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The top quark the discovery: 1995

CDF R
un 1

5 orders of magnitude

• youngest member of the quark family
• discovered in 1995 at Tevatron

 not a surprising discovery:
 b-quark requires an isospin partner

• the search for top lasted 20 year due to
its unexpectedly heavy mass

Run I CDF & D0 combined:
Mass (top) = 178 ± 4.3 GeV/c2

40x bottom quark mass
Comparable to gold nucleus
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Why top quark is so interesting

Top mass is a fundamental parameter of
the SM:

 SM radiative correction dominated by
top mass

 Special role in dynamic of EWSB
yt=√2mt/<V>

 together with W mass places a
constraint on Higgs mass

Tevatron: so far the only
place to study the top

Signal of today, 
background of tomorrow!
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~15%

g-g

Standard Model
Pair Production

Through Strong Interaction

q-q

~85%

pb7.6)175@( !=" GeVMttpp top#

How top quark is produced

σ(W→lν)

σ(tt)
mt=175 GeV

One top pair each 1010 inelastic collisions at √s = 1.96 TeV
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Main “usable” top event topologies:
• tt → lνlνbb       di-lepton           5%  (e+µ)    

• tt → lνqqbb      lepton+jets      30% (e+µ)    

• tt → qqqqbb    all hadronic       45%    

Standard Model:
t→Wb ~ 100%

How does top quark dacay?
Top quark lifetime is short: decays before hadronizing

 No spectroscopy like other heavy flavor

 Top momentum and spin transferred to decay products
! 

" top ~ 4 #10-25s ,   $ %  1.5 GeV >>  &QCD ~  200 MeV
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Outline

1. The experimental environment:
•  The Tevatron
•  The Collider Detector at Fermilab

2. Experimental challenges in top physics:
•  tracking, vertices and b-jet identification
•  jet reconstruction and energy measurement
•  understanding W+jet background

3. Top physics in the lepton+jet channel with 700 pb-1:
•  the top pair production cross section
•  the top mass

4. Single top and top resonant production searches

5. Summy: plan for top physics with ≈2fb-1
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The TeVatron Collider
• p-pbar collisions
  √s=1.96 TeV (RunI 1.8)
• 36 bunches, 396 ns
• record peak Lum. 1.8x1032[cm-2s-1]

 Recycler
• 1.7 <interaction>/bunch crossing
• ≈ 25 pb-1/week

Luminosity [cm-2s-1]
1032 1031 1033 

1

10

6 bunches

108 bunches

36 bunches

Average # of pp collisions

4 fb-1 expected by 2009. Electron
cooling on track could get 8 fb-2 2009
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Luminosity Summary

≈1.6 fb-1 delivered
≈1.3 fb-1 on tape 

Peak luminosity ≥ 1032[cm-2s-1] 

1.7x1032 [cm-2s-1] 

Data taking 
efficiency≈85% 

 good runs ≈700 pb-1 analyzed
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Central Detector at Fermilab

MuonSVX

COT:tracking

EM cal

Had cal

Multi-purpose detector:
precision measurements & search for new physics

Silicon detector (SVX):
COT: drift chamber
       Coverage: |η|<1
       σPt / PT ~ 0.15% PT
Calorimeters:

Central, wall, plug
Coverage: |η|<3.6
EM: σE / E ~ 14% /√Ε
HAD: σE / E ~ 80% /√Ε

Muon:
scintillator+chamber

muon ID up-to |η|=1.5
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Top quark properties:
• Top production rate
• W helicity in top
events
• Anomalous couplings
• |Vtb|
• New physics?

…on the right path but
we need more statistic

SM physics & beyond in top quark
Top quark:

• Top production rate
• Top mass
• Single top productionVtb

Top mass
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Top experimental signature

Challenges:
b-tagging algorithm
Jet energy resolution

W+jets & QCD
Backgrounds

Final State (jepton+jet): lepton, neutrino plus 4jets
 High-pt central electron/muon triggers
 High pt electron or muon with Pt > 20 GeV

 Isolated
   Electron: EM cluster in calorimeter

with matched track
   Muon: track matched to hits in muon chambers,
           MIP ionizing energy in calorimeter

 Large missing Et >20 GeV
 Leading 4 jets

 Reconstructed with cone algorithm (0.4)
using calorimeter towers

 |η|<2.0

Acceptance ≈ 5% 
including BR
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B-tagging: tracking

η=1

η=2

Ingredients for a good SecVtx tagging:
• efficient tracking reconstruction
• resolution on impact parameter (30µm)
• resolution on primary vtx (10->30µm)
• efficient reconstruction of secondary
vertices inside a jet

Resolution on d0
including beam width

Identify heavy flavor jet by reconstructing
displaced secondary vertices wrt the
primary vertex.  B cτ ≈ 460[µm]

L00 1.2cm from
 beam axis
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B-tagging
SecVtx b-tagging:
 Identify displaced vtx inside a jet
Jet probability b-tagging:
 Probability that jet tracks come from primary vertex
Soft lepton b-tagging:
 Identify leptons(eµ) from HF decay

SecVtx is the algorithm used for the results presented here.

Tagging ε for top events ≈60%
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B-tagging: advanced algorithm

Light quark

bb in jetb jet
c jet

b jet
Non-b jet

In progress: use jet properties, secondary vtx mass, …. along
with SecVtx & jet probability to disentangle HF from light F

Keeping the same misstag rate the efficiency increases by ≈10%

• more efficient selection of double tagged top events (purest sample)

• NN out could be used as a b-jet pdf in a likelihood
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Jet corrections

 Calorimeter jets: complex detector behavior
 must correct for detector cracks, efficiency
 must correct for pile-up interactions

(3.6 average interaction @ 10-32cm-2s-1 (<1.7>)

 Hadron jets:
 Correction to particle jets using dijet MC

tuned for single particle E/P, material, and
fragmentations:

 underlying event subtraction

 Parton jets: model dependent correction
 Gluon radiation, energy loss

• Monte Carlo model based

Hadronic showers

EM
showers

Jets are collimated sprays of hadrons
originating from the hard scattering
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Jet correction systematic

0.1 0.1

-0.1

40 80 PT PT8040

-0.1
γ+jets, di-jet, Z+jets
are used to cross
check the jet energy
corrections.

Central region Forward region
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Measuring top quark pair cross section

One of the first things to measure is the
top pair production rate.

   Nevents - Nbackgroundσ(tt) =
Luminosity  * ε

Golden channel:
e/µ + jet  1 isolated e/µ pT>20 GeV/c 

 at least 3 jets pT>15 GeV/c
 MET>20 GeV



Andrea Messina Infn Rome-CDF Seminario - Roma La Sapienza 18

Lepton+jets cross section - kinematic fit

   Need more discrimination
against same final state from
W+jets processes!

Kinematic event observables
Decay products of top more energetic
and central than W+jets
Combine kinematic observables in  NN
Fit observed data to expected
distributions from signal and backgrounds

Top

W+jet
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top cross sections in l+jets

σ (>3jet) = 6.0 ± 0.6(stat.) ± 0.9(sys.) pb
σ (≥4jet) = 5.8 ± 0.8(stat.) ± 1.3(sys.) pb

Kinematic fit

Why the W+jet background
gives such a large systematic:

• what is the status of MC
• which are the plan for
improvement



Andrea Messina Infn Rome-CDF Seminario - Roma La Sapienza 20

Monte Carlo simulation

Hard scattering
ME

Soft radiation
PS

LO calculation rate uncertainty 50%, shape 10-20%

N+4N+3N+2N+1NN-1N-2~n
parton jet

Jets  outside
acceptance

Small contribution
Higher order in αsME

2 topologies ~ O(a)
Same jet multiplicity

double counting
dep. on parton-level cuts

shower

Naïve: W+n p (ME)+(PS) ~ W + ≥ N jet
        W+(n+1) p (ME)+(PS) ~ W + ≥ N+1 jet
        ...
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New merging tools
Separate multijet phase-space

•  Matrix element domain
•  Parton shower domain

      Have to be validated & tuned on data!!!

W + 1 jet

W 0p W 1p

W 2p

W 3p

W 4p

CKKW prescription
Catani, Krauss, Kuhn, Webber

 MLM’s matching
Michelangelo Mangano

LO ME calculation interfaced
 with parton shower MonteCarlo
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W+jets cross section
Differential xsec wrt jet ET in each of

the 4 W+ n jet inclusive samples
Integrated xsec wrt jet ET in each of

the 4 W+ n jet inclusive samples

This cross sections will allow to make an effective tuning of new leading order
Monte Carlo generators -> reducing the MC uncertainties on top & searches



Andrea Messina Infn Rome-CDF Seminario - Roma La Sapienza 23

! 

Ndata

W + jets
"
NMC

W +HF

NMC

W + jets
"#(b $ tag)MC

W +HF

Lepton+jets with b-tagging

B-tagged
jet1

jet3

jet4

B-tagged
jet2

Missing ET

muon

Data number of W+jets
events before b-tag

Correct for non-W & ttbar

MC fraction of
W+jets from HF

b-tag efficiency
for W+HF MC

Scale by data/MC
b-tag ratio
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top cross sections in l+jets

Largest systematic is the b-tagging
scale factor data-MC efficiency (6.5%).

σ (≥1tag) = 8.2 ± 0.6(stat.) ± 1.0(sys.) pb
σ (≥2tag) = 8.8 ± 1.2(stat.) ± 1.3(sys.) pb

σ (>3jet) = 6.0 ± 0.6(stat.) ± 0.9(sys.) pb
σ (≥4jet) = 5.8 ± 0.8(stat.) ± 1.3(sys.) pb

Kinematic fit SecVtx b-tagging
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Top quark pair production
Many different approaches to
measuring the top cross section,
allowing us to carefully
cross check the results, and
look for anomalies.

Top pair production cross section
measured at 10%

Mtop=175GeV
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How do we know how much mass a particle had?

we can’t just put the pieces back together again!

How to measure the mass

Detector effects:
 Lepton identification is good

but not perfect
 Jet energy scale and jet mass

resolution
 B-tagging and jet to parton

association

Lost information:
 neutrinos have escaped the

detector
 Quarks have radiated, showered

and hadronized
  jet to parton association

misinformation:
 Background processes mimic top
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Solution:

Construct a probability
curve P(Mt) for each event

Form joint probability for
all events

Choose most probable
value!

Lepton + jets:
• 4 jet resolutions
• parton-jet associations:
    - 24 (no-btag)
     - 12 (1-btag)
     -  4 (2-btag)
• one missing neutrino

Dilepton:
• 2 jet resolutions
• parton-jet associations (2)
• two missing neutrinos

All Hadronic:
• 6 jet resolutions
• parton-jet associations:
    - 90 (no-btag)
     - 30 (1-btag)
     -  6 (2-btag)

Choose an estimator
of Mtop 



Andrea Messina Infn Rome-CDF Seminario - Roma La Sapienza 28

Mass Fitter (event by event)
Top mass is
free parameter

Constraint:
• event pT balance
• Mjj  = MW
• Mlν = MW
•  Mt1 =  Mt2

Vary:
• Measurements within
resolution
• parton-jet assignments
• two missing neutrinos
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Construction the template for sign. & bkgd
Samples: Herwig with
   Mtop = [130 to 230] GeV
 Get analytical functions
   (2 Gaussian + gamma)
   of reconstructed mass, Mt
   as a function of true mass, Mt
 linear  depend. on  Mt

Smooth PDFs
(Mt |true Mtop)

 0tag:  W+jets
 Tagged: W+HF, Mistag, fake-W,

Single-top
 Shape: mostly by ALPGEN MC,

cross-check with data
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Simultaneous fit to JES and Mtop

 Use same c2 fit
 Build templates for various Mtop, JES
   - Mtop : same mass range
   - JES : -3s to +3s : 1s defined by the

standard JES uncert. (~3% in JES
uncert., ~3 GeV in Mtop)

 Obtain PDFs (Mt  | Mtop, JES)

 All pairs of non b-tagged jets from
4 leading jets are used. No χ2 cut

 Templates are built in the same
way Mt templates are made.

 Obtain PDFs (Mjj | Mtop,JES)

Mjj templatesMt templates
Mjj Mtop

JE
S(
σ
)

JE
S(
σ
)

PDFs ( Mjj | Mtop=180, JES) PDFs ( Mtop | MW=80.4, JES)l

n

W+

W-

 t

 t

b-jet

b-jet

jet

jet

Mjj(W)

Reconstructed W mass is correlated to the jet energy scale in units of σ
(pT,η) for the in situ jet calibration. Mjj largely independend on Mtop
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Template method
Reconstructed top
mass in different event
samples

Reconstructed W->jj
mass in different event
samples

Very pure 
Sample S/B≈10

S/B≈1S/B≈1.5

S/B≈4

35%2-tag
45%1-tag(T)
9%1-tag(L)

11%0-tag

Expected
sensitivity

Sample
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Lepton + jets: results

Systematic breakdown

Will improve:
Statistic of w+jet & MC tools

Will improve:
Statistic DY & new approach

Will improve with statistic:
Z->bb data driven calibration
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Top mass
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Projection for the  Mtop uncertainty

CDF latest result
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The Higgs boson searches

…but this is the subject of a different seminar
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Standard Model Tevatron Single Top Production

! 

"(p p# t + X@Mtop =175GeV ) $ 3 pb

Resonance Production? 
OR

?????

How else top quark is produced

p

p

tt
bb

WW++

tt
bb

WW++XX

≈0.9 pb ≈2 pb

Direct measurement of Vtb
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Search for single top quark production

 Why is it difficult?
 Signal sandwiched between

W+jets and top pair production
 Dedicated likelihood to

discriminate between each signal
and each background

 Neural network analysis to
optimize sensitivity to signal
against background

Mainly signal
Mainly bkgd
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Search for Single Top Quark Production

Best fit value
1.5 2.4

1.4 1.5( ) 3.2 ( ) ( )fit stat syst! + +

" "
=

SM Prediction ≈3pb
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Top-antitop resonant production

 Lepton+≥4 jets (no b-tagging)
 Matrix element technique to

increase sensitivity

Resonant
signal

 Various exotic models predict the existence of heavy
particles decaying to ttbar: Z-like vector

Bkgd template

resonant 
template
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What does CDF observe in the tt mass?
Fix top pair, diboson, QCD to
expected rates

Assume everything else is
W+jets

MZ’>725GeV
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Summary

Tevatron delivered More than 1.6 fb-1; 4fb-1 by 2009

σtop=7.3±0.5±0.6±0.4 pb
Mtop=172.7±1.7±2.4 GeV/c2

  CDF II world best measurement

ΔMtop< 2 GeV/c2 with 2fb-1

• Our syst. due to JES and bkgd shape are expected to be improved soon
• B-tagging will be soon better performing

• We have few hundreds of top event and we will double the statistic
soon, we are ready to have an impact on characterizing top properties

• Single top production σ<5.9 pb - expected first hint of signal with 2fb-1

• no evidence of resonance Mtt<750GeV



Backup slides & additional material
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B jet corrections: Z->bb
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b-jets require specific corrections

Separate corrections are applied to b-quark jets and light-quark jets
(from W), because of different response of b-parton and light parton.
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Does top always decay to b quark?

Δε= εb- εlight= 0.44 ± 0.03
from independent estimate

R>0.62 @ 95% C.L.

Fit R= R=BR(t→Wb) / BR(t→Wq)  times b-tag efficiency
from observed number and estimated composition of 0,1,2-tag

dilepton and lepton+jets events
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W helicity from t->Wb decays

 Examines the nature of the tWb vertex,
probing the  structure of weak
interactions at energy scales near EWSB

 Stringent test of SM
and its V-A type of interaction.

V-A Suppressed

t

W0   Longitudinal fraction
F0

W+1/2

+1/2

0
W

W-   Left-Handed fraction
F-

t
b

W

+1/2
-1/2

+1

W+ Right-Handed fraction
F+

t
W

b

+1/2
+1

-1/2
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Run II W helicity in top events

The combined dilepton and 
lepton+jets b-tagged events
plotted against the best fit.

SM: Only longitudinal and
left-handed W’s can be 
produced in the top rest
frame.

Use lepton pT spectra to
determine the fraction
F0 of longitudinally 
polarized W’s.

F0  = 0.7 in the Standard Model

Result: F0  = 0.27+ 0.35 – 0.21
Or        F0  < 0.88 @ 95% CL
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Top lifetime
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Can we find something heavier with
top properties
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B-tagging
SecVtx b-tagging:
 Identify displaced vtx inside a jet
Jet probability b-tagging:
 Probability that jet tracks come

from primary vertex
Soft lepton b-tagging:
 Identify leptons(eµ) from HF decay

 P flat for light peaked at
zero for long living particle

SecVtx is the algorithm used for the results presented here.
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Top mass with the decay length technique



Andrea Messina Infn Rome-CDF Seminario - Roma La Sapienza 54

Analysis outline

High PT electron trigger  320pb-1 ⇒ Identify W event, reconstruct jets

Log Scale

• QCD from data: by reversing lepton-
ID selection
• W-like from MC
• Promotion from Minimum Bias
• relative normalization from template
fit to MET to data

Backgrounds: Acceptance: 
 Defining σ wrt W detector

acceptance:
 correct only for detector

resolution effects - independent
of th model

 Use W+np MC for acceptance & ID
 Validation: ID on Z data, acceptance

by studying  different MC.
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Background and systematic error picture
W+1j integated ET spectrum Tot

QCD
Top

W->tv
WW
Z->ee
promo

Stat
Tot
bkgd
JES
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Kinematic data Monte Carlo comparison
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Optimized lepton+jet top analysis

  Improve Signal, S/sqrt(S+B), ΔB:
•Signal: more statistic (700 pb-1), tagger improved

•S/√(S+B): Re-optimize cut on HT as in previous analysis

•Background Error: Reduce error on poorly-modeled QCD
fakes by cutting out a lot of these backgrounds: MT(W) cut

HT> 200 GeV Optimal MT(W) > 20 GeV Optimal
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eτh and  μτh  missing energy+jets

1 isolated electron/muon pT>20 GeV/c
 1 isolated τ→υτ+hadrons pT>15 GeV/c
 MET>20 GeV
 At least 2 jets pT>20 GeV/c
Reduce backgrounds
 Total transverse energy >205 GeV
 Not compatible with Z→ττ

Zero isolated electrons/muons!
 At least 4 jets pT>15 GeV/c
 MET significance > 4 GeV
 MET not collinear with jets
 At least 1 b-tag
In future: explicit tau identification!

! 

A " BR(tt # e$ h,µ$ h) % 0.08%

! 

A " BR(tt #$ + jets) % 4%

02Data
0.5±0.10.8±0.1Bkg

µτheτhEvents (195 pb-1)

C.L. 95% @ 2.5
)(

)(
<

!"

!"

qt

qt

ôSM #$

#$#

CDF set limit on anomalous decay rate

! 

"(tt ) = 6.1±1.2(stat)±0.9

1.3 (syst)± 0.4(lumi)pb

1
pb 311

!
=L

CDF Run II
Preliminary



Andrea Messina Infn Rome-CDF Seminario - Roma La Sapienza 60

Jet correction
Correction for detector effects:
• Energy scale in the central with test beam,
tracking

• transfer energy scale in the forward with jet
PT balance

• Use tuned simulation to correct for underlying
event, out of cone radiation ………
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W mass uncertainty


