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First top-quark event
September 1992



Top Quark Discovered in 1995

×××× 35 mb



The Top Quark

Theorist View Experimentalist View

TOP

Is “Top” really Top?

1989-1995: ~110 pb-1 (Run I)
A few dozen events

Lingering Questions:

1. Any “New Physics” in the top quark 
sample?

– Is the event excess ONLY from top 
production?

2. What are the top quark properties?

– Top mass, charge, spin, lifetime, 
branching fractions



Hadron Colliders
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Hadron Collider Basics 

�Hadrons are composite
�Really collide broad band of 
constituent partons

�Valence + Sea quarks
�Gluons
�Momentum fraction carried by 
parton given by measured 
parton distribution functions 
(PDFs)

� parton–parton CM energy ~ 
1/6  beam–beam CM energy

� Additional particles from “underlying 
event
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Top Quark Production at Hadron Colliders

proton

parton

p

p
x =

Proton

Hard scattering 
cross-section



Parton Distribution Functions

Parton distribution function: xF(x, µµµµ2)
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Top Quark Pair Production

TeVs 961.=
Tevatron LHC

TeVs 14=

85% 10%

15% 90%



Theoretical Cross Section
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Tevatron

LHC

Cacciari et al. 
JHEP 0404:068 (2004)

Kidonakis & Vogt 
PRD 68 114014 (2003)

σσσσ = 833 pb

σσσσ = 6.7 pb

Mtop = 175 GeV/c2

~ 120x

Rate ~ 60 tt/day

Rate ~ 700,000 tt/day



Hadron Colliders – Challenges

�Probability for “soft” QCD 
interactions many orders of 
magnitude greater than 
hard scattering processes of 
interest

�Analysis of collision data has 
added complications

�No beam energy constraint 

�Momentum conservation 
constraint only in 
transverse plane

�Possibility of more than one 
interaction per beam 
crossing 

� Incoming partons may 
radiate gluons

∼∼∼∼10-12



Trigger

Soft QCD
QCD Dijets
B physics
High pT



Trigger and Data Acquisition
In modern experiments, acquire  

LOTS of data in very short 
time:

• Proton-anti-proton collisions 
happen at the Tevatron every 
396 ns ~ 7 MHz.

• CDF has about 1 Mio electronic 
channels

⇒O(1 TBit/sec) 

⇒ Electronics and network 
can’t handle that – need to 
select interesting events at 
pallatable rate

⇒ Need a Trigger

L2 
Trigger

�Detector

�L3 Farm

Mass
Storage

L1 Accept

Level 2:
Asynch. 2 stage pipeline

~20 µs latency

300 Hz Accept Rate

L1+L2 rejection:  20,000:1

7.6 MHz Crossing rate
132 ns clock cycle

L1 
Trigger

Level1:
7.6 MHz Synch. pipeline
5544ns latency

<50 kHz Accept rate

L2 Accept

L2 Buffers: 
4 Events

DAQ Buffers 

Dataflow of CDF "Deadtimeless" 
Trigger and DAQ

L1 Storage 
Pipeline:
42 Clock Cycles 
Deep



A CDF VME crate 



Theoretical 
High-Energy Physics

� 4 forces carried by 
gauge bosons

� Electromagnetism 
(g)

� Weak (W,Z)

� Strong (gluon)

� Gravity (Graviton)

Electroweak

GUT?

?

Strings?
SUSY?
Extra dimensions?



Experimental 
Hadron-Collider Physics

Light Junk
u,d,s,c

g
75% of Z’s
70% of W’s

e µ τ

ν W

Z

γ
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t



The Top Event

Trigger

Always:
2 jets are b-quark jets

ββββ - decay

Virtual W



Physics Signatures

Ionization detectors (charged particles)

Missing transverse energy

Jets

Higgs

SUSY
Top



How We Detect Different Particle?
Muons

Electrons
Photons

Protons, pions

Neutrons

Tracking 
detectors
Electromagnetic
calorimeter
Hadronic
calorimeter
Muon chambers

• Quarks/gluons
• Detected in collimated flows of hadrons ���� Jets

• Neutrinos
• Detected indirectly ���� Missing energy

primary vertex
secondary vertex

impact parameter
~ 1 mm

“B-quarks”





Silicon Detector in Top Quark 
Discovery

4 Silicon Layers

New detection technique

Top quark discovery



The New Silicon Detector

1.9 meter
7- 8 Silicon Layers

Beampipe
(the size of a quarter)

Readout channels
48,000               730,000





30,000 high-voltage human-hair-thick Gold-plated Tungsten wires
in Argon-Ethane gas

~ 3 m

~ 3 m





Calorimeter 
(EM)

� Lead-scintillator sandwich
� Lead initiates γ conversion, 

bremsstrahlung

� Scintillators detect low-
energy ionizing electrons 
and positrons

� Light guides bring 
scintillator light out to 
PMTs

� 18 radiation lengths

� 1/8” Pb, 5mm scintillator

� Total ionization  
proportional to initial 
energy of e, γ

EM Cal

e+

e+

e-

e-

γ

0 1 2 3



Clean Event: ZW�eeeν





Calorimeter 
(Had)

� Steel-scintillator sandwich

� Undergo nuclear 
interactions in material

� Some (highly variable) 
energy loss due to 
nuclear binding energy, 
neutrons

� Some EM component 
(π0), some ionizing track 
(p, π±)

� Huge variation event-to-
event in detected energy 
for same energy particle

� Very wide resolution

Had 
Cal



Reconstruction of Jets

� Quarks or gluons in final 
state hadronize, create flow 
of particles

� Reconstructed as a cluster of 
energy in the calorimeter 

� Momentum of tracks is not 
used to reconstruct the 
kinematics of the jet



Dijet event

mjj=1364 GeV
(70% of CM energy!)





Muon Chambers

� Consists of drift tubes 

and

scintillators (triggering)

� Steel outside hadron
calorimetry

� 60 cm-1m



Energy Balance and Jets

Z → ee mass sets EM scale

Photon-jet mass sets had scale

Jet



High Jet ET Cross-Section

mjj=1364 GeV
(70% of CM energy!)



Find Z’s: Measure cross section



The Top Event

Electron
or 

Muon

Quarks

Jets



Missing Energy Signature

� Sum over energy transverse to 
the beam axis

� Any imbalance is attributed to 
undetected particles

� “Missing ET” (MET)

W→eν event



Finding W’s

� A W is

� A high-pT isolated lepton

� Large MET

� Robust even though only 
observing in transverse 
plane

� Edge (“jacobian edge”) 
tells you mass

� Slope of edge tells pT(2
nd

order), resolution, ΓW

� Tail tells you ΓW

(((( )))))cos(1 νννν
νννν ϕϕϕϕφφφφ −−−−−−−−≡≡≡≡
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W
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The Top Event

Electron
or 

Muon

Quarks

Jets

MET



The b-quark � B-Jet
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γβcτ/γβ
470 940

Most 
decays 
happen 
quickly

� Massive (~ He nucleus)

� Unstable

� Spontaneously decays with 
probability given by its half-life : 
τb is 1.6 x 10

-12 s

� Average proper distance 
traveled before decay given by 
γβcτb is ~470γβ µm



Top Event Display from CDF: Tagging b-quarks

B-jet

B-jet

νννν

µµµµ

Jet 3 Jet 4

b-quarks have long lifetime 
(cτ = 460 µm)

B mesons travel few mm
before decaying

Displaced Vertex Tagging

b → clν (BR ∼ 20%)

c → slν (BR ∼ 20%)

Soft Lepton Tag

4x lower efficiency
7x larger fake rate

d = βγcτ



B-tagging (Secondary Vertex)
Start with set of tracks and 

general location of luminous region

30 µm

JET

y

x
z



The Beam
� Beamline very long

� Luminous region 
σ~30cm

� Hadronic interactions 
have large cross sections

� Multiple interactions in 
same bunch crossing 
not uncommon



The luminous region at CDF

Beam pipe

Average location of the pp interaction point per run
size magnified 30x (real size 30 µm)

z = 0

z direction along beampine (proton direction)



Primary
vertex 10 µm

B-tagging (Secondary Vertex)

Find event-by-event
primary vertex

30 µm

Start with set of tracks and 
general location of luminous region

JET

y

x
z



B-tagging (Secondary Vertex)

Find event-by-event
primary vertex

Primary
vertex

Start with set of tracks and 
general location of luminous region

Select tracks with large 
impact parameter inside jet

d0

Make a seed for secondary vertex
and form vertex

Iterate: 
removing tracks with worst chi2

JET

y

x
z



B-tagging (Secondary Vertex)

Find event-by-event
primary vertex

Primary
vertex

Start with set of tracks and 
general location of luminous region

Select tracks with large 
impact parameter inside jet

d0

Make a seed for secondary vertex
and form vertex

Iterate: 
removing tracks with worst chi2

Got a vertex!
Check if L2D is large enough

L2D

Secondary
vertex

JET

y

x
z



Typical top ET ~40 GeV

Top b-tag efficiency/event : 69% (2 b’s)
Fake rate/event : ~4%

Efficiency Mistag rate

48%

1.2%

Secondary Vertex Tagging



Problems: Multiple scattering in material



Problems: Effects from multiple interactions

Number of interactions per crossing
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CDF SVX IIa (2001-)

~ 11m2 silicon area

~ 750 000 readout channels

DELPHI  (1996)

~ 1.8m2 silicon area

175 000 readout channels

Large ‘Contemporary’ Silicon 
Systems

CMS Silicon Tracker (~2007)

~12,000 modules

~ 223 m2 silicon area

~25,000 silicon wafers

~ 10M readout channels 



Large Silicon Detector Systems ….

LEP 
Tevatron LHC

Whoops… P.Collins, ICHEP 2002



The Top Event

Electron
or 

Muon

Quarks

Jets

MET



�� NNobsobs : Number of observed events: Number of observed events

�� NNbkgbkg : Number of expected background events: Number of expected background events

�� εεpretagpretag : Efficiency before tagging (: Efficiency before tagging (inclincl Acc and BR)Acc and BR)
� εpretagpretag ~ 7.5%~ 7.5%

�� εεbtagbtag : Event tagging efficiency: Event tagging efficiency
� εpretagpretag ~ 69%~ 69%
�� ∫∫ L L dtdt : Integrated luminosity: Integrated luminosity

Cross Section Measurement



Backgrounds

– W + jets
• Wbb,Wcc,Wc

• W+ light jet + fake b

– Single top, WW, WZ, Z� τ τ

– Non-W 
• Fake W-bosons



Top Cross Section (Single Tag)

73%174Loose Tagger

σ(tt )tt fractionEventsSample

Signal region

Higgs production



Top Cross Section (Double Tags)

92%54Loose Tagger

σ(tt )tt fractionEventsSample

Expectation for 
mtop = 178 GeV

Measured 
cross section

Signal region



Top in radiative corrections

Fermi constant:
measured in muon decay

Weinberg angle:
measured at LEP/SLC

Radiative corrections

Electromagnetic constant:
measured in atomic transitions,
e+e- machines



Top Mass Reconstruction

m t1 = mt2

m lνννν = mW

m jj = mW

Lepton + Jets

PT balance

4 Jets

Kinematical Fit

x 2 neutrino Pz solutions

22

61

120

Jet-parton
combinations

B-tags



CDF L+jets Template Method (3)Top Mass Measurement



Effect on Higgs Mass Expectations

∆
m

to
p
= 
3
.1
%

∆
m

H
= 2

2
%

mtop = 178.0 ± 4.3 GeV

mH = 114       GeV

mH < 260 GeV @ 95% C.L.

+69
-45

mtop = 172.5 ± 2.3 GeV

mH = 89       GeV

mH < 207 GeV @ 95% C.L.

+42
-32

World Average: mtop = 172.5 ± 2.3 GeV/c2 (CDF + D0)

Future Prospects: 
∆mtop < 1.5 GeV/c2

∆mW < 25 MeV/c2



Top Lifetime: Direct Measurement

interaction point uncertainty 
26 mic

t

e

b

ν

impact
parameter

ττττtop < 17.5 ×××× 10-14 seconds
@ 95% C.L. (CDF)

In SM: ττττtop ∼∼∼∼ 10-25 seconds



Toponium? Mass Resonance?

Hadronization: 
ττττ ∼∼∼∼ 10-23 seconds

New Physics?



CDF II at Work!

Detector Roll in Feb 2001 



There is a control room, too.



primary vertex
secondary vertex

impact parameter
~ 1 mm

b-jet b-jet

muonmuon

“B-tagging”

A Real Event…


