the dijet mass analysis, events must satisfy

|y!| < 0.6 and |!1,2| < 2.8 for the leading jets, and mjj > 850 GeV.

For the angular analyses, events must satisfy |y!| < 1.7 and |yB | < 1.1, and mjj >

800 GeV. The combined y! and yB criteria limit the rapidity range of the leading jets to

|y1,2| < 2.8. This |yB | selection does not a!ect events with dijet mass above 2.8 TeV since

the phase space is kinematically constrained. The kinematic selection also restricts the

minimum pT of jets entering the analysis to 80 GeV. Since at lowest order yB = 1
2 ln(

x1

x2
)

and m2
jj = x1 x2 s, with x1,2 the parton momentum fractions of the colliding protons, the

combined mjj and yB criteria result in limiting the e!ective x1,2-ranges in the convolution

of the matrix elements with the PDFs. The QCD matrix elements for dijet production

lead to # distributions that are approximately flat. Without the selection on yB, the #

distributions predicted by QCD would have a slope becoming more pronounced for the

lower mjj bins. Restricting the x1,2-ranges of the PDFs reduces this shape distortion, and

also reduces the PDF and jet energy scale uncertainties associated with each # bin of the

final distribution.

5 Comparing the dijet mass spectrum to a smooth background

In the dijet mass analysis, a search for resonances in themjj spectrum is made by using

a data-driven background estimate. The observed dijet mass distribution after all selection

cuts is shown in figure 1. Also shown in the figure are the predictions for an excited quark

for three di!erent mass hypotheses [1, 2]. The mjj spectrum is fit to a smooth functional

form,

f(x) = p1(1! x)p2xp3+p4 lnx, (5.1)

where the pi are fit parameters, and x " mjj/
#
s. In previous studies, ATLAS and other

experiments [15, 17, 19, 23] have found this ansatz to provide a satisfactory fit to the QCD

prediction of dijet production. The use of a full Monte Carlo QCD background prediction

would introduce theoretical and systematic uncertainties of its own, whereas this smooth

background form introduces only the uncertainties associated with its fit parameters. A

feature of the functional form used in the fitting is that it allows for smooth background

variations but does not accommodate localised excesses that could indicate the presence

of NP signals. However, the e!ects of smooth deviations from QCD, such as contact
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A selection has been implemented to avoid a defect in the readout electronics of the

electromagnetic calorimeter in the region from !0.1 to 1.5 in !, and from !0.9 to !0.5

in " that occurred during part of the running period. The average response for jets in

this region is 20% to 30% too low. For the mjj analysis, events in the a!ected running

period with jets near this region are rejected if such jets have a pT greater than 30% of the

next-to-leading jet pT. This requirement removes 1% of the events. A similar rejection has

been made for the angular analysis. In this case the complete ! slice from !0.9 to !0.5 in

" is excluded in order to retain the shape of the distributions. The event reduction during

run periods a!ected by the defect is 13%, and the overall reduction in the data set due to

this e!ect is 4%.

Additional kinematic selection criteria are used to enrich the sample with events in

the hard-scattering region of phase space. For the dijet mass analysis, events must satisfy

|y!| < 0.6 and |!1,2| < 2.8 for the leading jets, and mjj > 850 GeV.

For the angular analyses, events must satisfy |y!| < 1.7 and |yB | < 1.1, and mjj >

800 GeV. The combined y! and yB criteria limit the rapidity range of the leading jets to

|y1,2| < 2.8. This |yB | selection does not a!ect events with dijet mass above 2.8 TeV since

the phase space is kinematically constrained. The kinematic selection also restricts the

minimum pT of jets entering the analysis to 80 GeV. Since at lowest order yB = 1
2 ln(

x1

x2
)

and m2
jj = x1 x2 s, with x1,2 the parton momentum fractions of the colliding protons, the

combined mjj and yB criteria result in limiting the e!ective x1,2-ranges in the convolution

of the matrix elements with the PDFs. The QCD matrix elements for dijet production

lead to # distributions that are approximately flat. Without the selection on yB, the #

distributions predicted by QCD would have a slope becoming more pronounced for the

lower mjj bins. Restricting the x1,2-ranges of the PDFs reduces this shape distortion, and

also reduces the PDF and jet energy scale uncertainties associated with each # bin of the

final distribution.

5 Comparing the dijet mass spectrum to a smooth background

In the dijet mass analysis, a search for resonances in themjj spectrum is made by using

a data-driven background estimate. The observed dijet mass distribution after all selection

cuts is shown in figure 1. Also shown in the figure are the predictions for an excited quark

for three di!erent mass hypotheses [1, 2]. The mjj spectrum is fit to a smooth functional

form,

f(x) = p1(1! x)p2xp3+p4 lnx, (5.1)

where the pi are fit parameters, and x " mjj/
#
s. In previous studies, ATLAS and other

experiments [15, 17, 19, 23] have found this ansatz to provide a satisfactory fit to the QCD

prediction of dijet production. The use of a full Monte Carlo QCD background prediction

would introduce theoretical and systematic uncertainties of its own, whereas this smooth

background form introduces only the uncertainties associated with its fit parameters. A

feature of the functional form used in the fitting is that it allows for smooth background

variations but does not accommodate localised excesses that could indicate the presence

of NP signals. However, the e!ects of smooth deviations from QCD, such as contact
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Dijet Analysis: Angular Distribution

The angular distribution of 
dijets is used to look for 

non-resonant excesses that 
would be washed out by 

the dijet fit.  Because the fit 
is not used, the QCD dijet 
background is estimated by 
MC generated with Pythia 6 

and corrected with 
NLOJET++.

and LAr/tungsten modules to provide electromagnetic and hadronic energy measurements,

respectively.

2 Overview of the dijet mass and angular analyses

The dijet invariant mass, mjj, is calculated from the vectorial sum of the four-momenta

of the two highest pT jets in the event. A search for resonances is performed on the

mjj spectrum, employing a data-driven background estimate that does not rely on QCD

calculations.

The angular analyses employ ratio observables and normalised distributions to sub-

stantially reduce their sensitivity to systematic uncertainties, especially those associated

with the jet energy scale (JES), parton distribution functions (PDFs) and the integrated

luminosity. Unlike the mjj analysis, the angular analyses use a background estimate based

on QCD. The basic angular variables and distributions used in the previous ATLAS dijet

studies [18, 23] are also employed in this analysis. A convenient variable that emphasises

the central scattering region is !. If E is the jet energy and pz is the z-component of the

jet’s momentum, the rapidity of the jet is given by y ! 1
2 ln(

E+pz
E!pz

). In a given event, the

rapidities of the two highest pT jets in the pp centre-of-mass frame are denoted by y1 and

y2, and the rapidities of the jets in the dijet CM frame are y" = 1
2(y1 " y2) and "y". The

longitudinal motion of the dijet CM system in the pp frame is described by the rapidity

boost, yB = 1
2(y1 + y2). The variable ! is: ! ! exp(|y1 " y2|) = exp(2|y"|).

The ! distributions predicted by QCD are relatively flat compared to those produced

by new phenomena. In particular, many NP signals are more isotropic than QCD, causing

them to peak at low values of !. For the ! distributions in the current studies, the rapidity

coverage extends to |y"| < 1.7 corresponding to ! < 30.0. This interval is divided into

11 bins, with boundaries at !i = exp(0.3 # i) with i = 0, ..., 11, where 0.3 corresponds to

three times the coarsest calorimeter segmentation, !" = 0.1. These ! distributions are

measured in five dijet mass ranges with the expectation that low mjj bins will be dominated

by QCD processes and NP signals would be found in higher mass bins. The distributions

are normalised to unit area, restricting the analysis to a shape comparison.

To facilitate an alternate approach to the study of dijet angular distributions, it is

useful to define a single-parameter measure of isotropy as the fraction F! ! Ncentral

Ntotal
, where

Ntotal is the number of events containing a dijet that passes all selection criteria, and

Ncentral is the subset of these events in which the dijet enters a defined central region. It

was found that |y"| < 0.6, corresponding to ! < 3.32, defines an optimal central region

where many new processes would be expected to deviate from QCD predictions. This value

corresponds to the upper boundary of the fourth bin in the ! distribution.

As in previous ATLAS studies [18], the current angular analyses make use of the

F!(mjj) distribution, which consists of F! binned finely in mjj:

F!(mjj) !
dNcentral/dmjj

dNtotal/dmjj
, (2.1)

using the same mass binning as the dijet mass analysis. This distribution is more sensitive

to mass-dependent changes in the rate of centrally produced dijets than the ! distributions
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Figure 3. The F!(mjj) distribution in mjj . The QCD prediction is shown with theoretical and
total systematic uncertainties (bands), and data (black points) with statistical uncertainties. The
blue vertical line indicates the lower boundary of the search region for new phenomena. Various
expected new physics signals are shown: a contact interaction with ! = 7.5 TeV, an excited quark
with mass 2.5 TeV and a QBH signal with MD = 4.0 TeV.

The second test consists of applying the BumpHunter and TailHunter algorithms

[37, 38] to the F!(mjj) distributions, including systematic uncertainties and assuming

binomial statistics. For this test only data with dijet masses above 1.8 TeV, associated

with the single unprescaled trigger, are used to obtain a high sensitivity at high mass and

to avoid diluting the test with the large number of low-mass bins. The test scans the data

using windows of varying widths and identifies the window with the largest excess of events

with respect to the background. The BumpHunter finds the most discrepant interval to

be from 1.80 TeV to 2.88 TeV, with a p-value of 0.20. The TailHunter finds the most

discrepant interval to be from 1.80 TeV onwards, with a p-value of 0.21. The p-values

indicate that there is no significant excess in the data .

9 Simulation of hypothetical new phenomena

In the absence of any significant signals indicating the presence of phenomena be-

yond QCD, Bayesian 95% credibility level (CL) limits are determined for a number of NP

hypotheses. The following models have been described in detail in previous ATLAS di-

jet studies [17, 18, 23, 24]: quark contact interactions (CI) [54–56], excited quarks (q!)

[1, 2], colour octet scalars (s8) [6], and quantum black holes (QBH) [7, 8]. Two models of
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and LAr/tungsten modules to provide electromagnetic and hadronic energy measurements,

respectively.

2 Overview of the dijet mass and angular analyses

The dijet invariant mass, mjj, is calculated from the vectorial sum of the four-momenta

of the two highest pT jets in the event. A search for resonances is performed on the

mjj spectrum, employing a data-driven background estimate that does not rely on QCD

calculations.

The angular analyses employ ratio observables and normalised distributions to sub-

stantially reduce their sensitivity to systematic uncertainties, especially those associated

with the jet energy scale (JES), parton distribution functions (PDFs) and the integrated

luminosity. Unlike the mjj analysis, the angular analyses use a background estimate based

on QCD. The basic angular variables and distributions used in the previous ATLAS dijet

studies [18, 23] are also employed in this analysis. A convenient variable that emphasises

the central scattering region is !. If E is the jet energy and pz is the z-component of the

jet’s momentum, the rapidity of the jet is given by y ! 1
2 ln(

E+pz
E!pz

). In a given event, the

rapidities of the two highest pT jets in the pp centre-of-mass frame are denoted by y1 and

y2, and the rapidities of the jets in the dijet CM frame are y" = 1
2(y1 " y2) and "y". The

longitudinal motion of the dijet CM system in the pp frame is described by the rapidity

boost, yB = 1
2(y1 + y2). The variable ! is: ! ! exp(|y1 " y2|) = exp(2|y"|).

The ! distributions predicted by QCD are relatively flat compared to those produced

by new phenomena. In particular, many NP signals are more isotropic than QCD, causing

them to peak at low values of !. For the ! distributions in the current studies, the rapidity

coverage extends to |y"| < 1.7 corresponding to ! < 30.0. This interval is divided into

11 bins, with boundaries at !i = exp(0.3 # i) with i = 0, ..., 11, where 0.3 corresponds to

three times the coarsest calorimeter segmentation, !" = 0.1. These ! distributions are

measured in five dijet mass ranges with the expectation that low mjj bins will be dominated

by QCD processes and NP signals would be found in higher mass bins. The distributions

are normalised to unit area, restricting the analysis to a shape comparison.

To facilitate an alternate approach to the study of dijet angular distributions, it is

useful to define a single-parameter measure of isotropy as the fraction F! ! Ncentral

Ntotal
, where

Ntotal is the number of events containing a dijet that passes all selection criteria, and

Ncentral is the subset of these events in which the dijet enters a defined central region. It

was found that |y"| < 0.6, corresponding to ! < 3.32, defines an optimal central region

where many new processes would be expected to deviate from QCD predictions. This value

corresponds to the upper boundary of the fourth bin in the ! distribution.

As in previous ATLAS studies [18], the current angular analyses make use of the

F!(mjj) distribution, which consists of F! binned finely in mjj:

F!(mjj) !
dNcentral/dmjj

dNtotal/dmjj
, (2.1)

using the same mass binning as the dijet mass analysis. This distribution is more sensitive

to mass-dependent changes in the rate of centrally produced dijets than the ! distributions
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Model and Analysis Strategy 95% CL Limits [TeV]

Expected Observed

Excited quark, mass of q!

Resonance in mjj 2.94 2.83

Resonance in F!(mjj) 2.85 2.75

Colour octet scalar, mass of s8

Resonance in mjj 1.97 1.86

Heavy W boson, mass of W "

Resonance in mjj 1.74 1.68

String resonances, scale of SR

Resonance in mjj 3.47 3.61

Quantum Black Hole for n = 6, MD

F!(mjj) 4.16 4.03

! , mjj > 2.6 TeV 4.20 4.11

Contact interaction, !, destructive interference

F!(mjj) 7.7 7.6

! , mjj > 2.6 TeV 7.7 7.6

Table 4. The 95% CL lower limits on the masses and energy scales of the models examined in this
study. All limit analyses are Bayesian, with statistical and systematic uncertainties included. For
each NP hypothesis, the result corresponding to the highest expected limit is the result quoted in
the abstract.

New Phenomenon 36 pb#1 [23] 1.0 fb#1 [24] 4.8 fb#1current

Resonance in mjj

Excited quark, mass of q! 2.07 2.81 2.94

Colour octet scalar, mass of s8 - 1.77 1.97

Angular distribution in !

Contact interaction, ! 5.4 - 7.7

Table 5. ATLAS previous and current expected 95% CL upper limits [TeV] on new phenomena.
The current expected limit for q! cannot be compared directly to the two previous limits since
they employed Pythia 6 samples with an error in the simulation of final state radiation. Had such
samples been used in the current analysis, the expected q! limit would be 0.10 TeV higher.
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Summary

Lots of exciting new results from ATLAS!

Data is still coming in, +20 fb-1 @ 8 TeV before the 
end of the year, meaning large discovery potential!

I have only shown a small fraction of ATLAS Exotics 
results here, see other talks today for more.
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Thanks for Listening!

Questions

?
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Backup
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Zʹ/G* ➝ dilepton @ 8 TeV:     Link
Dijet Resonances @ 8 TeV:      Link

Wʹ ➝ lepton+ν @ 7 TeV:       Link
Zʹ/G* ➝ dilepton @ 7 TeV:     Link
G* ➝ diphoton @ 7 TeV:        Link
G*/CI ➝ dilepton @ 7 TeV:     Link
Dijet Resonances @ 7 TeV:      Link

Experimental Papers used in this Talk

Daniel.Hayden@cern.ch

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-129/
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