
Physics Analysis

Bing ZhouBing Zhou

The University of MichiganThe University of Michigan

CCAST Workshop @CCAST Workshop @TsinghuaTsinghua UniversityUniversity

Nov. 6Nov. 6--10, 2006 10, 2006 



2

Outline

•• ColliderCollider physics analysis basicsphysics analysis basics

•• Monte Carlo ToolsMonte Carlo Tools

•• Physics Objects ReconstructionsPhysics Objects Reconstructions

•• LHC Physics potential of ATLAS, CMS LHC Physics potential of ATLAS, CMS 
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Basics
•• HadronHadron CollidersColliders -- especially those that allow access to a new energy especially those that allow access to a new energy 

regime regime –– are machines for discoveryare machines for discovery
• In the case of the TeV scale, this is reinforced by the fact that the know SM  

forces and particles violate unitarity at  ~ 1 TeV: there must be some thing 
new (if only a SM Higgs)

•• Discovery means producing convincing evidence of some thing new.Discovery means producing convincing evidence of some thing new.

•• New physics models: produce visible new phenomenaNew physics models: produce visible new phenomena

•• Goals of analysis in this case: produce the evidenceGoals of analysis in this case: produce the evidence””
• Separation os a signal from the background

• Need to show that the probability of the ‘signal’ from known sources is small
• Must demonstrate that the backgrounds are well understood
• Uncertainties: statistics and systematic
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Physics Analysis Goal

Translate from  measurementTranslate from  measurement To   Physics processTo   Physics process
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Collider Basics: Cross section
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Basics: Hadron Collision Processes

different from e+e- collisions
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Implications at LHC
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Simulation Tools
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Event Generators
•• LO: LO: PythiaPythia, , HerwigHerwig (include (include hardronizationhardronization and and ‘‘soft jetssoft jets’’))
•• ‘‘UnderlineUnderline’’ ---- JimmyJimmy

•• Improved generators (NLO)Improved generators (NLO)
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How Much Can We Trust MC

•• PDF and Underline modeling need data to fitPDF and Underline modeling need data to fit

•• Event generatorsEvent generators
• May  or may not generate additional jets through parton showering
• May or may not treat spins properly
• May or may not get the cross section right

• NLO much better than LO – but sometimes no choice!

•• ItIt’’s not simples not simple
• One can not necessarily just add (for example) a W+1 jet simulation 

and W+2 jets and W+3 jets to model W+n jets signal. Likely to be 
double counting.

• One can not necessarily just run a W+ 1 jet simulation and generate 
the extra jets through parton showering either…
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Generators: MC@NLO, Herwig, Pythia

••PPTT(tt(tt system) system) 
• Herwig & MCatNLO agree at low PT,
• At large PT MCatNLO ‘harder’

Example: distributions on top-anti-top characteristic – PT of the whole system
PT of t-tbar system is balanced by ISR & FSR
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Underlying event (UE) / minimum bias

•• Extremely difficult to predict the magnitude of the UEExtremely difficult to predict the magnitude of the UE

at LHCat LHC
• Will have to learn much more from Tevatron before startup

•• Various models existsVarious models exists
• Herwig’s UE and minimum bias shows much less activity compared 

to Pythia.
• This has always been a problem in Herwig.

• Jimmy is developed as alternative model for UE at ep collisions
• Various ‘tunings’ exist – leading to wildly different results
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Tune of 
Butterworth

Standard 
Jimmy

Standard 
Pythia

Standard 
Herwig
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How Well Can We Simulate Detector?

•• Detector Simulation Detector Simulation –– is only as good as the geometrical is only as good as the geometrical 
modeling of the detector modeling of the detector –– are all the cables and support are all the cables and support 
structure in your model?structure in your model?

•• Short time structure in current detector adds another Short time structure in current detector adds another 
dimension dimension –– nuclear denuclear de--excitations, drift charge in argon excitations, drift charge in argon 
can be slower than beam bunch crossing time!can be slower than beam bunch crossing time!

•• Do not blindly trust tails of the distributions or rare Do not blindly trust tails of the distributions or rare 
processesprocesses
• Random number may not populate them fully
• Modeling not verified at this level  -- e.g. MC estimate the probability 

for a jet to be reconstructed as a photon – a 10-3 or 10-4 probability
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Analysis Strategy at LHC



16

Offline Data Process for Analysis
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Reconstructed Physics Objects
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Electron Identification
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Background for Electron ID
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Reject Electron Background (I)
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Shower Shape Distributions: Electron vs. Jets
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Reject Electron  Background (II)
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Track Matching - E/P
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Reject Electron Background (III)
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Reject Electron Background (IV)
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Lepton Isolation

• Sum of Et in calorimeter in a cone
•Sum of Pt in Tracker in a cone
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Overall Efficiency of Electron ID
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Photon Identification
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Photon ID efficiency and Background 
Rejection
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ATLAS Muon Momentum Measurement

μμ

ROI

1 TeV muon sagitta ~ 500 μm
Sagitta measurement precision  ~ 50 μm 
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Muonboy : Muon Reconstruction in 
the Muon System, +back-fit to IP

STACO : Statistical Combination 
of the Inner Detector and the 
Muon System

MuTag : Tag of ID tracks using 
Inner Stations Segments

ATLAS Muon Reconstruction and Identification
MOORE : Muon Reconstruction in 
the Muon System

MuonID Standalone : back-fit 
from moore reconstruction to IP

MuonID Combined: Combine Inner 
tracker and the Muon System

Generated muons ‘Reconstructed’ muons
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Fake rate as a function of muon Pt cut

For pT > 500 GeV,
MuonBoy fake rate ~0.15%

Bump at Z→μμ pT peak 
(~45GeV) comes from 
double tracks.  

MuID S-A fake rate ~0.3%
MuID Combined fake rate ~0.015%

25
 G

eV

50
0 

G
eV

Matching: require 
inner track within 
ΔR<0.2 and ΔpT<50%
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Tau Decay Modes
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ATLAS Tau Identification



35

Tau:  Fraction of Energy in ΔR<0.1
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A Likelihood approach to τ-ID
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B-jet Identification
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B-tagging efficiency Depends on Background
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QCD Jet
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A ‘Cone’ Jet Reconstruction Algorithm
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What Do Jets Look Like ? 
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Jet Energy Scale
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Missing ET (ν) Reconstruction
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Missing ET Resolution
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Comment: Muon ineff. -> Fake Missing ET
(ATLAS:  Z->μμ MC sample, recon 10.0.1)

Recalculated with Calo+
Muonboy

MET_Final (with Moore)

Fake missing ET

All Z μμ events 



46

W and Z Production in Hadron Collider
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Full QCD Calculation: V-Boson Pt Remains Small
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Reconstruction of Z
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Reconstruction of W lepton+neutrino

• Select W event: 

isolated high PT e or muon

large missing ET ( > 20 GeV)
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Top Identification
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Physics TDRsPhysics TDRs

Feb. 2006 Jun. 2006

May 1999 May 1999

Instead of 3-rd vol. of TDR,
short notes on startup will 
be submitted to LHCC in
summer 2007, along with the
very early physics reach with
0.1 fb-1 and 1 fb-1.  

CSC (Computing System
Commissioning) notes are to
be produced in spring 2007,
covering software and physics
analysis validation for the
early physics run with 0.1 fb-1

and 1 fb-1.  

http://cmsdoc.cern.ch/cms/cpt/tdr/
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First Step of Campaign at the LHC
1) MC Models and Re-establish the SM processes 
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Underlying Event and ISR Modeling
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Track Distributions from Underlying Events
dN

/dη
dφ

Pt (GeV)

Pt (GeV)
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MinBias Density Extrapolate 
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Standard W Candle
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Standard Z Candle
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Establish Z ττ
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Z ττ : Colinear
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Establish SM as a Baseline  in Early LHC
(10 – 500 pb-1)

•• Use SM processes to understand the detector and Use SM processes to understand the detector and 
calibrate detector in early running calibrate detector in early running 
• Lepton energy scale from Zs
• Jet energy calibration from g-j; b-j
• Luminosity from W+Z rates
• Tuning of Monte Carlos

•• Understand SM background processesUnderstand SM background processes
• Minimum bias and underlying event 
• Establish limits of knowledge of SM processes

•• Aim to study SM Physics topicsAim to study SM Physics topics
• Cross section measurements (W, Z, Di-jets, Di-boson)
• Precision EW measurements: Mw, sin2θw and gauge couplings
• QCD measurements: as(Q2) and PDFs
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Quick Discovery of  SUSY Particles?
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Mass Reconstruction
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SUSY Search (ATLAS)

•• RR--Parity conserving SUSY search channels:Parity conserving SUSY search channels:
• Large ET

miss;
• Large jet multiplicity;
• Large ET

sum.
•• Will need convincing estimates of backgrounds Will need convincing estimates of backgrounds 

with as little data as possible.with as little data as possible.
•• Background estimation techniques will change Background estimation techniques will change 

depending on integrated depending on integrated lumilumi. . 
•• Ditto optimum search channels & cuts.Ditto optimum search channels & cuts.
•• Aim to use combination ofAim to use combination of

• Fast/’brisk’-sim;
• Full-sim;
• Estimations from data.

•• Use comparison between different techniques Use comparison between different techniques 
to validate estimates and build confidence in to validate estimates and build confidence in 
(blind) analysis.(blind) analysis. ATLAS

5σ
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StrategyStrategy
• Main backgrounds:

– Z + n jets
– W + n jets
– ttbar
– QCD

• Generic approach :
– Select low ET

miss background calibration samples;
– Extrapolate into high ET

miss signal region.

Jets + ETmiss + 0 leptons 

ATLAS

10 fb-1

• Used by CDF / D0
• Extrapolation non-trivial.

– Must find variables uncorrelated 
with ET

miss

• Several approaches developed.

QCD
W+jet
Z+jet
ttbar

• Also:
– Single top
– WW/WZ/ZZ

ATLAS
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SUSY Discovery Potential (CMS)

[CMS collaboration]

CMS 5σ reach for R-parity 
conserving mSUGRA in 
various inclusive channels:

•

• with lepton veto

• One lepton channel

• Two opposite sign (OS) leptons

• Two same sign (SS) leptons
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Do we understand what the new physics is?
Many ways to produce a ‘signature’ in l+l- jet + ET(dark matter signature)  

SUSY LSP = neutrolino

SUSY LSP = scalar neutrino

X – dimension model variants
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Higgs Production Mechanism @ LHC

4 production mechanism     key to measure H-boson parameters
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Higgs Discovery Channels at LHC

Dominant BR for mH<2mZ:
σ (H → bb) ≈ 20 pb; 
σ (bb)      ≈ 500 μb 

for m(H) = 120 GeV
→ no hope to trigger

or extract fully
hadronic final states

→ look for final
states with A, γ
(A = e,μ )

Low mass region: m(H) < 2 mZ :
H → γγ : small BR, but best resolution
H → bb : good BR, poor resolution ttH, WH
H → ZZ* → 4A
H → WW* → AνAν or Aνjj : via VBF
H → ττ : via VBF

m(H) > 2 mZ :
H → ZZ → 4A
qqH → ZZ → AA νν *
qqH → ZZ → AA jj *
qqH → WW→ Aνjj *
* for mH > 300 GeV
forward jet tag
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Light  SM Higgs Search
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H WW
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H γ γ
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H γγ Background
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Significance with NLO Calculation
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Combination of H + n-jets Analysis
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Signal with VBF Events
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H ττ and H WW in VBF production
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VBF H ττ Reconstruction 
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VBF H WW Reconstruction
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Sensitivity of VBF Channels
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Most Challenge Channel H+ ttbar
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Need a lot of Luminosity for H ttbar detection

Signal significance (5σ) :
mH < 120 GeV needs 100 fb–1
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Combined Sensitivity
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Search for MSSM Higgs(es)

Complex analyses;   5 Complex analyses;   5 HiggsesHiggses:  :  h0, H0, A0, h0, H0, A0, HH±±

• At tree level, all masses and couplings depend on: MA and tanLarge variety of observation modes
if SUSY particles heavy

SM-like: h → γγ, bb; H → 4A
MSSM-specific: A/H → μμ, ττ, tt ; H → hh, A → Zh; H± → τν

if SUSY particles accessible:
H/A → χ2

0 χ2
0 → 4A + missing Energy

h produced in cascade decays (e.g. χ2
0 → h χ1

0)
Studies performed in two steps:
i. SUSY particles are heavy: no contribution to Higgs 

production/decay
ii. SUSY particles contribute in production/decays

Impact on Higgs decay to SM particles generally small
- h → γγ 10% smaller
- A/H → SM at most 40% smaller 
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MSSM Higgs Discovery Potential

5σ discovery contours

Plane fully covered with 30 fb-1

2 or more Higgses observable in large 
fraction of plane
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SM
Limited by absolute energy scale

• 0.1% for A/γ (Z → AA calibration)
• 1% for jets

Resolutions:
• For γγ & 4A ≈ 1.5 GeV/c2

• For bb ≈ 15 GeV/c2

At large masses: decreasing 
precision due to large ΓH

MSSM

h as in SM case
H/A:  0.1 - 0.5% in modes γγ,  4A,  μμ

1 - 2% in modes bb, bbγγ (hh), bbAA (Zh)

Higgs Boson Parameters:   Mass

600 fb-1
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•• Direct width measurement:Direct width measurement:
• Mass peak width of 

H → ZZ → 4A channel 

for MH > 200 GeV

(ΓH > Γexp in SM)

• Systematics: radiative decays 
(1.5%)

•• Indirect width measurement:Indirect width measurement:
• Comparison of rates in channels:

• qq → qqH, H → γγ, ττ, WW
• gg → H, H → γγ, ZZ*, WW*

• Assumption:
o BR(H → cc, non-standard) < 10%

600 fb-1

Higgs Parameters:   Width
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Ratio of boson-boson couplings
Direct: ratio between W and Z partial 
width

QCD correction cancel
VBF: ratio between W and Z partial 
width

different processes, QCD corrections
do not cancel, i.e. add. uncertainty
Indirect: ratio between γ and Z partial 
width

Use proportionality between GW and
Gγ, Needs theoretical input, 10%
uncertainty assumed

Z

W

Zg

Wg

ZZHBR
WWHBR

Γ
Γ

=
ΓΓ

ΓΓ
=

×
×

*)(
*)(

→

→

σ
σ

Z

W

ZZHBR
qqWWqqHBR

Γ
Γ

=
×

×
*)(

*)(
→

→

σ
σ

Higgs Parameters:  Couplings (1)

( )
( *)

g W

g Z Z

BR H
BR H ZZ

γσ γγ
σ

Γ Γ Γ× →
= ≈
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600 fb-1
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Ratio of boson-fermion couplings
VBF: allows a direct measurement
of  GW/Gt in the mass range 120 –
150 GeV
Direct : 

Indirect :

( )
( )

W W W

W

BR qqH qqWW
BR qqH qq τ τ

σ
σ ττ

Γ Γ Γ× → = =
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QCD
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W C
HBR

WWHBR
⋅

Γ
Γ

×
× ~

)(
)(

γγ
γγ

→

→

σ
σ

QCD
t

W C
HBR

WWHBR
⋅

Γ
Γ

×
× ~

)WW(
)WW(

→

→

σ
σ

W

b

ttttHBR
ttHBR

Γ
Γ

×
× ~

)(
)ttbb(

γγ→

→

σ
σ

Higgs Parameters:  Couplings (2)

600 fb-1
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Higgs Parameters:  Self-couplings 

Hep-ph/0204087Cross section of the Higgs pair production at LHC

Higgs self-interaction couplings:
Need Super LHC to measure
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Strongly-Coupled Vector Boson System

S / B = 6.6/2.2

No light Higgs boson? Study Longitudinal gauge boson scattering in high 
energy regime (the L-component which provides mass to these bosons).

WL ZL WL ZL l ν ll

(Hep-ph/0204087)

/S B ~ 10
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ZL ZL Scalar Resonance

3000 fb-1

(14 TeV)

WL WL -> ZL ZL-> 4 leptons 
ZL ZL -> ZL ZL-> 4 leptons

(Hep-ph/0204087)
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Extra Dimensions Large Extra Dimensions (ADD)
- Gravity in bulk / flat space
- Missing energy / interference / black holes

Warped Extra Dimensions (RS)
- Gravity in bulk / curved space
- Spin 2 resonances in >TeV range / black holes

TeV Scale Extra Dimensions
- Gauge bosons / Higgs in bulk
- Spin 1 resonances in >TeV range
- Interference with Drell-Yan

Universal Extra Dimensions
- Everybody in the bulk!
- Fake SUSY spectrum of KK states

SM

KK exc.
of γ/Z

ET(jet) > 1 TeV

100 fb-1
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Simulation of  a  mini black hole 
event with MBH ~ 8 TeV in ATLAS … and in CMS

Extra Dimensions:
What if Planck Scale

in TeV Range?
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Narrow Graviton Resonance:  Spin of G
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Strong Symmetry Breaking
Technicolor

No fundamental scalar Higgs (it is a new strong force bounded state)
Technicolor predicts existence of technihadron resonance

Technicolor channels investigated

Main background for signals:  Z + jets (qq->gZ,  gg-> qZ, qq->ZZ)
tt,  WZ  continuum production
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Signals of the Technicolor
Examples
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Summary of New Physics Reach at LHC

SM HiggsSM Higgs

MSSM HiggsMSSM Higgs

SUSY (squark, gluino)SUSY (squark, gluino)

New gauge bosons (ZNew gauge bosons (Z’’))

Quark substructure (Quark substructure (ΛΛCC) ) 

q*,  l*q*,  l*

Large ED (MLarge ED (MDD for n=2,4)for n=2,4)

Small ED (MSmall ED (MCC))

Black holesBlack holes

M(top quark)M(top quark)

MMWW

CPCP--violation in Bviolation in B--decaydecay

Rare BRare B--decay (Bdecay (BS S μμμμ))

100 GeV 100 GeV ～～ 1 TeV1 TeV

covers full (mcovers full (mAA, tan, tanββ))

2.5 2.5 -- 3 TeV 3 TeV (300 fb(300 fb--11))

< 4.5 TeV < 4.5 TeV (100 fb(100 fb--11))

< 25/40 TeV < 25/40 TeV (30/300 fb(30/300 fb--11))

< 6.5/3.4 TeV < 6.5/3.4 TeV (100 fb(100 fb--11))

< 9/5.8 TeV < 9/5.8 TeV (100 fb(100 fb--11))

< 5.8 TeV < 5.8 TeV (100 fb(100 fb--11))

< 6 ~ 10 TeV< 6 ~ 10 TeV

σσMM ~ 1 GeV ~ 1 GeV (~ 0.5 %)(~ 0.5 %)

σσMM ~ 15 MeV~ 15 MeV

σσ(sin2(sin2ββ) ~ 0.016 ) ~ 0.016 (30 fb(30 fb--11))

~ 5~ 5σσ (130 fb(130 fb--11))

Any one of those would change  the understanding of our universe !

Discovery for sure
+ some measurements

can say “final word”
about (low E) SUSY

Both experiments can
cope with the new physics
possibilities which were
not foreseen at the
beginning of the project.
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Cosmological Connection

• Extremely tempting to assume that EWSB and Dark Matter      .  
.,  n characterised by the same energy scale
• Likely that new physics contains a stable particle that can be n n
, copiously produced at the LHC

There are counterexamples, but          
if above true  =>  large cross sections for jets + missing       

, energy  events at the LHC
=>  LHC will provide data for astrophysics
=>  infer DM properties from masses and 

cross sections 

Relic density       ΩXh2 ~  3 x 10-27 cm3s-1 / <σv>
requires typical weak interaction annihilation cross sections 

How well <σv> can be predicted from LHC depends on model for NP
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Triple Gauge Boson Couplings

Expected 95% C.L. constrains contours (outer-> inside): 

(14TeV, 100fb-1),  (28TeV, 100fb-1),  (14TeV, 1000fb-1), (28TeV, 1000fb-1) 

Open window to electroweak
Symmetry breaking mechanism

LHC: orders of magnitude
Improvement over LEP/Tevatron
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