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Motivation & Context Motivation & Context 

LHC as a Top Pair Factory LHC as a Top Pair Factory 
–– CrossCross--section measurement section measurement 
–– Mass measurementMass measurement
–– W polarizationW polarization

LHC as a SingleLHC as a Single--top Factorytop Factory
–– CrossCross--section measurementsection measurement

ConclusionConclusion
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Top Quark @ Top Quark @ TeVatronTeVatron ……
Stringent Stringent tetstets of QCD and the EW sectorof QCD and the EW sector

– Top quark mass is known at ~1% level (~2 GeV)
– QCD production mechanism tested at ~12% level
– V-A couplings and W polarization known at ~20% 
– CKM matrix |Vtb| > 0.68 @ 95% CL
– Electroweak production (single-top) evidence @ 3.4σ …

Top Quark @ LHC : precision measurementsTop Quark @ LHC : precision measurements……
Consistency checks of SM HiggsConsistency checks of SM Higgs

– Equal contributions to χ2  : 
∆mW ≈ 0.7% ∆mt

…… or ID the underlying frameworkor ID the underlying framework

Top quark @ LHC : Top quark @ LHC : …… a probe to new physicsa probe to new physics
Searches for new (heavy) particlesSearches for new (heavy) particles

Flavor/mass dependent couplings
Extra bosons : W’ (GUT, KK)
Charged Higgs Boson H+

Technicolor : strong interaction @ Technicolor : strong interaction @ TeVTeV

From the TeVatron to the LHC…
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Need accuracy better than:Need accuracy better than:
ΔΔmmWW~15 MeV/c~15 MeV/c22

ΔΔmmtt ~ 1GeV/c~ 1GeV/c22
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Courtesy : C. Courtesy : C. TimmermansTimmermans

LHC as a Top Pair Factory…



EPS 2007 / TOP @ LHC

Top Pair Production & Decays @ LHC

Top pair productionTop pair production
SM Total crossSM Total cross--section section 

NLO calculations σtt = 835 pb ± 10%pdf ± 6% µ-scale

– Production via gluon-fusion (90%) and quark anihilation
– Dependence in Top Mass : δσtt/σtt ≈ 5 x δmt/mt

Event yields @ 1 fbEvent yields @ 1 fb--11

Standard Model: Standard Model: BR(tBR(t W+bW+b) ) ≈≈ 11

BRBR NNevtevt (1 fb(1 fb--11))

tttt ((lv)blv)b ((jj)bjj)b 30%30% 250,000250,000

tttt (lv)b(lv)b(lv)b(lv)b 5%5% 40,00040,000

tttt (jj)b(jj)b ((jj)bjj)b 44%44% 370,000370,000

10%10%

90%90%

““lepton+jetslepton+jets””

““didi--leptonlepton””

““fullfull--hadronichadronic””

mmtt (GeV/c(GeV/c22))

σσ
(( fbfb

))
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Top Pair in the “lepton+jets” channel :
comissionning analyses

ComissionningComissionning analyses with 100 pbanalyses with 100 pb--11

Both experiments use top pair as commissioning analysesBoth experiments use top pair as commissioning analyses
Select a Select a leptonicleptonic top (to tag the event)top (to tag the event)

L1+HLT trigger (μ,e) ~ 80% 
1 high-pT lepton > 20 GeV/c
at least  3 high-pT jets > 40 GeV/c
1 high-pT jets > 20 GeV/c

Reconstruct the Reconstruct the ““hadronichadronic toptop””::

- Determine the light Jet energy scale from W jj :
Calibration with template histograms 

stat error ~0.5% w/ 1 fb-1

- Study of missing ET resolution
- b-tagging commissioning

b-tag efficiency relative accuracy of 6% w/ 1 fb-1

Rejection rates from W jj

m(jjm(jj)) GeV/cGeV/c22
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Top Mass using “lepton+jets” : 
Top quark reconstruction

W boson reconstruction & reW boson reconstruction & re--scalingscaling
Light jet association W Light jet association W jjjj

Select (jj)-pair such: |mjj – mW| ≤ 3 σW

EventEvent--byby--eventevent rescalingrescaling
Minimization of: 

Top quark reconstructionTop quark reconstruction
Association of Association of hadronichadronic W and bW and b--jet :jet :

Combination leading to the highest pT
top

or that maximizes ∆R(l,b) / minimizes ∆R(b,W jj) 
Top Purity : 70% w/ efficiency : 1.2%

σσW W = 8.0= 8.0±±0.5 0.5 GeVGeV

L=1fbL=1fb--11

2 light jet events2 light jet events

m(jj) GeV/c2

ATLAS PRELIMINARYATLAS PRELIMINARY

L = 1 fbL = 1 fb--11

In situ W rescalingIn situ W rescaling

mmtt=175.8=175.8±±0.3GeV0.3GeV
σσtt=11.4=11.4±±0.4GeV0.4GeV

ATLAS PRELIMINARYATLAS PRELIMINARY
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Top Mass using “lepton+jets” : 
systematic uncertainties

Top mass performanceTop mass performance
Event yields : ~6,800 per 1 fbEvent yields : ~6,800 per 1 fb--11

Mass resolution : Mass resolution : 
σ ≈ 11 GeV/c2 (14 before calibration)
Statistical error ~0.05 GeV with 10 fb-1

Improvements :Improvements :
Use of a Use of a kinematickinematic fit on the entire fit on the entire tttt eventevent

reconstruct hadronic / leptonic top
UseUse of Mass constraints (of Mass constraints (evtevt by by evtevt):):

mjj = mW & mlv = mW, mjjb = mlvb

Select lower (χ2,mt
fit) to reduce contamination from badly 

reconstructed b-jets (FSR) 

Main uncertaintiesMain uncertainties δδmmtt(GeV(GeV)) δδmmtt(GeV(GeV))
light jet energy sc.(1%)light jet energy sc.(1%) 0.2 0.2 

0.70.7
0.10.1
1.01.0
0.10.1
0.10.1
1.31.3
0.050.05

0.20.2

bb--jet energy scale(1%)jet energy scale(1%) 0.70.7

Total SYSTEMATICTotal SYSTEMATIC 0.90.9

Initial State RadiationInitial State Radiation 0.10.1

bb--quark fragmentationquark fragmentation 0.10.1
Combinatorial Combinatorial backgdbackgd 0.10.1

Final State RadiationFinal State Radiation ≤≤ 0.50.5

Total STATISTICALTotal STATISTICAL 0.120.12
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Top Mass using “lepton+jets” : 
systematic uncertainties

Top mass performanceTop mass performance
Topological selection Topological selection 

Build Probability for the evt to be a “l+jets”
light jets from W, b-jet combination…

Mass resolution : Mass resolution : 
Top width similar to ATLAS (w/ kinematic fit)
Statistical error ~0.05 GeV with 10 fb-1

Use of Ideogram techniques (CMS)Use of Ideogram techniques (CMS)
Quantify relative compatibility of the kinematics w/ mtop

χ2 from mtop vs mtop
fit

Build Probability from χ2 , given the evt kinematics

77

Uncertainties in 10 fbUncertainties in 10 fb--11 δδmmtt(GeV(GeV))
bb--tag efficiency (5%)tag efficiency (5%)
Jets energy scaleJets energy scale
Heavy jet Heavy jet enegyenegy scalescale

0.200.20
0.150.15
0.980.98

Pile up (30% OnPile up (30% On--Off)Off)
Underlying EventUnderlying Event
Gluon Radiation(Gluon Radiation(ΛΛ,Q,Q22))
bb--quark fragmentationquark fragmentation
Parton Density Parton Density FunctFunct..

0.230.23
0.500.50
0.270.27
0.400.40
0.100.10

BackgroundsBackgrounds 0.250.25

Total SYSTEMATICTotal SYSTEMATIC 1.271.27

Total STATISTICSTotal STATISTICS 0.360.36

CMSCMS--NOTENOTE--20062006--064064
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Top Pair in the di-lepton channel :
Event Selection 

Event SelectionEvent Selection
Triggering L1+HLTTriggering L1+HLT

Lepton trigger ε ~ 80% 
Two high Two high ppTT leptonsleptons

Isolated, opposite signs
Veto on Z-mass peak 

At least two high At least two high ppTT jets jets 
two b-tagged jets

Missing Transverse EnergyMissing Transverse Energy

Event Event kinematickinematic reconstruction reconstruction 
Six constraints Six constraints 

mlν=mW1 and mlν=mW2

mlνb=mt2 and mlνb=mt2

Σ pT = 0
Six unknownsSix unknowns

Solve for mtop hypothesis
Weight each solution

Top mass DeterminationTop mass Determination
Preferred solution’s weight
Window on mtop

NNevtevt(1fb(1fb--11) = 660) = 660
εεselsel = 1.2%= 1.2%

S/B ~ 12. / 1S/B ~ 12. / 1

88

ννe,e,μμ
bb

bb

e,e,μμ νν

CMSCMS--NOTENOTE--20062006--064064
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Top Pair in the di-lepton channel :
Event Selection 

Event SelectionEvent Selection
Triggering L1+HLTTriggering L1+HLT

Lepton trigger ε ~ 80% 
Two high Two high ppTT leptonsleptons

Isolated, opposite signs
Veto on Z-mass peak 

At least two high At least two high ppTT jets jets 
two b-tagged jets

Missing Transverse EnergyMissing Transverse Energy

Event Event kinematickinematic reconstruction reconstruction 
Six constraints Six constraints 

mlν=mW1 and mlν=mW2

mlνb=mt2 and mlνb=mt2

Σ pT = 0
Six unknownsSix unknowns

Solve for mtop hypothesis
Weight each solution

Top mass DeterminationTop mass Determination
Highest weight

Window on m(jjb)

NNevtevt(1fb(1fb--11) = 660) = 660
εεselsel = 1.2%= 1.2%

S/B ~ 12. / 1S/B ~ 12. / 1

88

ννe,e,μμ
bb

bb

e,e,μμ νν

CMSCMS--NOTENOTE--20062006--064064
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Top Pair in the di-lepton channel :
σ(tt) measurement

CrossCross--sections Measurementssections Measurements
DiDi--lepton lepton kinematickinematic reconstructionreconstruction

Preferred solution’s weight
Window on mtop

SystematicsSystematics
Measurement dominated by Measurement dominated by systematicssystematics from the beginning..from the beginning..
Modeling are dominant effects:Modeling are dominant effects:

PDF, gluon radiation, pile-up+UE,…
Experimental biases : Experimental biases : 

b-tagging and JES, should be improved with calib. data

Uncertainties in 10 fbUncertainties in 10 fb--11 ΔσΔσ//σσ
bb--tag efficiency (5%)tag efficiency (5%)
Jets energy scale (3%)Jets energy scale (3%)
Lepton reconstructionLepton reconstruction
Missing EMissing ETT

3.8%3.8%
3.6%3.6%
1.6%1.6%
1.1%1.1%

Pile up (30% OnPile up (30% On--Off)Off)
Underlying EventUnderlying Event
Gluon Radiation(Gluon Radiation(ΛΛ,Q,Q22))
bb--quark fragmentationquark fragmentation
Parton Density FunctionParton Density Function

3.6%3.6%
4.1%4.1%
2.5%2.5%
5.1%5.1%
5.2%5.2%

LuminosityLuminosity 3%3%

Total SYSTEMATICTotal SYSTEMATIC 11%11%

Total STATISTICSTotal STATISTICS 0.9%0.9%

Luminosity 1fbLuminosity 1fb--11

mmtt =178.5 =178.5 ±± 1.51.5
σσtt = 24.5 = 24.5 ±± 1.8 1.8 

99
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Top Pair in the di-lepton channel :
mtop measurement

Top Mass DeterminationTop Mass Determination
Extraction of Top massExtraction of Top mass

Kinematic reconstruction as f(mtop)
fit of the “preferred” top mass 

Systematic uncertaintiesSystematic uncertainties
Strong dependence upon theoryStrong dependence upon theory

Parton distribution function
Gluon Radiation (ΛQCD,Q2)
b-quark fragmentation

Jet Energy scaleJet Energy scale
~0.6 GeV per 1% miscalibration

Uncertainties in 10 fbUncertainties in 10 fb--11 δδmmtt

bb--jet energy scale (1%)jet energy scale (1%) 0.60.6

ISR / FSR ISR / FSR modelisationmodelisation 0.60.6

Total SYSTEMATICTotal SYSTEMATIC 1.61.6

bb--quark fragmentationquark fragmentation 0.70.7

Parton Distr. functionParton Distr. function 1.21.2

STATISTICS & methodSTATISTICS & method 0.30.3
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Top Pair in the “full hadronic” channel : 
Event Selection

TriggersTriggers
Specific triggers designed: Specific triggers designed: 

L1/HLT multi-jet triggers + HLT b-tagged jet trigger
Signal trigger ε ~ 15-20%  vs rates ~ 20 Hz

Event PreEvent Pre--selection & classification  selection & classification  
Use of Event shape variables + Jet energies Use of Event shape variables + Jet energies 

Neural Net

Yields @ 1 fbYields @ 1 fb--11 εε(%)(%) S/BS/B
16.816.8 1/3001/300

Event :  6 Event :  6 ≤≤ NNjetjet ≤≤ 8 8 15.515.5 1/2251/225 12.412.4
1/101/10
1/71/7
1/31/3

4.04.0
3.83.8
2.72.7

S/S/√√S+BS+B
trigger HLT jet + btrigger HLT jet + b--tagtag 11.111.1

Neural NetNeural Net 28.528.5
11--b tagb tag 32.632.6
22--b tagb tag 37.237.2

1111
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Top Pair in the “full hadronic” channel :
σ(tt) measurement

CrossCross--section measurementssection measurements
Full Full hadronichadronic events selected by a NN events selected by a NN 

Cut on on Neural Net 

Systematic uncertainties Systematic uncertainties 
Experimental biases dominate :Experimental biases dominate :

JES, trigger efficiency, b-tagging efficiency
Modeling biasesModeling biases

Pile-up+UE, should be tuned with data
PDF, IS/FS radiations
Backgrounds shape & levels 

Uncertainties in 1 fbUncertainties in 1 fb--11 ΔσΔσ//σσ
Jets energy scale (3%)Jets energy scale (3%)
High Level TriggerHigh Level Trigger
bb--tag efficiency (5%)tag efficiency (5%)

11.2% 11.2% 
5.0%5.0%
2.0%2.0%

Pile up (30% OnPile up (30% On--Off)Off)
Gluon Radiation (Gluon Radiation (ΛΛQCDQCD,Q,Q22))
Underlying EventUnderlying Event
Parton Density FunctionsParton Density Functions
bb--quark fragmentationquark fragmentation
Background level Background level 

10.0%10.0%
7.9%7.9%
4.1%4.1%
4.2%4.2%
1.9%1.9%
5.0%5.0%

LuminosityLuminosity 5%5%

Total SYSTEMATICTotal SYSTEMATIC 20%20%

Total STATISTICSTotal STATISTICS 3.0%3.0%

1212
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Top Pair in the “full hadronic” channel :
mtop measurement

Top Mass DeterminationTop Mass Determination
Jet Combination :Jet Combination :

Jet energy variables (HT, ET
b, ∆Rjj..)

Kinematic fit to W jj (χ2
W) and t Wb (χ 2

t)
Event yields :Event yields :

For events with pT
top ≥ 200 GeV/c & 130 < |mjjb| < 200 

Signal ~ 3,300 events  in S/B ~ 18/1 in 10fb-1

Resolution σ ≈ 13 GeV/c

Systematic uncertaintiesSystematic uncertainties
LightLight--jet and bjet and b--jet energy scales dominate:jet energy scales dominate:

Need 1% level to reach ~3 GeV/c2

Modeling effectsModeling effects
Dominated by gluon radiation, background

Uncertainties @ 10 fbUncertainties @ 10 fb--11 δδmmtt

light jet energy (1%) light jet energy (1%) 0.80.8
bb--jet energy (1%) jet energy (1%) 0.70.7

Total SYSTEMATICTotal SYSTEMATIC 3.13.1

Initial State Radiation Initial State Radiation 
Final State RadiationFinal State Radiation

0.40.4

2.82.8
bb--quark fragmentationquark fragmentation 0.30.3
BackgroundBackground 0.40.4

Total STATISTICALTotal STATISTICAL 0.20.2

hephep--ex/0403021ex/0403021
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LHC as a Single-Top Factory

Courtesy : C. Courtesy : C. TimmermansTimmermans
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Single Top cross-section : 
Production @ LHC 

Production at the LHC Production at the LHC 
All 3 contributing mechanisms in SMAll 3 contributing mechanisms in SM

PhenomenologyPhenomenology
CrossCross--section uncertaintiessection uncertainties

Δσ/σtheo ~ 4 to 6% (renorm. scale, pdf, input mtop)
Main backgrounds @ LHCMain backgrounds @ LHC

Top pair events (was W+jets @ TeVatron)

1414

(1) Z. Sullivan, Phys. Rev D70 (2004) 114012(1) Z. Sullivan, Phys. Rev D70 (2004) 114012
(2)Campbell et al., hep(2)Campbell et al., hep--ph/0506289ph/0506289

σσ = 246.6= 246.6±±10 10 pbpb (NLO) (NLO) (1)(1)
-- dominant source of single topdominant source of single top
-- N(1 fbN(1 fb--11) ~ 80,000 in W) ~ 80,000 in W e/e/μμ,,νν

σσ = 10.65= 10.65±±0.65 0.65 pbpb (NLO) (NLO) (1)(1)
-- smallest source of single topsmallest source of single top
-- N(1 fbN(1 fb--11) ~ 3,000 in W) ~ 3,000 in W e/e/μμ νν

σσ = 62.10= 62.10±±0.03 0.03 pbpb (NLO) (NLO) (2)(2)
-- source of single topsource of single top
-- N(1 fbN(1 fb--11) ~ 18,000 in W) ~ 18,000 in W e/e/μμ νν

tt--channelchannel

ss--channelchannel

W+tW+t channelchannel
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Single-top t-channel

Event Selection Event Selection 
Exactly 2 highExactly 2 high--ppTT jets:jets:

1 high pT central b-jet
1 forward light jet |η|>2.5

Window in Window in HHTT or or MMtottot

Charge Charge asymetricasymetric ProductionProduction

Performance Performance 
Signal : Signal : εε ≈≈ 11--2% 2% and N(1fband N(1fb--11) ~ 7,000 events) ~ 7,000 events
Backgrounds : Backgrounds : W+jetsW+jets , top pair, top pair
SystematicsSystematics:: ΔσΔσ//σσ = 1.3%= 1.3%statstat ±± 11%11%exp exp ±± 6%6%bckgd bckgd ±± 5%5%lumilumi @ 10fb@ 10fb--11

PreliminaryPreliminary

e,e,μμ

bb

jj

mEmETT

ATLATL--PHYSPHYS--PUBPUB--20072007--005005

S/B ~ 3
√(S+B)/S ~ 1.4%
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t-channel cross-section 

Event SelectionEvent Selection
Exactly 2 highExactly 2 high--ppTT jets:jets:

1 high pT central b-jet
1 forward light jet |η|>2.5

Window in Window in HHTT or or MMtottot

Charge Charge asymetricasymetric productionproduction

Performance Performance 
Signal : Signal : εε ≈≈ 11--2% 2% and  N(1fband  N(1fb--11) ~ 7,000 events) ~ 7,000 events
Backgrounds : Backgrounds : W+jetsW+jets , top pair, top pair
SystematicsSystematics:: ΔσΔσ//σσ = 1.5%= 1.5%statstat ±± 11%11%exp exp ±± 6%6%bckgd bckgd ±± 5%5%lumilumi @ 10fb@ 10fb--11

e,e,μμ

bb

jj

mEmETT

uncertainty in bckgd:
ttbar estimate

ISR/FSR
b-tag
JES

ATLATL--PUBPUB--20072007--005005

1515



EPS 2007 / TOP @ LHC

W+t channel cross-section

Event SelectionEvent Selection
Exactly 3 highExactly 3 high--ppTT jetsjets

1 high pT central b-jet 
2nd b jet veto (loose b-tag)

Reconstruct a Reconstruct a WW jjjj
Reconstruct a Reconstruct a t t llννbb
Window in Window in HHTT or or MMtottot

Performance  Performance  
Signal Signal εε ≈≈ 55--7%7% and  N(10fband  N(10fb--11) ~ 13,000 events) ~ 13,000 events
Backgrounds : top pair, tBackgrounds : top pair, t--channel channel 
SystematicsSystematics:: ΔσΔσ//σσ = 3%= 3%statstat ±± 11%11%exp exp ±± 9%9%bckgd bckgd ±± 5%5%lumilumi @ 10fb@ 10fb--11

jj

mEmETT

e,e,μμ

bbjj

10 fb-1

ISR/FSR
b-tag
JES

S/B ~ 1/8
√(S+B)/S ~ 3%

1616
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s-channel cross-section 

Event selection Event selection 
1 high 1 high ppTT lepton (2lepton (2ndnd lepton veto)lepton veto)
Missing EMissing ETT

2 high2 high--ppTT bb--jets, veto of a 3jets, veto of a 3rdrd jetjet
Window on HWindow on HT T and on and on MMlvblvb

Separate charge Separate charge tbtb tbbtbb asymetricasymetric productionproduction

Performance  Performance  
Signal Signal εε ≈≈ 11--2%2% , N(10fb, N(10fb--11) ~ 400 events) ~ 400 events
SystematicsSystematics:: ΔσΔσ//σσ = 13%= 13%statstat ±± 12%12%exp exp ±± 11%11%bckgd bckgd ±± 5%5%lumilumi @ 10fb@ 10fb--11

Uncertainty in bckgd:
ttbar, W+jets, Wg

ISR/FSR
b-tag
JES

bb

νν
e,e,μμ

bb

mEmETT

ATLATL--PHYSPHYS--PUBPUB--20062006--014014

S/B ~ 0.12
√(S+B)/S ~ 13%

1717
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Polarization in top events

Courtesy : A. Courtesy : A. Shibata,Q.LuShibata,Q.Lu, M. Stockton, J. Thomas , M. Stockton, J. Thomas 
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W polarization measurement in top 
decays

Polarization of W in top decaysPolarization of W in top decays
VV--A currentA current

Measurement PrincipleMeasurement Principle
Use the lepton decays of W boson as spin analyzor

Angle between l+ and W+ direction (“top at rest” frame)

Observable:Observable:

““Left Left handedhanded””:F:FLL ““LongitudinalLongitudinal”” FF00 ““Right Right handedhanded””FFRR

Standard Model:Standard Model:
FFLL=2m=2mWW

22/(m/(mtt
22+2m+2mWW

22))

= 0.297= 0.297

Standard Model:Standard Model:
FF00=m=mtt

22/(m/(mtt
22+2m+2mWW

22))

= 0.703= 0.703

Standard Model:Standard Model:
FFRR= 0.00= 0.00

(forbidden)(forbidden)
((mmbb=0 approx.)=0 approx.)

1919
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W polarization measurement in top 
decays

Polarization of W in top decaysPolarization of W in top decays
VV--A currentA current

Measurement PrincipleMeasurement Principle
Use the lepton decays of W boson as spin analyzor

Angle between l+ and W+ direction (“top at rest” frame)

Observable:Observable:

““Left handedLeft handed”” FFLL ““LongitudinalLongitudinal”” FF00 ““Right handedRight handed”” FFRR

ψψ ψψ ψψ

1919
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W polarization measurement in top 
decays

Polarization of W in top decaysPolarization of W in top decays
VV--A currentA current

Measurement PrincipleMeasurement Principle
Use the lepton decays of W boson as spin analyzor

Angle between l+ and W+ direction (“top at rest” frame)

Observable:Observable:

XX

1919
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W polarization measurement in top 
decays

Polarization of W in top decaysPolarization of W in top decays
VV--A currentA current

Measurement PrincipleMeasurement Principle
Use the lepton decays of W boson as spin analyzor

Angle between l+ and W+ direction (“top at rest” frame)

Systematic uncertaintiesSystematic uncertainties
SystematicsSystematics are dominant are dominant 
bb--jet energy scale, bjet energy scale, b--tagging efficiencytagging efficiency

Input top mass, FSR modeling
Pile-up+underlying event

L = 10 fbL = 10 fb--11

lepton+jetslepton+jets

–– SM SM 
+ data+ data

EurEur. Phys. J C44 (2005). Phys. J C44 (2005)

==

2020
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Sensitivity to anomalous couplings

Sensitivity to anomalous couplingsSensitivity to anomalous couplings
In models beyond the SMIn models beyond the SM

New particles affecting the Wtb couplings  
Model Independent approachModel Independent approach

four couplings : f1
L, f1

R, f2
L et f2

R

(in the MS: f1
L = Vtb≅1 , f1

R = f2
L = f2

R=0)

ResultsResults

..)(
2

)(
2 2211 chtPfPfbWgtPfPfbWgL R

R
L

L
R

R
L

L ++∂
Λ

−+= μν
μν

μ
μ σγ
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Sensitivity to anomalous couplings

Sensitivity to anomalous couplingsSensitivity to anomalous couplings
In models beyond the SMIn models beyond the SM

New particles affecting the Wtb couplings  
Model Independent approachModel Independent approach

four couplings : f1
L, f1

R, f2
L et f2

R

(in the MS: f1
L = Vtb≅1 , f1

R = f2
L = f2

R=0)

ResultsResults

Sensitivity to anomalous couplings Sensitivity to anomalous couplings 
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Conclusion & perspectives

LHC as a LHC as a ““top pair factorytop pair factory””
More than 300k recorded events a year :More than 300k recorded events a year :

Use top pair for commissionning analyses
Measurements will be early systematics limited

Top mass measurements:Top mass measurements:
TeVatron results will be difficult to match…
Although an uncertainty of ~1 GeV/c2 seems achievable
…provided 1% level calibration of (b)-jet energy scale
…and the optimization of mt determination technique

CrossCross--section measurements:section measurements:
Errors should match soon the theoretical uncertainties
Should provide a test of QCD at ~6% level

W polarization measurementsW polarization measurements
Precision at  ~1-2% level
Top spin correlation asymmetry to ~4% 
High sensitivity to anomalous couplings 

LHC as LHC as ““singlesingle--toptop”” factoryfactory
More than 80k recorded events a year More than 80k recorded events a year 

Systematics limited measurements ~ 10%
CrossCross--section measurementssection measurements

Should lead to Vtb at ~5% level
Will be sensitivie to anomalous couplings, FCNC
Will probe to new extra boson W’, H± (2HDM)

Will need to use data to model ttbar/W+jet background

2222
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Thanks to…

Many thanks to :Many thanks to :

Pamela Ferrari,Pamela Ferrari,
Jorgen Jorgen DD’’hondthondt,,
AnneAnne--Isabelle Isabelle EtienvreEtienvre,,
Jerome Jerome SchwindlingSchwindling,,
Javier Cuevas,Javier Cuevas,
Akira ShibataAkira Shibata
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Top Mass measurement : 
motivations at the LHC

Precision measurements in the EW sectorPrecision measurements in the EW sector
Boson masses relation:Boson masses relation:

Present Measurements :
– Limit to Higgs Mass

mH < 144 GeV/c2 (95%CL)
– Do not indicate any clear  

departure from SM (yet)

– Equal weight to χ2  from :
∆mW ≈ 0.7% ∆mt

LHC prospects LHC prospects 
Consistency checks with direct mH measurements…

MSSM (1-loop): mmhh
2 2 = m= mZZ

2 2 + 3G+ 3GFF mmtt
44 lnln MMtt

22

ππ22√√2        m2        mtt
22

ss--top top 
massmass

hep-ph/0303092

15 MeV/c15 MeV/c22 2 GeV/c2 GeV/c22
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Top Mass measurement : 
motivations at the LHC

Precision measurements in the EW sectorPrecision measurements in the EW sector
Boson masses relation:Boson masses relation:

Present Measurements :
constraint Higgs Mass
mH < 285 GeV/c2 (95%CL)
do not indicate any clear  
departure from SM (yet)

equal weight to χ2  from :
∆mW ≈ 0.7% ∆mt

LHC prospectsLHC prospects
Consistency checks with direct mH measurements
Determination of the underlying framework requires :

∆mW ≈ 15 MeV/c2 vs ∆mt ≈ 1 GeV/c2

∆∆mmtt=1 GeV/c=1 GeV/c22

∆∆mmWW=15 MeV/c=15 MeV/c22
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Top Mass in the “lepton+jets” channel : 
Event Selection

Event SelectionEvent Selection
Select a Select a leptonicleptonic top (to tag the event)top (to tag the event)

L1+HLT trigger (μ,e) ~ 80% 
1 high-pT lepton (trigger)
high missing Energy 
at least  4 high-pT jets 
at least  1 high-pT b-tagged jet 

Reconstruct the Reconstruct the ““hadronichadronic toptop””
Classify events / b-tags

2 samples : 2 b-tag (1 btag)
W-boson reconstruction from jj

in-situ light jet re-calibration
Top quark reconstruction from jjb

νν
e,e,μμ

bb

bb

jj

jj

m(jjm(jj)) GeV/cGeV/c22

44
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Top Mass using “lepton+jets” :
b-tagged jet

IP2D jet weightIP2D jet weight

–– bb--jetjet
–– uu--jetjet

–– bb--jetjet
–– uu--jetjet

SV1+IP3D jet weightSV1+IP3D jet weight

RRuu (50%)(50%) RRuu(60%)(60%)
IP2DIP2D 160160 5555
IP3DIP3D 230230 8585
SV1+IP3DSV1+IP3D 500500 185185

bb--tagging algorithmstagging algorithms
Several Several taggerstaggers

– Soft lepton tag
– Impact parameter 2D/3D
– Secondary Vertex

Mass, charged fraction...
– Lifetime tag ...

Combined likelihood/weight 

PerformancePerformance
– Typical results on top pair events :
– Ongoing studies:

Geant-3 vs Geant-4
underlying event
jet algorithm

jet weightjet weightjet weightjet weight

Atlas PreliminaryAtlas Preliminary

Atlas PreliminaryAtlas Preliminary
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Top Mass using “lepton+jets” : 
b-tagged jet

•• IP2DIP2D
•• IP3DIP3D

εεtagtag vsvs rejectionrejection
(light jet)(light jet)

•• SV1+IP3DSV1+IP3D

bb--jet efficiencyjet efficiency

lig
ht

 je
t r

ej
ec

tio
n

lig
ht

 je
t r

ej
ec

tio
n

lightlight--jet jet ppTT(GeV/c(GeV/c))

lig
ht

lig
ht

-- je
t r

ej
ec

tio
n

je
t r

ej
ec

tio
n rejection rejection vsvs ppTT

SV1+IP3DSV1+IP3D
IP3DIP3D

●●

●●

●● ●● ●●

●●

●●

●●

●●

●●

●●●●
●●

●●
●●

●●
●●

●●

εεtagtag = 60%= 60%

RRuu (50%)(50%) RRuu(60%)(60%)
IP2DIP2D 160160 5555
IP3DIP3D 230230 8585
SV1+IP3DSV1+IP3D 500500 185185

bb--tagging algorithmstagging algorithms
Several Several taggerstaggers

– Soft lepton tag
– Impact parameter 2D/3D
– Secondary Vertex

Mass, charged fraction...
– Lifetime tag ...

Combined likelihood/weight

PerformancePerformance
– Typical results on top pair events :
– Ongoing studies:

Geant-3 vs Geant-4
underlying event
jet algorithm

Atlas PreliminaryAtlas Preliminary

Atlas PreliminaryAtlas Preliminary
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Top Mass using “lepton+jets” : 
light jet in situ re-scaling

In situ jet energy scale rescalingIn situ jet energy scale rescaling
Jet association W Jet association W jjjj

Select (jj)-pair such: |mjj – mW| ≤ 3 σW

Event by Event by eventevent rescalingrescaling of the 2 light jets of the 2 light jets 
Minimization of: 

PerformancePerformance
ImprovementImprovement of the of the puritypurity
ImprovementImprovement on on energyenergy resolutionresolution

Top width :  14 GeV 11 GeV
Reduce sensitivity to JES to 0.2 GeV per  % (light jets)

σσW W = 8.0= 8.0±±0.5 0.5 GeVGeV
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Top Mass using “lepton+jets” : 
Light jet calibration w/ templates

Light jet calibration Light jet calibration withwith templatetemplate methodmethod
SmearSmear quark 4quark 4--momentum:momentum:

Consider only pairs with 150 < mjjb < 200 GeV
Energy & angle resolution, energy correlation

Fitting procedure Fitting procedure 
Generate a set of template histograms w/ α and β
Fit each template histogram to mjj in the data best χ2

PerformancePerformance
Improve top mass resolution : 14 Improve top mass resolution : 14 11.4 GeV/c11.4 GeV/c22

reduce statistical error : 0.5% with 1 fb-1

reduce dependence in JES : 0.6% miscalibration

m(jj) in GeV/c2

ATLAS @ 1 fb-1

m(jj) in GeV/c2

m
(jj

b)
 in

 G
eV

/c
2

before calibrationbefore calibration

after calibrationafter calibration
≥ 2 jet events
pT(jet) ≥ 40 GeV/c

±±0.6 %0.6 %



EPS 2007 / TOP @ LHC

Top Mass in the “di-lepton” channel
(ATLAS) 

ProcedureProcedure
(1) Selection & yield @ 10 fb(1) Selection & yield @ 10 fb--11

– 2 high-pT leptons
– high missing Energy
– 2 high-pT jets

80,000 evts & S/B ~ 10
(2) Reconstruct fully (2) Reconstruct fully tttt event :event :

– Assess neutrino’s momenta
6 eqs (ΣpT=0,Mlv=mW,Mlvb=mt)
ε ~ 97% w/ Purity ≈ 73% 

(3) Top mass determination :(3) Top mass determination :
– Evt/evt: mt solve system weight

(using kinematics & topology)
– All evts: mean weight per mt

mt
fit = mt w/ highest <weight>

Performance with 10 fbPerformance with 10 fb--11

Mass resolution : Mass resolution : 
– σ ≈ 13 GeV/c2

SystematicsSystematics ::
– Choice of PDF
– b-jet energy-scale

δδmmtt

bb--jet energy scale (1%)jet energy scale (1%) 0.60.6

ISR / FSR ISR / FSR modelisationmodelisation 0.60.6

Total SYSTEMATICTotal SYSTEMATIC 1.61.6

bb--quark fragmentationquark fragmentation 0.70.7

Parton Distr. functionParton Distr. function 1.21.2

STATISTICS & methodSTATISTICS & method 0.30.3

V. V. SimakSimak et al.et al.
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Top mass in the “di-lepton” channel
(ATLAS)

ProcedureProcedure
(1) Selection & yield @ 10 fb(1) Selection & yield @ 10 fb--11

– 2 high-pT leptons
– high missing Energy
– 2 high-pT jets

80,000 evts & S/B ~ 10
(2) Reconstruct fully (2) Reconstruct fully tttt event :event :

– Assess neutrino’s momenta
6 eqs (Σpx,v=0,Mlv=mW,Mlvb=mt)
ε ~ 97% w/ Purity ≈ 73% 

(3) Top mass determination :(3) Top mass determination :
– Evt/evt: mt solve system weight

(using kinematics & topology)
– All evts: mean weight per mt

mt
fit = mt w/ highest <weight>

Performance with 10 fbPerformance with 10 fb--11

Mass resolution : Mass resolution : 
– σ ≈ 13 GeV/c2

SystematicsSystematics ::
– Choice of PDF
– b-jet energy-scale

δδmmtt

bb--jet energy scale (1%)jet energy scale (1%) 0.60.6

ISR / FSR ISR / FSR modelisationmodelisation 0.60.6

Total SYSTEMATICTotal SYSTEMATIC 1.61.6

bb--quark fragmentationquark fragmentation 0.70.7

Parton Distr. functionParton Distr. function 1.21.2

STATISTICS & methodSTATISTICS & method 0.30.3

mass hypothesismass hypothesis
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n 
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ab

ili
ty

generated generated mmtt = 175 = 175 GeVGeV

V. V. SimakSimak et al.et al.
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Top pair production :
cross-section measurement

CrossCross--section measurementsection measurement
Strategy :Strategy :

– Same pre-selection as 
for mt measurements 

Performance :Performance :
– Uncertainty δσstat ~negl.
– Systematics dominated : 

machine : ∆L/L ~ 5%
b-tagging ε & mistag rates
ISR/FSR, pdf, Jet energy scale

Interpretations Interpretations 
Test of QCD :Test of QCD :

(mt,σtt) measurements 
∆σ/σ~ 6%

∆σtt/σtt
theo = 10%  
∆mt ~ 3 GeV/c2

Sensitivity of dSensitivity of dσσtttt/dM/dMtttt ::
High mass resonance 

for eg. H/A tt
Sensitivity of Sensitivity of σσtttt to New Physics :to New Physics :

– SUSY EW corr. < 4%
– SUSY QCD corr. < 10%

Consistency check with direct evidence ? 

NNeventevent
@ 10@ 103333

∆σ∆σ//σσstatstat

1 month1 month 70,00070,000
300,000300,000

0.4%0.4%
1 year1 year 0.2%0.2%

Atlas PreliminaryAtlas Preliminary

mass (GeV/cmass (GeV/c22))

ta
n

ta
n ββ
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Single Top cross-section : 
Production @ LHC 

Production at the LHC Production at the LHC 
All 3 contributing mechanisms in SMAll 3 contributing mechanisms in SM

MotivationsMotivations
Direct determination of |Direct determination of |VVtbtb|, top width|, top width
Test of VTest of V--A, top polarization (100% polarized)A, top polarization (100% polarized)
Sensitivity to anomalous couplings, FCNC Sensitivity to anomalous couplings, FCNC 
Sensitivity to extra WSensitivity to extra W’’ (GUT, KK modes) (GUT, KK modes) 
Sensitivity to HSensitivity to H±± bosons (2HDM)bosons (2HDM)
……and one of the main backgrounds to Higgs searches and one of the main backgrounds to Higgs searches 

tt--channelchannel

SS--channelchannel

1414

tt--channel : channel : σσ ~ 250 ~ 250 pbpb
-- dominant source of single topdominant source of single top
-- N(1 fbN(1 fb--11) ~ 80,000 in W) ~ 80,000 in W e/e/μμ,,νν

ss--channel : channel : σσ ~ 10 ~ 10 pbpb
-- smallest source of single topsmallest source of single top
-- N(1 fbN(1 fb--11) ~ 3,000 in W) ~ 3,000 in W e/e/μμ νν

WtWt--channel : channel : σσ ~ 60 ~ 60 pbpb
-- source of single topsource of single top
-- N(1 fbN(1 fb--11) ~ 18,000 in W) ~ 18,000 in W e/e/μμ νν

W+tW+t channelchannel
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Single Top cross-section : 
Production @ LHC 

Production at the LHC Production at the LHC 
All 3 contributing mechanisms in SMAll 3 contributing mechanisms in SM

CrossCross--section & uncertaintiessection & uncertainties

1414

Uncertainties Uncertainties 
ChannelChannel σσ((pbpb))

246.6 246.6 ±± 8.78.7
60 60 ±± 1515

PDFPDF µµ--scalescale ∆∆mmtoptop

WW--gg 4%4%
10%10%

10.6 10.6 ±± 0.70.7 4%4%
W+tW+t

1%1%3%3%

W*W*
?? 1%1%

2%2% 3%3%
(1) Z. Sullivan, Phys. Rev D70 (2004) 114012(1) Z. Sullivan, Phys. Rev D70 (2004) 114012
(2)Campbell et al., hep(2)Campbell et al., hep--ph/0506289ph/0506289

σσ = 246.6= 246.6±±10 10 pbpb (NLO) (NLO) (1)(1)
-- dominant source of single topdominant source of single top
-- N(1 fbN(1 fb--11) ~ 80,000 in W) ~ 80,000 in W e/e/μμ,,νν

σσ = 10.65= 10.65±±0.65 0.65 pbpb (NLO) (NLO) (1)(1)
-- smallest source of single topsmallest source of single top
-- N(1 fbN(1 fb--11) ~ 3,000 in W) ~ 3,000 in W e/e/μμ νν

σσ = 62.10= 62.10±±0.03 0.03 pbpb (NLO) (NLO) (2)(2)
-- source of single topsource of single top
-- N(1 fbN(1 fb--11) ~ 18,000 in W) ~ 18,000 in W e/e/μμ νν

tt--channelchannel

SS--channelchannel

W+tW+t channelchannel
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Single Top : 
Event Selection

ProcedureProcedure
(1) Select and tag event(1) Select and tag event

– 1 high-pT lepton
– high missing Energy 
– at least  2 high-pT jets 
– at least  1 high-pT b-tagged jet

(2) Discriminate (2) Discriminate vsvs nonnon--top backgroundtop background
– Reconstruct a Top mass Mlvb

– Use event shape & high HT or MTOT

(3) Discriminate (3) Discriminate vsvs top backgroundstop backgrounds
– Number of b-jets
– Event topology 

σσ x BR (x BR (pbpb))
WgWg ((lv)blv)b qbqb 54.254.2
Wt Wt ((jjjj) () (lv)blv)b 17.817.8
W* W* ((lv)blv)b bb 2.22.2
W+jetsW+jets lv+jetslv+jets 3,8503,850

tttt ((lv)blv)b (lv)b(lv)b 38.238.2
tttt ((lv)blv)b ((jj)bjj)b 242.8242.8

W+QQW+QQ lv+QQlv+QQ 66.766.7

WZ WZ lv+jetslv+jets 3.43.4
WW WW lvlv + jets+ jets 17.117.1

Main backgrounds :
– ttbar : ~ 1/100 , ∆theo~10% 
– W+jets : ~ 1/2000, ∆theo~ ??

Use of DATA !

bb

bb
e,e,µµ

qq

vv
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Single-top : summary

MeasurementsMeasurements
SingleSingle--top analyses are delicate  top analyses are delicate  

Mostly because of the top pair background !
SingleSingle--top analyses require specific tools top analyses require specific tools 

loose b-tag, MVA …
measurements will be systematics limited (bckgd +exp)

Strategies for early data in progressStrategies for early data in progress……
Understand backgrounds with dataUnderstand backgrounds with data

Trigger turn on’s
B-tagging weight and pdf’s

MC shape & normalization 
Use likelihoodUse likelihood’’s combination s combination ““a la a la DzeroDzero””

Devoted to specific backgrounds

ATLAS PRELIMINARYATLAS PRELIMINARY
ATLAS PRELIMINARYATLAS PRELIMINARY

1818
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s-channel with 30 fb-1 : 
Why is it so interesting ?

Charged Higgs & singleCharged Higgs & single--toptop
Production mode in 2 HDM :Production mode in 2 HDM :

– 5 higgs: 3 neutral (A,h,H) + 2 charged (H±)
– Mass spectrum predicted in MSSM
– (H+tb) couplings depends on mH± and tan β

tb final state cross-sections are modified by an H+

Event Selection :Event Selection :
– Use same analysis as developed for the s-channel 

efficiency increases with mH+

– Systematics limited measurements
– Only standard sequential analysis so far

TopRexTopRex generator generator 

PreliminaryPreliminary

mmHH++ (GeV/c(GeV/c22))
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s-channel with 30 fb-1 : 
Why is it so interesting ?

Charged Higgs & singleCharged Higgs & single--toptop
Production mode in 2 HDM :Production mode in 2 HDM :

– 5 higgs: 3 neutral (A,h,H) + 2 charged (H±)
– Mass spectrum predicted in MSSM
– (H+tb) couplings depends on mH± and tan β

tb final state cross-sections are modified by an H+

Event Selection :Event Selection :
– Use same analysis as developed for the s-channel 

efficiency increases with mH+
– Systematics limited measurements
– Only standard sequential analysis so far

NbNb of events (30fbof events (30fb--11) ) 

55σσ
33σσ
22σσ

Contours :Contours :

PreliminaryPreliminary PreliminaryPreliminary
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s-channel with 30 fb-1 : 
Why is it so interesting ?

Charged Higgs & singleCharged Higgs & single--toptop
Production mode in 2 HDM :Production mode in 2 HDM :

– 5 higgs: 3 neutral (A,h,H) + 2 charged (H±)
– Mass spectrum predicted in MSSM
– (H+tb) couplings depends on mH± and tan β

tb final state cross-sections are modified by an H+

Event Selection :Event Selection :
– Use same analysis as developed for the s-channel 

efficiency increases with mH+
– Systematics limited measurements
– Only standard sequential analysis so far

55σσ
33σσ
22σσ

Contours :Contours :

PreliminaryPreliminary

complementary to 
direct gb H± tb

search

tantanββ=30, =30, mmHH++=300 =300 GeVGeV

L=30 fbL=30 fb--11

ATLATL--PHYSPHYS--20012001--017017
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Mesure de polarisation du boson W : 
méthode

Selection & correctionSelection & correction
Reconstruction & sReconstruction & seelection distort distributionslection distort distributions

Correction function evaluate on an independent sample

apply weight evt/evt

Correction function

Fit 3rd order polyn. 
in [-0.9;0.9]

parton level, no 

ISR/FSR

Reconstruction 
& cuts
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Top Quark Mass measurement : 
Top Quark reconstruction

Top Quark reconstructionTop Quark reconstruction
Association of Association of hadronichadronic W and bW and b--jet :jet :

Combination leading to the highest pT
top

or that maximizes ∆R(l,b) / minimizes ∆R(b,W jj) 
right (jjb) combination in ~ 80% cases  

right combinationright combination

wrong combinationwrong combination
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Single Top cross-section : 
Production @ LHC 

Production at the LHC Production at the LHC 
All 3 contributing mechanisms in SMAll 3 contributing mechanisms in SM

Theoretical prediction Theoretical prediction 
NLO/NLL available for W* and W-g only

affect significantely σ as well as pT(jet), HT etc…

Theoretical uncertainties:Theoretical uncertainties:
Quark-gluon luminosity --choice of the (b) PDF
Renormalization scale µ
∆mtop (175 to 178 GeV σ(W*) down by 6%) 

Uncertainties Uncertainties 
ChannelChannel σσ((pbpb))

246.6 246.6 ±± 8.78.7
60 60 ±± 1515

PDFPDF µµ--scalescale ∆∆mmtoptop

WW--gg 4%4%
10%10%

10.6 10.6 ±± 0.70.7 4%4%
W+tW+t

1%1%3%3%

W*W*
?? 1%1%

2%2% 3%3%

hephep--ph/0408049ph/0408049

tt--channelchannel W+tW+t channelchannel SS--channelchannel
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