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1University of Arizona, U.S.A.
2Ruprecht-Karls-Universitaet, Heidelberg, Germany

3University of Chicago, U.S.A.
4Johannes-Gutenberg-Universitaet, Mainz, Germany

5Niels Bohr Institute, University of Copenhagen, Denmark
6University of Oxford, U.K.

8Universite de Geneve, C.H.
9Kyoto University, Japan

Abstract

The dijet mass distribution produced in LHC proton-proton collisions at a center-of-
mass energy

p
s = 8 TeV has been studied with the ATLAS detector using 2012 data with

an integrated luminosity of 1.0 fb�1, including dijet masses up to ⇠ 4.0 TeV. No resonance-
like features have been observed in the dijet mass spectrum. A new ATLAS exclusion limit
has been set at 95% C.L. on the mass of excited quarks below 3.35 TeV. Model-independent
limits on � ⇥A have also been extended.

c� Copyright 2012 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Search for New Phenomena in the Dijet Mass Distribution using 1.0 fb−1 
of pp Collisions at √s = 8 TeV collected by the ATLAS Detector.

Run 201052 - Event 28945396 3 Jets Event

High mass central dijet event collected by the end of April 2012: two central high-pT jets have an invariant mass 
of 3.65 TeV and the highest pT jet has pT of 1.72 TeV.
‣ 1st jet (ordered by pT): pT = 1.72 TeV, η = -0.04, φ = -2.68
‣ 2nd jet: pT = 1.50 TeV, η = 0.64, φ = 1.70
‣ 3rd jet: pT = 0.22 TeV, η = 0.28, φ = -2.13
‣ Missing ET = 29 GeV, φ = 0.50
‣ Sum ET = 3.91 TeV
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The Search - di-Boson Analysis
 Searching for heavy resonances decaying in WZ,ZZ and WW 

2

The results are interpreted in terms of bulk Randall-Sundrum graviton decaying in WW/ZZ 
and sequential Standard Model (SSM) W’ boson decaying in WZ 

s-channel production of G* and W’ at the LHC

Exotics P&P  22/03/13               2   E. Kajomovitz, Duke 

Introduction 
!  Search for high-mass di-boson resonances 

•  Search is for W’! WZ   

!  Hadronic decays are important 
•  BR(W!qq) = 3xBR(W!ln),  No MET 
•  BR(Z!qq) = 10xBR(Z!ll) 

!  High-pT bosons are of interest 
•  Kinematic region where hadronic decays provide greater sensitivity 

•  QCD BG is low or can be suppressed 

!  High-pT boson hadronic tagging 
•  V!qq!J 
•  Jet mass and sub-structure to “tag” the boson 
•  Tagging can be used by other analysis 

!  Approach: 
•  Similar to dijet resonance search: Fit BG from data, signal shape from MC; search for a bump  
•  Use boson tagging to suppress BG 

!  Twiki: 
•  Analysis: twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/DibosonResonancesJJ20Jet  
•  Jet substructure: twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetSubstructureAndTagging 
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�� - 20% 
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Boson decay 
fractions 

➡ BR(W→qq)=3xBR(W→ln), No MET	


➡ BR(Z→qq)=10xBR(Z→ll)

Bump-Hunting di-boson 
invariant mass spectrum

Strategy:
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Naïve  approach to search for 
hadronic Di-boson resonances 
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M#4jets#

Exploring the edge of LHC energy - from 1 to 3 TeV

“Ideal” Invariant Mass spectrum 
• Signal 
• Backgroung

Mass
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1 Introduction76

Many extensions to the Standard Model including warped extra dimensions [1, 2, 3], grand unified the-77

ories [4], and dynamical electroweak symmetry breaking models like Technicolor [5, 6, 7] and Little78

Higgs predict the existence of heavy resonances decaying into pairs of vector bosons. The subsequent79

decays of these W/Z vector bosons result in high pT leptons or jets. Previous searches in ATLAS cover80

the fully leptonic and semi-leptonic final states of VV resonances (where V stands for W or Z boson)81

as described below. This note describes the search for a new resonance decaying into a WZ or ZZ pair82

where one Z boson decays to charged leptons (electrons or muons) and the other W or Z boson decays83

hadronically. The initial benefit of such a semi-leptonic final state is the reduction of large QCD back-84

ground present in fully hadronic states while preserving the larger decay branching ratio of the hadronic85

W/Z decay compared with the leptonic one. Furthermore, since this final state leads to a topology of86

two charged leptons and jets without missing transverse momentum, it allows to fully reconstruct the87

mass of the resonance, which is a powerful discriminator against background. This search has been88

performed using 1 fb−1 of 7 TeV data [9] and 7.2 fb−1 of 8 TeV data [10] with the ATLAS detector in89

the context of a spin-2 Randall-Sundrum (RS) Graviton (G∗) decaying into a ZZ pair (shown in Fig. 1).90

The analysis is also sensitive to a spin-1 heavy W′ gauge boson decaying into a WZ pair, shown in the91

same figure, and the W′ signal is investigated in this document. For the Graviton interpretation, the bulk92

RS model [8], in which the SM particle fields propagate into the extra dimension, is used. This is an93

extension to the original RS model (commonly called RS1) used in [9] and the issues associated with the94

RS1 model such as large contributions to flavor changing neutral currents are addressed in this extended95

model. For the heavy W′ gauge boson, the W′ coupling to WZ is parametrized by the Extended Gauge96

Model (EGM) [11], where the W′WZ coupling is equal to the SM WWZ coupling scaled by a factor97

c × (mW/mW′)
2 with c = 1 by default (the mW and mW′ are the masses of SM W boson and heavy W′98

boson, respectively). This scaling keeps a partial width of the W′ boson approximately proportional to99

mW′ , that typically results in a narrow resonant signature dominated by the detector resolution.100

The analysis looks for an excess of resonant ZZ or WZ production over smoothly distributed SM101

backgrounds dominated by Z+ jets processes after event selections. The search is performed on the mass102

of ZZ orWZ candidates reconstructed from the two leptons in Z decay and jets in a hadronically decaying103

W or Z boson. In case of no significant deviation from the SM background, upper limits are set on the104

production cross sections times branching fractions σ(G∗)× BR(G∗ → ZZ) and σ(W′)× BR(W′ → WZ)105

.106

Figure 1: Feynman diagrams for the s-channel production of G∗ → ZZ (left) and W′ → WZ (right) at

the LHC.

Direct searches for VV resonances have previously been performed at both the Tevatron and the107

LHC. Searches for WZ resonances were performed by the D0 collaboration using three diboson decay108

channels: ℓνℓℓ, ℓνqq and ℓℓqq. This search excludes a SSM W
′
with mass between 180 and 690 GeV109

with the combination of the three channels and the original RS1 Graviton with mass between 300 and110

754 GeV with the ℓνqq channel [12]. A search was also performed by the CDF collaboration for WW111

W

Z

qj

qi
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The challenge - “A needle in a haystack”
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…but we are physicists! 
from E. Kajomovitz talk
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Let’s start - A di-jet event display
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What is a “Jet”? - Some schematic views
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Applying a Jet Algorithm 

Before: Many Particles, Complicated Event 
After: Few Jets 

Can easily identify dijet structure 

Jet Algorithm 

Before: many particles in the 
events

After: Few Jets 

Very easy to identify 
the di-jet topology

…but life is never so 
easy

9 

Where do jets come from? 

•  Quark/gluon production leads to high multiplicities 

•  How do we measure quark/gluon production? 

•  Natural to try to get back to the parton level… 

The Detector 

Particles 

Partons e g 

Where does a jet come from?
Quark and gluon production leads to 

high particle multiplicities

from A. Davidson talk



…indeed the life is not so easy - proton-proton interaction

610 

But life is not so easy 

From: http://projects.hepforge.org/sherpa/
dokuwiki/lib/exe/detail.php?media=sketch.gif 

The whole event is colour 
connected and at higher orders 
radiation can even be emitted 
between different parts of the 
event 

Many sources of radiation 
all indistinguishable to the 
calorimeter 

from A. Davidson talk



…indeed the life is not so easy - physics inside our detector

7

11 

And Calorimeters Are Not Perfect 

Cell Energy 

•  Calorimeter cannot identify individual particles 

•  Has finite resolution 

•  Gaps, cracks for services and supports… 

•  Dead material scatters/absorbs particles 

‣ Calorimeter cannot identify individual 
particles	



‣ Has finite resolution	


‣ Gaps, cracks for services and supports…	


‣ Dead material scatter/absorbs particles

Where do we go from here?

from A. Davidson talk

‣ Parton level isn’t well defined or observable	


‣ Hadron level is the only well-defined ⟹ OBSERVABLES	


‣ Detector causes even more problems

At the end of the day we still want to 
measure hard processes involving jet-like 

hadron production

In our case we are interested in jets 
originated by the hadronic decay of the 

vector bosons



From di-jet to di-Boson topology
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Naïve  approach to search for 
hadronic Di-boson resonances 

p#p#

q#

#E
ve
nt
s#

M#4jets#

from E. Kajomovitz talk

‣ Vector bosons have masses of O(100 GeV)	


‣ “New physics” particles expected with 

masses of O(TeV) - 1 to 3 TeV in 2012
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At the edge bosons are boosted 

Big 
Guy 

2#TeV#80#GeV# 80#GeV#

q#

q#
q#

q#
V#V#

The#vector#bosons#have#masses#of#O(100#GeV)#
#
So#most#of#the#O(TeV)#mass#of#the#resonance#
transforms#into#large#boost#to#the#decaying#products#
#
In#a#decay#like#this#we#would#have#each#boson#with#a#
momentum#of#the#O(TeV)!##In this kind of final state the two bosons 

will have a momentum of O(TeV)



The “boosted” topology

9

‣ Boson with relative low momentum in LF	


‣ One jet for each quark
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Things are different at large boosts 

###“Natural”#angular#separaDon:#
####################dR#~#2m/(pT)#
####Normal#jet#clustering#parameter#R=0.4#
#
•  Resolved#Regime:#Two"jets"
#The#boson#has#relaDvely#low#momentum#
in#the#lab#frame#so#we#are#able#to#
reconstruct#one#jet#for#each#quark#

•  Boosted#Regime:#Single"boson%jet!#
#The#boson#has#high#momentum#in#the#
lab#frame#6#the#outgoing#quarks#are#very#
close#to#each#other#so#the#jets#begin#to#
merge#

W
qi#
qj#

W

qi#

qj#

PT##O(100GeV)#

“Normal” angular separation

Resolved regime
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Things are different at large boosts 

###“Natural”#angular#separaDon:#
####################dR#~#2m/(pT)#
####Normal#jet#clustering#parameter#R=0.4#
#
•  Resolved#Regime:#Two"jets"
#The#boson#has#relaDvely#low#momentum#
in#the#lab#frame#so#we#are#able#to#
reconstruct#one#jet#for#each#quark#

•  Boosted#Regime:#Single"boson%jet!#
#The#boson#has#high#momentum#in#the#
lab#frame#6#the#outgoing#quarks#are#very#
close#to#each#other#so#the#jets#begin#to#
merge#

W
qi#
qj#

W

qi#

qj#

PT##O(100GeV)#

‣ Boson with relative high momentum in LF - O(TeV)	


‣ The decay products are all merged into a single jet

Boosted regime



The “idea” - Jet Substructure
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Hadronic Calorimetry in ATLAS 

In#the#central#region#ATLAS#hadronic#
calorimeters#have#angular#
separaDon#of#~0.1#
#
Exploit#angular#separaDon#to#look#at#
what#is#going#on#inside#the#jets!##
#
#
#

May 10, 2014 – 01 : 01 DRAFT 2

Figure 1: ATLAS Tile Calorimeter as a function of ⌘ with respect to the interaction point.

1 Introduction35

Detector e↵ects can be dangerous sources of m

j j

bin migrations. The di-jet invariant mass is a function36

of energy, mass and angle between the two jets. Detector anisotropies, if not correctly compensated,37

impact the topo-cluster identification and reconstruction and then the jet clustering. The ATLAS Tile38

Calorimeter can be divided in three main ⌘ regions (Figure 1):39

• central region, for |⌘| < 0.740

• crack region, for 0.7 < |⌘| < 1.241

• forward region, for |⌘| > 1.242

Some of the selected events with m

j j

> 1.8 TeV have one or both the jets falling in the crack region43

or closer to this region (Figure 2 and Figure 3). A wrong calorimeter compensation for an energy deposit44

in the crack region could shift up or down the energy response, distort the energy distribution inside the45

jet and then shift the angular coordinates of the reconstructed jets (Section 2).46

2 Calo-Track tests47

To exclude angular mismeasurements, the reconstructed calorimeter RMD jets have been matched to the48

closest RMD track-jet. Track reconstructed jets provide a calorimeter-unbiased measurement of the jet49

angular coordinates based only on the tracker. Although the neutral particles content is not taken into50

account by this reconstruction and this a↵ects the showering reconstruction, peculiar behaviors in the51

angular distributions of the matched objects can be used as a guidance for eventual calorimeter problems.52

The matching criterion used in these studies requires �R

Calo�Track

=
p
⌘2 + �2 < 0.3. Figure 4 shows53

the distribution of �R

Calo�Track

for di↵erent m

j j

bins. For all the events in the very high m

j j

region the54

matching is good and in the plot there are not overflow.55

The scatter plots in Figure 5 show the comparison between the calorimeter-measured and track-56

measured ⌘ coordinates for both leading and subleading jets. The colors of the markers are related to the57

di↵erent m

j j

bins. For the highest mass bin (in red) the measurement of calorimeter and track jets are in58

good agreement.59

Jet reconstruction compacts a very 
complicated picture into a small set of 

4-vectors

Reminder

ATLAS Calorimeter has a very high 
granularity (ΔR ~ 0.1)

We can take advantage of all the 
informations coming from the detector 

and look inside the jet structure

Jet Substructure for 
Boson Jet Tagging



Boson Jet vs QCD Jet
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Boson vs QCD jets 

Boson#Jets#

!  Boson#decay##
•  Two#narrow#regions#with#

high#energy#density#

corresponding#to#each#quark#

•  Each#of#the#quarks#carries#

comparable#fracDon#of#the#

boson#momentum#in#the#lab#

frame#

•  Mass#of#the#jet#comes#from#

the#addiDon#of#the#two#

regions#corresponding#to#the#

quarks##

QCD#Jets#

!  High6pT#parton#
•  Narrow#region#with#high#

energy#density##

•  High#energy#density#region#

has#most#of#the#momentum#

of#the#jet#

•  Mass#of#the#jet#from#the#

spread#of#the#energy#of#the#

high#pT#parton#

Boson Jet QCD Jet
‣ 2 regions with high energy 

density	


‣ Each of the quarks carries 

comparable fraction of the 
boson momentum in LF 

‣ Mass of the jet close to the 
boson mass

‣ Narrow region with high 
energy density	



‣ Most of the energy of the 
jet is contained in this 
region 

‣ Mass of the jet comes from 
the spread of energy of the 
originating parton

What do we expect? 



How does the technique work?

12

“Goal”:  identify a boson* jet 

* the technique has been applied also to Higgs boson tagging

30 

Identifying a Boosted Higgs 

•  Using the Cambridge-Aachen jet algorithm 
–  Recombines closest pair of objects in the event up to R 

•  When finding a jet that passes a pT cut 
–  Clustering can be undone one step at a time 

–  Reverse clustering until a large drop in mass is observed 

–  Check this splitting is not too asymmetric 

–  Recluster remaining constituents with smaller R   

Using Cambridge/Aachen Jet algorithm  

‣ Recombines closest pair of objects in the event up to R (distance parameter)	


‣ Fat-Jets are used (R=1.2), in order to keep the analysis scale invariant

When finding a jet that passes a pT cut (transverse momentum)

‣ Clustering can be undone one step at the a time	


‣ Reverse clustering until a large drop in mass is observed	


‣ Check this splitting is not too asymmetric 	


‣ Recluster remaining constituents with smaller R
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These slides  
from an excellent 
talk by G. Salam 
at SUSY08 
amongst others… 

From G. Salam talk

H boson test mass 115 GeV
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H boson test mass 115 GeV
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From G. Salam talk

H boson test mass 115 GeV

Results:
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From G. Salam talk

H boson test mass 115 GeV

Results:
‣ Size of the initial jet 

reduces to accomodate the 
hard substructure 	



‣ Jet mass resolution 
improved  

‣ Reclustered jet less affected 
by pile-up dependence



Jet Substructure - Reclustered W’ 2 TeV event
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MD grooming example 

May 10, 2014 – 01 : 01 DRAFT 55
RunNumber 195847, EventNumber 13399
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Figure 68: Jet event display for AntiKt10 Trimmed jet (left), RMD (center) and SMD (right) for a signal
MC W’ event with generated invariant mass of 2 TeV.RunNumber 195847, EventNumber 18800
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Figure 69: Jet event display for AntiKt10 Trimmed jet (left), RMD (center) and SMD (right) for a signal
MC W’ event with generated invariant mass of 2 TeV.RunNumber 195847, EventNumber 19766
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Figure 70: Jet event display for AntiKt10 Trimmed jet (left), RMD (center) and SMD (right) for a signal
MC W’ event with generated invariant mass of 2 TeV.

ATLAS#SimulaDon#(2TeV#signal)#
Work#in#Progress#

q1#and#q2#

Original  
Cambridge/Aachen 

R=1.2 Jet

Black dots:  
tracks reconstructed by the ID 

and associated to the jet



New observables to discriminate Signal and Background
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What does reclustering do?
‣ Redefines the jet shape and size	


‣ Investigating the jet substructure, provides new observables 

➡ Momentum balance (√yf)	


➡ NSubjettines 	


➡ …and many others

Boson 
Tagging

Momentum	
  balance	
  
• For	
  boson	
  jets	
  the subjets	
  have	
  

comparable	
  momenta	
  at	
  the	
  
stopping	
  point	
  	
  

• For	
  QCD	
  jets	
  one	
  of	
  the	
  subjets	
  will	
  
have	
  most	
  of	
  the	
  momentum	



Jet	
  Mass	
  
• For	
  boson	
  jets	
  jet	
  mass	
  peaks	
  at	
  the	
  

nominal	
  boson	
  mass	
  

• QCD	
  mostly	
  falling	
  mass	
  distribu@on

Hadronic	
  Ac@vity	
  
• Increased	
  hadronic	
  ac@vity	
  in	
  QCD	
  
jets



Performance of Jet Mass
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Jet#Mass:#
6  Boson#jet#mass#peaks#at#nominal#boson#mass#
6  QCD#mostly#falling#mass#distribuDon#

Jet Mass  
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(a) anti-kt, R = 1.0 trimmed jet mass.
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(b) C/A, R = 1.2 BDRS jet mass.
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(c) C/A, R = 1.2 BRDS-A jet mass.
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(d) C/A, R = 0.8 C/A-pruned jet mass.
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(e) C/A, R = 0.8 kt-pruned jet mass.

Figure 2: Calorimeter jet mass in signal and background reconstructed with five di↵erent algorithms. For
each algorithm, the jet mass is shown in three pT bins for signal (W jets) and background (QCD jets).
Indicated on each distribution is the mass window containing 68% of the signal jets (please see Table 1
for the mass windows and other details). The distributions are all normalised to unity and then o↵set
from zero such that the distributions for the di↵erent pT ranges are all visible.

11

*#OpDmized#cuts#

*#

Jet Mass 
➡ For boson jets jet mass peaks at the nominal boson mass	



➡ QCD mostly falling mass distribution



Performance of Jet Momentum Balance
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Momentum balance 

Width

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

N
o

rm
a

lis
e

d
 E

n
tr

ie
s

0

0.05

0.1

0.15

0.2

0.25
ATLAS Simulation Preliminary

=8 TeVs

 jets with R=1.0
t

anti-k

Trimmed

| < 1.2TRUTH
η|

 < 350 GeV
TRUTH

T
200 < p

 Window
RECO

M

QCD jets

W jets

(a) Jet width.

21τ

0.2 0.4 0.6 0.8 1 1.2 1.4

N
o

rm
a

lis
e

d
 E

n
tr

ie
s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22 ATLAS Simulation Preliminary

=8 TeVs

 jets with R=1.0
t

anti-k

Trimmed

| < 1.2TRUTH
η|

 < 350 GeV
TRUTH

T
200 < p

 Window
RECO

M

QCD jets

W jets

(b) Two-subjettiness, ⌧21.
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Figure 4: The seven substructure variables in W jet (signal) and QCD jet (background) distributions
are shown. In each case the grooming algorithm shown is that which makes the best groomer+tagger
combination in terms of e�ciency and rejection, so these plots are not directly comparable in terms of
individual variables. The shaded band represents the bin-by-bin statistical uncertainty in simulation.
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Momentum#balance:##
#6##Boson#jets#high#momentum#balance#
6  QCD#low#momentum#balance#

Momentum balance 
➡ For boson jets the subjets have comparable momenta at the stopping point 	



➡ For QCD jets one of the subjets will have most of the momentum



Performance of Jet Hadronic Activity
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Track multiplicity 

Arer#applying#the#two#previous#selecDons#most#of#the#background#is#QCD#jets#
with#a#hard#gluon#splisng##
•  Expect#hadronic#acDvity#proporDonal#to#parton#charge#(3#gluon,#4/3#quark)#
•  Use#Ntrk#as#a#proxy#for#hadronic#acDvity#
#

There#seems#to#be#discriminaDon#power#but#the#variable#is#not#
well#modeled#in#MC…#what#can#we#do?#

After applying the two previous selections most of the background is QCD jets 
with a hard gluon splitting	


➡ Expect hadronic activity proportional to parton charge (3 gluon, 4/3 quark)	



➡ Use #Trk as a proxy for hadronic activity

Systematic 
uncertainties



…After defining the tagging - Full event selection for VV→JJ analysis
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these bins. In order to include the bin covering 1.0-1.1 TeV where the untagged e�ciency is about 97%1405

but the statistical uncertainty for tagged events is expected to be around 2.5%, a correction is applied as1406

described in Section 7.1.1.1407
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Figure 132: Relative trigger e�ciency as a function of dijet mass before boson tagging (left) and after
tagging (right). Top are the distributions for the reference trigger alone and for it with and without the
trigger used for this analysis. The e�ciency and ine�ciency are shown in the center plots on a linear
scale and the bottom plots on a log scale.

1. Trigger Selection: events acquired with EF_j360_a10tcem 
trigger (lowest unprescaled jet trigger for 2012)	



2. Filtering with BDRS-A	


3. Mass of dijet-system is required to be above 1.0 TeV, in 

order to avoid region with trigger inefficiency	


4. Rapidity gap between the two leading jets |Δy12| < 1.2, 

to reject QCD t-channel dijet production	


5. pT asymmetry, A < 0.15, between two leading jet, to 

select balanced events	


!
!
!
!

6. |ηjet| < 2, to ensure good overlap with the inner detector	


7. Special Jet Cleaning to avoid wrong BCH_CORR_CELL	


8. Boson Tagging Criteria

The goal of the event selection is to maximize the sensitivity of the dijet mass 
spectrum to the observation of W’→WZ or other narrow VV resonances.
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Figure 22: Rapidity gap between the two leading BDRS-A jets in data, LO QCD MC and W

0 MC.
The QCD MC is normalized to the integrated luminosity of the data and has been linearly reweighted
to the pT of the leading jet as described in Appendix D. The signal MC is normalized to the integrated
luminosity times a scale factor defined in the legend. Events in the histograms have been selected after all
pre-selection requirements described in the previous sections. The EF j360 a10tcem trigger is applied.
Each subfigure displays a di↵erent dijet mass range corresponding to the relevant phase space for the
benchmark signal indicated. For data and MC presented here the jets are not calibrated to the particle
level; this needs to be updated after re-unblinding

figures, considering the ratio of signal to background, the event selection requirement |�y12| < 1.2 is494

imposed.495

7.3 Jet ⌘496

The two leading jets are required to have |⌘| < 2.0 to avoid the the forward calorimeter region and to en-497

sure good overlap with the inner tracker. This overlap allows the boson-tagging cut on track multiplicity498

(see Section 6.5) and track-to-calorimeter ratio studies of tagging systematics [?] to be useful. Figure 24499

shows the distributions of signal and background for reference masses m

W

0 = 1.2, 1.8, 2.4 and 3.0 TeV500

before the particle-level calibration has been applied, Figure 25 shows the same distribution for MC only501

after the calibration has been applied.502

7.4 Dijet pT Asymmetry503

The dijet pT asymmetry defined by504

A =
pT1 � pT2

pT1 + pT2
(6)

Tagged Jets
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Statistical analysis 

Input to statistical analysis are 𝑚௝௝ spectra 

• Data 

• MC signal (Pythia + ATLAS fullsim) 

o For 𝑚ௐᇱ = 1.2, 1.4, … , 3.0 TeV 

o Later with systematic corrections and uncertainties 

• Both after full event selection 

BG described with 3-parameter function: 

• ௗ௡
ௗ௠ೕೕ

= 𝑝ଵ(1 − 𝑥)௣మ𝑥௣య  

• Classic dijet function with 𝑝ସ = 0 

o Shown in 2011 to be sufficient with greater statistics 

Signal has one parameter 

• μ = signal strength (1 for SSM) 
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x=mjj/p5 
!

p5=8 TeV

Backgroeund fit performed with 
Bayesian analysis with a Poisson 

likelihood

• Flat prior with exponential tails probability 
distributions for p1, p2, p3
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The data are seen to be in good agreement with the Pythia QCD prediction both before and after281

boson tagging. The Pythia V+jets background is small in both cases: less than 1% before tagging and282

around 5% after tagging.283

8 Background parametrization284

The search for diboson resonances is carried out by looking for peaks on a smooth background. The285

background is described with the dijet mass function286

dN
dx
= p1(1 � x)p2 xp3+p4log(x) (2)

where x = m j j/p5 is dimensionless and the function is applicable for 0 < m j j < p5. All parameters287

are dimensionless except p5 which has units of mass. That parameter is fixed to p5 = 8 TeV so that the288

function goes to zero at the kinematic limit. The coe�cient of the log term is also fixed p4 = 0 following289

the results form the 2011 analysis [?] which found that releasing that term did not improve the fit quality.290

The statistics for the final selection in that search were significantly greater than those here because the291

boson tagging here provides much greater background suppression. Thus it is expected there will be292

even less need for the extra parameter here.293

A background fit is performed using the same Bayesian analysis with a Poisson likelihood described294

in Chapter 10. As for any Bayesian analysis, prior probability distributions (called priors) must be295

assigned for the input parameters. The priors are flat, i.e. dP/dpi is constant for parameter pi where P296

denotes probability. The output of the fit is a (correlated) posterior probability distribution for the varied297

parameters. The fitted values for the parameters are their median values over this posterior.298

The posterior is evaluated by sampling each parameter over the range where it contributes signif-299

icantly to the posterior. The ranges are adjusted by hand iteratively to ensure complete and e�cient300

coverage. Strong posterior correlations between parameters lead to ine�cient use of samples because301

the posterior probability is small over most of the sampling volume. To avoid this, Eqn 2 is replaced with302

the equivalent303

dN
dx
= C(1 � x)p2+p9 p3 xp3 (3)

with the coe�cient defined so that dN/dx = p1 at m j j = p6:304

C =
p1

(1 � (p6/p5))p2+p9 p3 (p6/p5)p3 )
(4)

The parameter p9 is adjusted by hand to minimize the posterior correlation between p2 and p3 and p6 is305

adjusted to simultaneously reduce the correlations between p1 and each of p2 and p3. It is not possible to306

entirely remove both correlations with the single parameter and the choice is made that roughly balances307

the magnitude of the remaining correlations. Other than decreasing the number of samples required to308

reach a given level of numerical precision, this change of parameters has no significant e↵ect on the fit309

result.310

With the simplification p4 = 0, and if both p2 < 0 and p3 > 0, the dijet mass function in Equation 2311

is a monotonically falling function from x = 0 to the kinematic limit x = 1 where it goes to zero. If312

p3 is negative, it no longer vanishes at x = 1 and begins to increase at high mass. If p2 is positive, the313

function will turn over at low mass and approach zero as x ! 0. To avoid these unphysical scenarios,314

the parameters are constrained to avoid such behavior. After the correlation term is introduced in Eqn. 3,315

the constraints become:316

p2 + p9 p3 > 0 and p3 < 0. (5)

These constraints are imposed by setting the prior to zero outside this region.317

August 20, 2014 – 19 : 24 DRAFT 55

 [GeV]jjm
1000 1500 2000 2500 3000 3500

Q
C

D
/E

st
im

at
e

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
1000 1500 2000 2500 3000 3500

Ev
en

ts
/(1

00
 G

eV
)

-310

-210

-110

1

10

210

Pseudo-data
QCD (Pythia)

σ 1±Estimate 

ATLAS             Sim Internal
 = 8 TeVs

∫ -1  L dt = 20 fb

BDRS-A
EF_j360_a10tcem

| < 1.2
jj

y∆|
| < 2η|

A < 0.15
 0.45≥ 

f
y

 < 30u
trkn

) < 93 GeVj2,m
j1

 min(m≤67 
)  < 104 GeVj2,m

j1
 max(m≤78 
 1000≥ jjm
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10.1 Likelihood520

The starting point for the statistical analysis is the likelihood to make the observation. For this counting521

experiment, the likelihood is522

L(nobs|nexp) =
Y

i

Ppois(ni
exp, n

i
obs) (20)

where nexp is the expected number of events in each dijet mass bin, ni
exp and ni

obs respectively denote the523

number of expected and observed counts in bin i, and Ppois is the usual Poisson probability524

Ppois(�, n) =
�ne��

n!
(21)

to observe n counts when � are expected.525

The expected number of events is the sum of those expected for the signal and background:526

nexp = nsig + nbg. (22)

The number of expected background events in dijet mass bin i, ni
bg, is obtained by integrating over527

that bin dN/dx obtained from Eqn. 3. Thus nbg (and hence nexp) is a function of the dijet background528

parameters BNP = {p1, p2, p3}.529

The expected number of signal events assuming SSM signal strength (Chapter 2) is denoted nSSM.530

This is evaluated with Monte Carlo and corrected for systematic e↵ects as described in Chapter 9. The531

expected number of signal events is proportional to this:532

nsig = µnSSM (23)

where µ is the signal strength, here taken to be positive. The value µ = 1 corresponds to the (Pythia)533

SSM prediction, i.e. to the �B in Table 1. It is clear that nexp (through nsig) also depends on the nuisance534

parameters introduced in Chapter 9. This set of signal nuisance parameters is denoted SNP.535

Following the above, the dependence of the likelihood on nexp may be replaced with dependence on536

the full set of parameters:537

T = {µ,BNP,SNP} (24)

for the diquark search. The likelihood for a given set of parameters T to produce observation nobs, is538

denoted L(nobs|T), and is fully specified following the discussion here and in earlier sections. Note that539

µ = 0 corresponds to no signal, the background-only hypothesis or SM hypothesis, and µ = 1 to the SSM540

hypothesis (for a given mass).541

10.2 Posterior probability542

The SSM is only a benchmark and, rather than choosing between the SM and SSM hypotheses, the goals543

of this analysis are to make some statement about the likelihood there is a BSM (beyond the SM) signal544

of any strength (µ > 0), and to put limits on that strength. Bayes theorem states that probability for the545

parameters (including the signal strength) to take on a particular set of values T given the observation546

nobs is proportional to the likelihood for that set of values to produce the observation:547

Ppost(T) = K L(nobs|T) Pprior(T) (25)

Where K is a constant that ensures the posterior probability Ppost(T) integrated (or summed) over all548

parameters is normalized to unity. The posterior for a subset of the parameters, e.g. the signal strength,549

may be obtained by integrating (or summing) over the remaining parameters.550
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described in Sections 10.2, 10.3, and 10.4 binned in the same way as the data. Just as with the real data,862

posteriors (with full systematics) are evaluated and used to calculate limits.863

The median value (over pseudoexperiments) of this limit distribution at each mass is called the ex-864

pected limit, and these are shown along with the observed limits. The 1- and 2-sigma extents (z-values) of865

the distributions are also computed and shown on the in the limit figures in yellow and green respectively.866

12 Observed limits867

12.1 Signal strength posterior evaluation868

The posterior distribution is evaluated without signal (results in Chapter 8) and separately for each of the869

W

0 ! WZ samples, listed in Table 1, i.e for m

W

0 = 1.2, 1.4, ..., 3.0 TeV and for the graviton samples870

listed in Tables 5 and 6 for m

G

= 1.2, 1.4, ..., 3.0 TeV The lower limit is set by the trigger e�ciency871

requirements at 1 TeV. The posteriors are evaluated both with full systematics, i.e. varying the signal nui-872

sance parameters SNP according to the pdfs described in Chapter 9, and without systematic uncertainties,873

i.e. with no shape or normalization variations, and fixing the normalization scale to the mean of the full874

scale factor pdf given in Section 9.13. In all cases, the background parameters BNP are varied. The signal875

strength is varied for all but the background-only fit where it is fixed to zero. The varied parameters and876

their pdfs are summarized in Table 37.877

Table 37: Parameters varied in the posterior evaluations.

Param. pdf Meaning
µ flat Signal strength relative to SSM

p1, p2, p3 flat Background parameters
S L G(S L | 1, 0.028) Integrated luminosity SF
↵ G(↵ | 1, 0.02) Jet pT (m

j j

) scale
�

E

G(�
E

|0, 0.0t ⇥
p

1.22 � 1) Jet pT resolution (additional smearing)
↵

m

G(↵
m

| 1, 0.03) Jet mass scale
�

m

G(�
m

|0, 0.075 ⇥
p

1.22 � 1) Jet mass resolution (additional smearing)
↵y G(↵y | 1, 0.02) Jet momentum balance (pyf) scale
�y G(�y|0, 0.16 ⇥

p
1.22 � 1) Momentum balance resolution (additional smearing)

S t Gt(S t| 0.89, 0.095, 1.07) Track multiplicity SF
S ps G(1.0, 0.05) Parton Showering uncertainty SF

The posteriors are evaluated with the BSA (binned statistical analysis) package14 package which878

is an update of the code used for the 2011 search. The varied parameters are independently sampled879

according to their distributions. For each sample, the parameter values are used to evaluate the signal and880

background binned histograms, and these are combined with the observed data to evaluate the likelihood881

(Eqn. 27). The posterior weight for the sample is then the product of the likelihood and the sample’s882

prior weight.883

12.1.1 Limits on W

0 ! WZ hypotheses884

Figure 60 shows the posterior distributions for the signal strength evaluated with full systematics for all885

W

0 ! WZ the signal samples. Figure 61 shows the observed and expected limits for the WZ selection as886

14
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/BinnedStatisticalAnalysis

Full set of parameters with their 
probability density functions



Last ingredient - Statistical Analysis 

21

For counting experiment the likelihood is:

August 23, 2013 – 12 : 37 DRAFT 34

10.1 Likelihood520

The starting point for the statistical analysis is the likelihood to make the observation. For this counting521

experiment, the likelihood is522

L(nobs|nexp) =
Y

i

Ppois(ni
exp, n

i
obs) (20)

where nexp is the expected number of events in each dijet mass bin, ni
exp and ni

obs respectively denote the523

number of expected and observed counts in bin i, and Ppois is the usual Poisson probability524

Ppois(�, n) =
�ne��

n!
(21)

to observe n counts when � are expected.525

The expected number of events is the sum of those expected for the signal and background:526

nexp = nsig + nbg. (22)

The number of expected background events in dijet mass bin i, ni
bg, is obtained by integrating over527

that bin dN/dx obtained from Eqn. 3. Thus nbg (and hence nexp) is a function of the dijet background528

parameters BNP = {p1, p2, p3}.529

The expected number of signal events assuming SSM signal strength (Chapter 2) is denoted nSSM.530

This is evaluated with Monte Carlo and corrected for systematic e↵ects as described in Chapter 9. The531

expected number of signal events is proportional to this:532

nsig = µnSSM (23)

where µ is the signal strength, here taken to be positive. The value µ = 1 corresponds to the (Pythia)533

SSM prediction, i.e. to the �B in Table 1. It is clear that nexp (through nsig) also depends on the nuisance534

parameters introduced in Chapter 9. This set of signal nuisance parameters is denoted SNP.535

Following the above, the dependence of the likelihood on nexp may be replaced with dependence on536

the full set of parameters:537

T = {µ,BNP,SNP} (24)

for the diquark search. The likelihood for a given set of parameters T to produce observation nobs, is538

denoted L(nobs|T), and is fully specified following the discussion here and in earlier sections. Note that539

µ = 0 corresponds to no signal, the background-only hypothesis or SM hypothesis, and µ = 1 to the SSM540

hypothesis (for a given mass).541

10.2 Posterior probability542

The SSM is only a benchmark and, rather than choosing between the SM and SSM hypotheses, the goals543

of this analysis are to make some statement about the likelihood there is a BSM (beyond the SM) signal544

of any strength (µ > 0), and to put limits on that strength. Bayes theorem states that probability for the545

parameters (including the signal strength) to take on a particular set of values T given the observation546

nobs is proportional to the likelihood for that set of values to produce the observation:547

Ppost(T) = K L(nobs|T) Pprior(T) (25)

Where K is a constant that ensures the posterior probability Ppost(T) integrated (or summed) over all548

parameters is normalized to unity. The posterior for a subset of the parameters, e.g. the signal strength,549

may be obtained by integrating (or summing) over the remaining parameters.550
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n : nobserved counts	


λ : nexpected

nsig = μnSSM assuming model hypothesis (MH) signal strength
μ = 1 : MH prediction 
μ = 0 :  SM prediction

In our case the number of counts are 
the entries in each bin of the observed 

histogram

➡ BNP : Background parameters - p1, p2, p3	


➡ SNP  : Signal parameters, included systematics

August 20, 2014 – 19 : 24 DRAFT 78

described in Sections 10.2, 10.3, and 10.4 binned in the same way as the data. Just as with the real data,862

posteriors (with full systematics) are evaluated and used to calculate limits.863

The median value (over pseudoexperiments) of this limit distribution at each mass is called the ex-864

pected limit, and these are shown along with the observed limits. The 1- and 2-sigma extents (z-values) of865

the distributions are also computed and shown on the in the limit figures in yellow and green respectively.866

12 Observed limits867

12.1 Signal strength posterior evaluation868

The posterior distribution is evaluated without signal (results in Chapter 8) and separately for each of the869

W

0 ! WZ samples, listed in Table 1, i.e for m

W

0 = 1.2, 1.4, ..., 3.0 TeV and for the graviton samples870

listed in Tables 5 and 6 for m

G

= 1.2, 1.4, ..., 3.0 TeV The lower limit is set by the trigger e�ciency871

requirements at 1 TeV. The posteriors are evaluated both with full systematics, i.e. varying the signal nui-872

sance parameters SNP according to the pdfs described in Chapter 9, and without systematic uncertainties,873

i.e. with no shape or normalization variations, and fixing the normalization scale to the mean of the full874

scale factor pdf given in Section 9.13. In all cases, the background parameters BNP are varied. The signal875

strength is varied for all but the background-only fit where it is fixed to zero. The varied parameters and876

their pdfs are summarized in Table 37.877

Table 37: Parameters varied in the posterior evaluations.

Param. pdf Meaning
µ flat Signal strength relative to SSM

p1, p2, p3 flat Background parameters
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1.22 � 1) Momentum balance resolution (additional smearing)

S t Gt(S t| 0.89, 0.095, 1.07) Track multiplicity SF
S ps G(1.0, 0.05) Parton Showering uncertainty SF

The posteriors are evaluated with the BSA (binned statistical analysis) package14 package which878

is an update of the code used for the 2011 search. The varied parameters are independently sampled879

according to their distributions. For each sample, the parameter values are used to evaluate the signal and880

background binned histograms, and these are combined with the observed data to evaluate the likelihood881

(Eqn. 27). The posterior weight for the sample is then the product of the likelihood and the sample’s882

prior weight.883

12.1.1 Limits on W

0 ! WZ hypotheses884

Figure 60 shows the posterior distributions for the signal strength evaluated with full systematics for all885

W

0 ! WZ the signal samples. Figure 61 shows the observed and expected limits for the WZ selection as886
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Figure 48: Background-only fit to the dijet mass distribution in data after the full event selection with the
WZ jet mass windows.
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Figure 48: Background-only fit to the dijet mass distribution in data after the full event selection with the
WZ jet mass windows.
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Figure 48: Background-only fit to the dijet mass distribution in data after the full event selection with the
WZ jet mass windows.

?

?

Observed limits on W’→WZ hypotesis

 [TeV]W' m
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

 B
 [f

b]
σ 

10

210

Obs. limit

Exp. limit

σ 1±Exp. 

σ 2±Exp. 

SSM

ATLAS             Internal
 WZ→W' 

 = 8 TeVs
∫ -1  L dt = 20 fb

?



Conclusions
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➡ LHC is a very powerful tool to investigate a new energy frontier  

➡ The research of heavy resonances decaying in W/Z bosons is a fundamental 
part of the ATLAS and LHC physics program 	



➡ Full hadronic final states are characterized by large Branching Ratios, but 
this signatures are overwhelmed by the large QCD background 	



➡ In the last few years the development of jet substructure techniques 
significantly increased the discovery potential of this kind of searches	



➡ Jet Substructure is the key of the ATLAS di-boson search in hadronic 
channels	



➡ A very active community of theoreticians and experimentalists is providing 
new ideas and new tagging strategies  
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Thanks a lot for your attention and again welcome to CERN

CERN and the LHC experiments are writing part of the 
exciting and never-ending story of knowledge, thanks to the 

passion and effort of many curious scientists



Bonus slides
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Systematic Uncertainties

27

SL=Lint/(20 fb-1)
Luminosity Scale

Jet Energy Scale

P(Sint)=1.015 G(Lint|1,0.028)

Important because a change in that scale moves the signal peak on a 
background which is rapidly falling with dijet mass 

ptData=αptMC mjjData=αmjjMCassuming that the uncertainty in 
jet direction is negligible

P(α)=G(α|1,0.02)
Trk InefficiencyNominal 2 % uncertainty

Shape Syst.

Norm. Syst.

Inner detector and calorimeter	


have uncorrelated uncertainties	

!
probe detector modeling effects in 

Data and MC

Calo-Track Double Ratio

P = Probability 
S = Scale Factor

Systematics related to the background expectation are evaluated directly by the 
background estimation procedure using the fit errors as uncertainties



Systematic Uncertainties (2)

28

Jet Mass Scale
mjData=αmmjMC

Calo-Track double ratio used also in this case

3 % uncertainty

P(αm)=G(αm|1,0.03)

Trk InefficiencyNominal

Also checked in V+Jet sample

Jet Momentum Balance Scale (√𝑦f) Calo-Track double ratio used also in this case

√yfData=αy√yfMC

2 % uncertainty

P(αy)=G(αy|1,0.02)

Trk InefficiencyNominal

Shape+Norm. Syst.

Norm. Syst.
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Figure 91: Fits to the reference jet mass spectrum in data with cuts on track multiplicity. Fit F1 is left
and F2 is right. The fit range is the same as that shown in the plot and the background parametrization
(BG3 for third degree polynomial or BG4 for fourth degree polynomial) is included in the plot label. The
track multiplicity threshold varies from 20 to 35 from bottom to top and is indicated on each plot.

Systematic Uncertainties (3)

29

Norm. Syst.

Track-multiplicity efficiency

Unfortunately there is big 
discrepancy in the predictions 

for different generators, 
especially for the background

V+Jets data samples to evaluate 
this efficiency 

Signal + Bkg bayesian fits to get the 
signal strength posterior and then 

the efficiency of the cut
2 bkg models

BKG4 BKG3

Efficiency 
distributions for 

ntrk<30

Systematics (2) 

Total scale systematic 
• Plot at right shows 

combination of all scale 
systematics 𝑃(𝑆) 
o 𝑆 = 𝑆୐𝑆୘ଶ𝑆୰ୣ୫ 

D. Adams, BNL                               VV->JJ resonance search  for subgroup approval                   DBL/ML                      July 10, 2013  38 

Normalization systematics 
• Integrated luminosity: P(𝑆୐) = 𝐺(1, 0.028) 

o Plus near-unity scale factor 𝐿୧୬୲/𝐿୧୬୲୑େ 
• Jet tagging 

o Track multiplicity: 𝑃(𝑆୘) =   𝐺୲(0.893, 0.105, 1.056) from V+jets 
– 𝐺୲ 𝜇, 𝜎, 𝑥୫ୟ୶  is Gaussian with mean 𝜇 and RMS 𝜎 truncated at 0 and 𝑥୫ୟ୶ 

o Momentum balance and jet mass being estimated 
• For now, an extra scale to cover missing items: P(𝑆୰ୣ୫) = 𝐺(1, 0.05) 
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Table 46: Signal-to-background ratio, sensitivity and background and signal e�ciencies varying the
threshold on track multiplicity (n0) for the two fits described in the text. The last column is the combined
signal e�ciency.

n0 Fit S/B S/
p

B "B "S

none F1 0.041 ± 0.009 6.6 ± 1.4 1.0 1.0 1.0F2 0.047 ± 0.010 7.5 ± 1.5 1.0 1.0

35 F1 0.060 ± 0.09 8.7 ± 1.3 0.83 ± 0.01 0.92 ± 0.08 0.91 ± 0.08F2 0.065 ± 0.010 9.4 ± 1.4 0.84 ± 0.01 0.89 ± 0.07

30 F1 0.072 ± 0.010 9.2 ± 1.3 0.66 ± 0.009 0.88 ± 0.07 0.83 ± 0.07F2 0.071 ± 0.011 9.2 ± 1.4 0.67 ± 0.009 0.78 ± 0.06

25 F1 0.091 ± 0.013 9.5 ± 1.3 0.42 ± 0.07 0.74 ± 0.06 0.71 ± 0.06F2 0.096 ± 0.014 10.0 ± 1.4 0.43 ± 0.07 0.68 ± 0.05

20 F1 0.12 ± 0.019 8.3 ± 1.3 0.19 ± 0.03 0.44 ± 0.04 0.46 ± 0.04F2 0.15 ± 0.022 10.3 ± 1.4 0.20 ± 0.05 0.47 ± 0.03
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Figure 93: E�ciency pdf for ngtrk < 30.

cuts), both fits suggest a cut ngtrk < 30 provides a sensitivity increase of 20-40% over no cut. In addition,1164

the background appears to fall monotonically rather than peaking near the boson jet mass peak after1165

the cut is applied (Fig. 89). For these reasons, this loose cut on track multiplicity is adopted as already1166

indicated in Section 6.7. From Table 46, the e�ciency of this track-multiplicity cut ngtrk < 30 is 0.83 ±1167

0.07.1168

The uncertainty in this e�ciency is significant and so rather than following the usual procedure of1169

assuming it is Gaussian and using the uncertainty as the sigma of that distribution, a pdf (probability1170

density function) is evaluated for e�ciency using the posterior distributions obtained in the bayesian fit1171

of the spectra above for the signal areas from the ngtrk < 30 and ngtrk � 30 for both F1 and F2. The1172

signal strength is required to be positive (implying " < 1.0) and the two fits are weighted equally. The1173

resulting pdf for the e�ciency is shown in Fig. 93 along with those for F1 and F2. The combined pdf is1174

fit to a truncated Gaussian pdf, the fit is also show in Figure 93 is used as the pdf for track-multiplicity1175

e�ciency:1176

P(") = Gt(" | "0,�", 1) (34)

with "0 = 0.83, �" = 0.09. This is also the pdf for the scale factor to apply if no track-multiplicity cut is1177

applied in simulation.1178

P(ST)=Gt(0.89,0.095,1.07) from V+Jets
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Figure 20: Track multiplicity for the benchmark signals and Pythia and Herwig multijet backgrounds for
the event selection in Table 20 plus the window on jet mass 60  m < 110 GeV and momentum balance
threshold pyf � 0.45. All spectra are normalized to unity. Both leading and subleading jets are included.

of a W

0 ! WZ or other narrow VV resonance. To accomplish this, the selection must reject much439

of the QCD background while maintaining high e�ciency for signal events. In addition, systematic440

uncertainties on the shape and normalization of the dijet mass spectra for both signal and background441

selection must be evaluated for use in the final statistical analysis. This last point favours the use of442

simple selection criteria.443

In this section we briefly summarize the selection criteria:444

• The trigger is the lowest unprescaled large-radius jet trigger for 2012, EF j360 a10tcem.445

• The two C/A 1.2 leading jets in the event are required to pass the mass-drop filter described above.446

• The mass of the dijet-system is required to be above 1.0 TeV, to avoid regions with trigger ine�-447

ciency.448

• The rapidity gap between the two leading jets is required to be |�y12| < 1.2 to reject QCD t-channel449

dijet production.450

• The pT asymmetry, A, between the two leading jets, as defined in Equation 6 is required to be451

A < 0.15 to avoid jets at the tails of the pT resolution.452

• The ⌘ of the two leading jets is required to be within |⌘| < 2.0 to ensure good overlap with the453

inner detector so the ghost associated tracks are usable as a discriminant.454

• The two leading jets are required to pass the boson identification criteria described above.455



Summary of Systematics
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Figure 47: Scale factor pdf.

9.14 Dependence on m

j j

743

Most of the systematic uncertainties discussed here have been evaluated at the lower end of the dijet744

mass search spectrum, and there is the problem of assessing them at higher masses. This is a common745

problem in Exotics searches. With the assumption that any additional m

j j

-dependent in-situ corrections746

to the selection e�ciency are small compared to the variation in e�ciency, such additional corrections747

are found to negligible. No additional uncertainly is assigned to account for extrapolation to high-m
j j

.748

9.15 Summary749

All the systematic uncertainties used and their corresponding models are summarised in Table 33.750

Table 33: Summary of the systematic uncertainties and their corresponding models.

Systematic pdf
Luminosity G(S L | 1, 0.028)

Jet energy scale G(↵ | 1, 0.02)
Jet energy resolution (additional smearing) G(�

E

| 0, 0.05 ⇥
p

1.22 � 12)
Jet mass scale G(↵

m

| 1, 0.03)
Jet mass resolution (additional smearing) G(�

m

| 0, 0.075 ⇥
p

1.22 � 12)
Momentum balance scale G(↵y | 1, 0.02)

Momentum balance resolution (additional smearing) G(�y, | 0, 0.16 ⇥
p

1.22 � 12)
Track-multiplicity e�ciency Gt(S t| 0.89, 0.095, 1.07)

Parton shower G(1.0, 0.05)

10 Result751

10.1 Background parametrization752

In Section 8 we introduce the dijet function used to describe the dijet mass spectrum of the background.753

Our fitting procedure uses samplings of the parameter space to find the best fitting parameter values754

and their uncertainties. In order to make this sampling more e�cient we introduce a slightly di↵erent755

convention of the dijet function parametrization that de-correlates to a large extent the e↵ect of the756

All the systematics uncertainties and their models

• Jet	
  Energy	
  Resolu/on:	
  20	
  %	
  uncertainty	
  over	
  the	
  nominal	
  JER	
  (recommended	
  by	
  Jet	
  Substructure	
  for	
  large-­‐R	
  jets).	
  
Nominal	
  5	
  %	
  JER	
  derived	
  based	
  on	
  the	
  width	
  of	
  energy	
  response	
  for	
  MC	
  signal	
  aIer	
  tagging.	
  

• Jet	
  Mass	
  Resolu/on:	
  20	
  %	
  uncertainty	
  over	
  the	
  nominal	
  JMR	
  (recommended	
  by	
  Jet	
  Substructure	
  for	
  large-­‐R	
  jets).	
  
Nominal	
  7.5	
  %	
  JMR	
  extracted	
  from	
  the	
  width	
  of	
  W/Z	
  mass	
  shape	
  in	
  a	
  control	
  sample.	
  

• Subjet	
  Momentum	
  Balance	
  (√yf)	
  Resolu/on:	
  	
  20	
  %	
  uncertainty	
  over	
  the	
  nominal	
  √yf	
  ResoluOon.	
  Nominal	
  16	
  %	
  	
  
√yf	
  ResoluOon	
  extracted	
  from	
  response	
  of	
  momentum	
  balance	
  in	
  MC	
  for	
  signal	
  jets.

Systematics on Resolutions

Uncertainty on parton 
showering model is evaluated 

comparing the signal 
efficiencies after the full 

event selection (excluding 
ntrk) obtained using Pythia and 

Herwig samples  



Systematics Evaluation with double-ratio technique 

• Divide the phase-space in bins of pT,η,m and √yf  

• In each bin of the phases-pace and for each leading 
reconstructed calorimeter jet, ask for a matching 
(ΔR<0.3 and |dr12calo-dr12Trk|<0.1) with a reconstructed 
track jet 

• For each variable X (i.e. pT,mass and √yf) produce the 
binned distribution of Xtrk/Xcalo 

• Get the mean of the distribution

For both Data 
and MC

If a detector effect has not been correctly taken into account 
in the MC simulation, it can produce a deviation from one 

of the double-ratio



Systematics Evaluation with double ratio technique - In VV→JJ Analysis

An average 2 % inefficiency in the ID-track reconstruction was 
observed but not included in the MC simulation
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Trk Inefficiency EmulatedNominal MC Simulation

• Definition of our Boson-Tagging Cuts relies on Pythia MC 
simulation$

• If the tracking inefficiency is correctly taken into account 
the double-ratio deviation from one is recovered 

Deviation from “one” observed 
using the nominal MC simulation is 

considered as systematic 
uncertainty 



Last ingredient - Statistical Analysis 

33

For counting experiment the likelihood is:
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10.1 Likelihood520

The starting point for the statistical analysis is the likelihood to make the observation. For this counting521

experiment, the likelihood is522

L(nobs|nexp) =
Y

i

Ppois(ni
exp, n

i
obs) (20)

where nexp is the expected number of events in each dijet mass bin, ni
exp and ni

obs respectively denote the523

number of expected and observed counts in bin i, and Ppois is the usual Poisson probability524

Ppois(�, n) =
�ne��

n!
(21)

to observe n counts when � are expected.525

The expected number of events is the sum of those expected for the signal and background:526

nexp = nsig + nbg. (22)

The number of expected background events in dijet mass bin i, ni
bg, is obtained by integrating over527

that bin dN/dx obtained from Eqn. 3. Thus nbg (and hence nexp) is a function of the dijet background528

parameters BNP = {p1, p2, p3}.529

The expected number of signal events assuming SSM signal strength (Chapter 2) is denoted nSSM.530

This is evaluated with Monte Carlo and corrected for systematic e↵ects as described in Chapter 9. The531

expected number of signal events is proportional to this:532

nsig = µnSSM (23)

where µ is the signal strength, here taken to be positive. The value µ = 1 corresponds to the (Pythia)533

SSM prediction, i.e. to the �B in Table 1. It is clear that nexp (through nsig) also depends on the nuisance534

parameters introduced in Chapter 9. This set of signal nuisance parameters is denoted SNP.535

Following the above, the dependence of the likelihood on nexp may be replaced with dependence on536

the full set of parameters:537

T = {µ,BNP,SNP} (24)

for the diquark search. The likelihood for a given set of parameters T to produce observation nobs, is538

denoted L(nobs|T), and is fully specified following the discussion here and in earlier sections. Note that539

µ = 0 corresponds to no signal, the background-only hypothesis or SM hypothesis, and µ = 1 to the SSM540

hypothesis (for a given mass).541

10.2 Posterior probability542

The SSM is only a benchmark and, rather than choosing between the SM and SSM hypotheses, the goals543

of this analysis are to make some statement about the likelihood there is a BSM (beyond the SM) signal544

of any strength (µ > 0), and to put limits on that strength. Bayes theorem states that probability for the545

parameters (including the signal strength) to take on a particular set of values T given the observation546

nobs is proportional to the likelihood for that set of values to produce the observation:547

Ppost(T) = K L(nobs|T) Pprior(T) (25)

Where K is a constant that ensures the posterior probability Ppost(T) integrated (or summed) over all548

parameters is normalized to unity. The posterior for a subset of the parameters, e.g. the signal strength,549

may be obtained by integrating (or summing) over the remaining parameters.550
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n : nobserved counts	


λ : nexpected
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number of expected and observed counts in bin i, and Ppois is the usual Poisson probability524

Ppois(�, n) =
�ne��

n!
(21)

to observe n counts when � are expected.525

The expected number of events is the sum of those expected for the signal and background:526

nexp = nsig + nbg. (22)

The number of expected background events in dijet mass bin i, ni
bg, is obtained by integrating over527

that bin dN/dx obtained from Eqn. 3. Thus nbg (and hence nexp) is a function of the dijet background528

parameters BNP = {p1, p2, p3}.529

The expected number of signal events assuming SSM signal strength (Chapter 2) is denoted nSSM.530

This is evaluated with Monte Carlo and corrected for systematic e↵ects as described in Chapter 9. The531

expected number of signal events is proportional to this:532

nsig = µnSSM (23)

where µ is the signal strength, here taken to be positive. The value µ = 1 corresponds to the (Pythia)533

SSM prediction, i.e. to the �B in Table 1. It is clear that nexp (through nsig) also depends on the nuisance534

parameters introduced in Chapter 9. This set of signal nuisance parameters is denoted SNP.535

Following the above, the dependence of the likelihood on nexp may be replaced with dependence on536

the full set of parameters:537

T = {µ,BNP,SNP} (24)

for the diquark search. The likelihood for a given set of parameters T to produce observation nobs, is538

denoted L(nobs|T), and is fully specified following the discussion here and in earlier sections. Note that539

µ = 0 corresponds to no signal, the background-only hypothesis or SM hypothesis, and µ = 1 to the SSM540

hypothesis (for a given mass).541

10.2 Posterior probability542

The SSM is only a benchmark and, rather than choosing between the SM and SSM hypotheses, the goals543

of this analysis are to make some statement about the likelihood there is a BSM (beyond the SM) signal544

of any strength (µ > 0), and to put limits on that strength. Bayes theorem states that probability for the545

parameters (including the signal strength) to take on a particular set of values T given the observation546

nobs is proportional to the likelihood for that set of values to produce the observation:547

Ppost(T) = K L(nobs|T) Pprior(T) (25)

Where K is a constant that ensures the posterior probability Ppost(T) integrated (or summed) over all548

parameters is normalized to unity. The posterior for a subset of the parameters, e.g. the signal strength,549

may be obtained by integrating (or summing) over the remaining parameters.550

nobserved function of dijet bkg parameters BNP={p1,p2,p3}

nsig = μnSSM assuming model hypothesis (MH) signal strength
μ = 1 : MH prediction 
μ = 0 :  SM prediction

we can replace nexp with the full set of parameters T={μ,BNP,SNP} 
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Applying the Bayes theorem 

The systematics are included in 
the priors for the Nuisance 

Parameters
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described in Sections 10.2, 10.3, and 10.4 binned in the same way as the data. Just as with the real data,862

posteriors (with full systematics) are evaluated and used to calculate limits.863

The median value (over pseudoexperiments) of this limit distribution at each mass is called the ex-864

pected limit, and these are shown along with the observed limits. The 1- and 2-sigma extents (z-values) of865

the distributions are also computed and shown on the in the limit figures in yellow and green respectively.866

12 Observed limits867

12.1 Signal strength posterior evaluation868

The posterior distribution is evaluated without signal (results in Chapter 8) and separately for each of the869

W

0 ! WZ samples, listed in Table 1, i.e for m

W

0 = 1.2, 1.4, ..., 3.0 TeV and for the graviton samples870

listed in Tables 5 and 6 for m

G

= 1.2, 1.4, ..., 3.0 TeV The lower limit is set by the trigger e�ciency871

requirements at 1 TeV. The posteriors are evaluated both with full systematics, i.e. varying the signal nui-872

sance parameters SNP according to the pdfs described in Chapter 9, and without systematic uncertainties,873

i.e. with no shape or normalization variations, and fixing the normalization scale to the mean of the full874

scale factor pdf given in Section 9.13. In all cases, the background parameters BNP are varied. The signal875

strength is varied for all but the background-only fit where it is fixed to zero. The varied parameters and876

their pdfs are summarized in Table 37.877

Table 37: Parameters varied in the posterior evaluations.

Param. pdf Meaning
µ flat Signal strength relative to SSM

p1, p2, p3 flat Background parameters
S L G(S L | 1, 0.028) Integrated luminosity SF
↵ G(↵ | 1, 0.02) Jet pT (m

j j

) scale
�

E

G(�
E

|0, 0.0t ⇥
p

1.22 � 1) Jet pT resolution (additional smearing)
↵

m

G(↵
m

| 1, 0.03) Jet mass scale
�

m

G(�
m

|0, 0.075 ⇥
p

1.22 � 1) Jet mass resolution (additional smearing)
↵y G(↵y | 1, 0.02) Jet momentum balance (pyf) scale
�y G(�y|0, 0.16 ⇥

p
1.22 � 1) Momentum balance resolution (additional smearing)

S t Gt(S t| 0.89, 0.095, 1.07) Track multiplicity SF
S ps G(1.0, 0.05) Parton Showering uncertainty SF

The posteriors are evaluated with the BSA (binned statistical analysis) package14 package which878

is an update of the code used for the 2011 search. The varied parameters are independently sampled879

according to their distributions. For each sample, the parameter values are used to evaluate the signal and880

background binned histograms, and these are combined with the observed data to evaluate the likelihood881

(Eqn. 27). The posterior weight for the sample is then the product of the likelihood and the sample’s882

prior weight.883

12.1.1 Limits on W

0 ! WZ hypotheses884

Figure 60 shows the posterior distributions for the signal strength evaluated with full systematics for all885

W

0 ! WZ the signal samples. Figure 61 shows the observed and expected limits for the WZ selection as886

14
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/BinnedStatisticalAnalysis

nexp

Expected limits are obtained from a serie of pseudo-experiments, fluctuating the 
background only histogram according to a Poisson distribution
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• Constrains on prior to avoid unphysical scenarios: p2+p9p3>0, p3<0 
• Parameter C is a function of p1 and  p9 is adjusted by hand to minimize the 

posterior correlations and then increase the sampling efficiency
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- fully loaded Airbus A320 at landing speed
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The LHC Collider

Actual Perfomance (Goal 2010!) 
•Centre of Mass Energy ☛ 7 TeV 
•Instantaneous Luminosity ☛ 2.1 x 1032 cm-2 s-1 
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Event rate in ATLAS & CMS:
N = L·!inel(pp) ! 1034cm-2s-1·100mb
      ! 109 interactions/s !!!

1011 protons

⇒ !25 interactions produced in the 

detectors every bunch crossing at 
high luminosity:  Pile up !
They are !all soft interactions;
hard, interesting events very rare
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The ATLAS Physics Goals

Precise SM measurements:

•QCD jet cross sections and αS 


•W mass 

•Top quark (factory!): mass, couplings and decay properties 

•Search for Standard Model Higgs boson in the range ≈ 115 GeV ≤ mH ≤ 1 TeV 

σpp≈100 mb
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The ATLAS Physics Goals

Precise SM measurements:

•QCD jet cross sections and αS 


•W mass 

•Top quark (factory!): mass, couplings and decay properties 

•Search for Standard Model Higgs boson in the range ≈ 115 GeV ≤ mH ≤ 1 TeV 

Search for Physics beyond the SM:

•Explore the highly-motivated TeV-scale 

(SUSY, Extra-dimensions, W’/Z’,...)

B-Physics: 

•CP-violation, rare decays, B0 oscillations

Heavy ions: 

•Phase transition from hadronic matter to quark-gluon plasma

σpp≈100 mb
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Inner Tracker  3 Detector 
- Pixel 
- Silicon 
- Transition radiation
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Electromagnetic  
Liquid Argon Calorimeter
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Hadronic Tile Calorimeter
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Hadronic Tile Calorimeter
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Endcap Toroidal magnet
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Barrel Toroidal magnet

37



Barrel Muon Spectrometer

37



EndCap Muon Spectrometer
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44 m

22 m

7000 tons
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The ATLAS Detector at LHC: A Toroidal LHC ApparatuS (2)

Elisa Musto “Heavy Flavor-11 Workshop” - Purdue University, 6 January 2011 4

40 MHz (1PB/s)

The ATLAS Experiment began recording proton-proton collisions at a center of mass energy of 7 TeV in March 

2010.  The ATLAS Trigger and Data Acquisition System (TDAQ) is designed to reduce the event (data) rate 

from 40MHz (1PB/s) to 200Hz (300MB/s) by selecting interesting proton collision events for offline analysis.  

Using the ~1 pb-1 of data recoded, the TDAQ system has been commissioned and is performing well.  

   1027          1028          1029               1030                      1031 

  April          May          June           July           August        September

time in 2010

instantaneous luminosity (cm-2s-1)

 Level-1 is Active: 

Minimum bias triggers are prescaled (lumi > 2·1027 cm-2 s-1), but all other triggers 

remain unprescaled.

 HLT in Monitoring Mode:

HLT is run, but all events are recorded - independent of their HLT decision.

 Progressively Activate HLT:

As HLT triggers are validated using the data recorded 

in Monitoring Mode, they are put into Active Mode 

(events are rejected based on HLT decision).

 Physics Menu Deployed:

All triggers designed for use in physics analysis are implemented and active.  

Commissioning and validation continue, but now with a focus on physics content.

Unprescaled Level 1 trigger rates grow as expected with 

instantaneous luminosity.  Electromagnetic, tau, muon, and jet 

triggers grow linearly; the curvature of minimum bias trigger is 

expected due to pile-up (data taken with 2 colliding bunches).

A time-line of the trigger commissioning in 2010 shows how the ATLAS trigger was progressively validated and then enabled.  The functionality of the lowest threshold Level 1 triggers was commissioned in the 

2009 running period.  As we move to higher instantaneous luminosities, the physics menu will evolve to higher thresholds and tighter selection criteria.

Trigger

High Level Trigger

Level 1 TriggerData Acquisition System (DAQ)

Read Out Buffers (output 3 GB/s)

Systems available to Level 1

Level 2
 (~500 CPUs

with ~3 kHz accept 

rate)

Offline Storage

(average input 300 MB/s)

Central Trigger 

Processor

(75 kHz accept rate)

Pipeline Memory (output 120 GB/s)

Event Builder
Event Builder

Event Builder (~100 CPUs)

Event Filter

(~1800 CPUs

with ~200 Hz 

accept rate)

Data requested in 

Region of Interest

Low granularity 

info sent to CTP

L1 Accept 

Signal

Full granularity data sits in pipeline until L1 accept

Data sits in ROBs until L2 accept
L2 Accept

Full event  is 

available to EF

Upon EF accept 

event is sent to 

offline storage

Data from all detectors combined into a full event

Track Muon Calo Minbias

Level 2 trigger electromagnetic calorimeter clusters from collision 

events show agreement with minimum bias Monte Carlo at both 900 

GeV and 7 TeV collision energies. 
Level 1 muon “Stand Alone” (only muon spectrometer used) shows a 

sharp turn-on with a plateau at ~90% in the barrel region, as 

expected from the detector’s geometrical acceptance.  

The distribution of primary vertices in the transverse plane 

reconstructed by the online beam spot algorithm using the Level 2 

trackin and vertex finding algorithms. Vertices are fitted from 2 or 

more tracks with a pT > 500 MeV.Level 1 efficiency for anti-kT jets with R=0.4 and a 15 GeV 

threshold as a function of the calibrated offline jet pT.  Trigger jets 

were evaluated at electromagnetic scale; they compare well with 

the Monte Carlo simulation.

Event filter tracking triggers show efficiency ~100% for tracks 

pT>1.2 GeV.  The EF tracking efficiency is seen to begin to degrade 

at around pT~1.0 GeV.

Inner detector (|η|< 2.5):
 Silicon pixel and strip, 

          Transition Radiation Tracker (TRT)                                                                                                                                                                                                                                 
          σ/pT ! 5·10-4 pT ⊕ 0.001 

 2T Solenoidal field

    Muon Spectrometer (|η|< 2.7):
 Trigger chambers: Resistive Plate Chambers (RPC) & Thin Gap Chambers (TGC) - σt ~ ns
 0.5 T Toroidal field 
 Coordinate Measurements Chambers: Monitored Drift Tubes (MDT) & Cathode Strip Chambers (CSC)

         σ/pT ! 10% (for pT = 1 TeV/c) 

!"#oroidal  $%& !pparatu'
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 Trigger chambers: Resistive Plate Chambers (RPC) & Thin Gap Chambers (TGC) - σt ~ ns
 0.5 T Toroidal field 
 Coordinate Measurements Chambers: Monitored Drift Tubes (MDT) & Cathode Strip Chambers (CSC)

         σ/pT ! 10% (for pT = 1 TeV/c) 
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The ATLAS detector at LHC
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |� | < 3.2.
The hadronic calorimetry in the range |� | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|� | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |� | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |� | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –
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Figure 1.4: Cut-away view of the ATLAS muon system.

1.4 Muon system

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapter 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separate trigger and high-precision tracking chambers. Over the range |� |< 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < |� | < 2.7, muon tracks are bent by two smaller
end-cap magnets inserted into both ends of the barrel toroid. Over 1.4 < |� |< 1.6, usually referred
to as the transition region, magnetic deflection is provided by a combination of barrel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scattering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ter instrumentation, affecting performance parameters such as rate capability, granularity, ageing
properties, and radiation hardness.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.

– 11 –
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1.4 Muon system

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapter 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separate trigger and high-precision tracking chambers. Over the range |� |< 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < |� | < 2.7, muon tracks are bent by two smaller
end-cap magnets inserted into both ends of the barrel toroid. Over 1.4 < |� |< 1.6, usually referred
to as the transition region, magnetic deflection is provided by a combination of barrel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scattering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ter instrumentation, affecting performance parameters such as rate capability, granularity, ageing
properties, and radiation hardness.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.
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• Coverage |η| < 2.7

• Air core 0.5T Toroidal field in huge area

• MDT chambers are used for precise measurement, with 

< 100 μm precision 
• CSC chambers exist in high-η (|η| > 2.0) region of the 

innermost station to cope with high rate measurement 
• Trigger chambers: TGCs (endcap) and RPCs (barrel)
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Inner Detector
� Multiple Scattering: ~OK
� Intrinsic resolution :   

MC~36% TeVC1 vs DT~53%TeVC1

(Alignment)
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1.4 Muon system

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapter 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separate trigger and high-precision tracking chambers. Over the range |� |< 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < |� | < 2.7, muon tracks are bent by two smaller
end-cap magnets inserted into both ends of the barrel toroid. Over 1.4 < |� |< 1.6, usually referred
to as the transition region, magnetic deflection is provided by a combination of barrel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scattering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ter instrumentation, affecting performance parameters such as rate capability, granularity, ageing
properties, and radiation hardness.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.
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Online muon trigger
Three levels reduce LHC interaction rate of ~1 GHz to ~200Hz:

- Full event data available 
- ‘Offline’ reconstruction 
adapted to the ‘on-line’ 
environment 
- Two main strategies: 

1. Inside-Out (MS->IP) 
    Outside-In (ID ->MS) 
2. Combined reconstruction

Event Filter (EF)
Level 2 (L2)

- RoIs in parallel,  
- Several algorithms:

- Level1 (L1), hardware-based; 
- High Level Trigger (HLT): 
  Level2(L2)+Event Filter (EF),  
  software based

1. ‘Fast’ Muon   
    Spectrometer(MS),  
    ‘Stand Alone’ 
2. ‘Combined’  
    reconstruction 
3. Isolation

Level 1 (L1)
- Hardware (RPC+TGC) 
- ‘Prompt’ muons from  
   interaction point (IP), 
   pT > threshold 
- RoI (Region of Interest) id :pT, η, φ


