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Abstract: The top quark is the heaviest known type of quark, and possibly the last. Particle physicists sometimes refer to it as the "truth&€s quark, not
always with tongue in cheek. The top quark might be just an ordinary quark, no stranger than the "strange" one, but it might hold the key to major
guestions of Nature through its connection to the origin of mass, the Higgs boson, and cosmic dark matter. At the Fermi National Accelerator
Laboratory outside Chicago, hundreds of these heavy quarks have been observed and some first snapshots of their behavior have been obtained. At
the Large Hadron Collider at CERN, millions of the heavy quarks will be produced. This lecture will review current knowledge of the top quark and
explain how this knowledge has been obtained through experiments at the giant particle accelerators. Future experiments, which might reveal the top
quark's deeper mysteries, will also be described.

Pirsa: 09120116 Page 1/117



PERIMETER INSTITUTE FOR THEORETICAL PHYSICS

I
. .._.‘-‘
LI T Al R T ’
- -
4

Lecture Series

. L
—-__H__\_. _____.._.l




QUANTUM TO COSMOS

IDEAS FOR THE FUTURE OCT 15-25 2009

R A T
G 7
,-ﬁ"';;"’ A, R V. b d

-.n & B a




Share the experience

[1 m . #pioutreach




" PUBLIC

Lecture Series

."l! .'
v

g pans 1 ) S Fememed o T T S ST e i g S S e B e ) S e == = LT TN s



Top Quark:
the Elusive
Truth
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How to recognize a Top Quark
Evidence for the Top Quark
Quantum Patterns

Quantum Patterns of the Top

Top and the Problem of Mass
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irsa: 09120116 Page 8/117



Beta Particle Radiation OOQ

Daughter E )
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top = b + W

= b + q +

< |



But what does a quark actually look
like ?
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Support
Arches
Magnet Coil
Magnet Iron Liquid Argon
and Warm lron Calorimeter
Calorimeter

Moveable Door
Luminosity Manitor

Cerenkov Ring
Imaging Detector
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CDF
detector






each time the protons go around

probability of proton-antiproton collision
1
probability of producing top + antitop

1 in 10 billion
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Run 223385 Evt 38027932 Thu Jul 20 17:14:11 2008

ET scale: 10 GeV

Pirsa: 09120116 Page 27/117




Pirsa: 09120116 Page 28/117



Run 223385 Evt 3802732 Thu Jul 20 17:14:11 2008

Triggers:
rmin_bias mm_NGU 1 MET

10

g
Bins: 332 Eout
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Run 223385 Evt 38027932 Thu Jul 20 17:14:11 2008

ET scale 10 GeV
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Run 223385 Evt 3802792 Thu Jul 20 17:14:11 2008

Triggers:
min_bias mm_NGU 1 MET

10

(GeV)

Bins: 332
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top = b + W
= b + q+qQ
plus

antitop = b + W

s = = e L
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Run 178855 Number of Jets = 4
Event 5504617 | Mion Pr=37 Gev

1l GeV, Phi=79, L2d =7 mm
GeV, Phi=355 L2d=1mm
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e + 4 jet event

40758_44414
24-September, 1992  MET
TWO jets tagged by SVX
fit topmassis 170 + 10 GeV
e, Missing E,, jet #4 from top

jets 1,2,3 from top ( 2&3 from W )

Secondary
wa—— Vertex
4 "
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DO 6-jet top quark event

/\

\ QUORIVS:
K0 0

Tl

\/ 4&"\

() |

,m@ »

.:.w““.
"

0

0




How do | know it is not

W + gluon + gluon + gluon

=3 B +h
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Run 180852 Event 51863432 Tue Mar 16 18:07.08 2004
ETs ~88GeV : |
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W + 3 jets
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W-like: 419.6 + 333

W + 4 jets

25

—t

events/ 20 GeV

CDFRun2,194pb™ £
Od |2
B W-ike | 2 ..
g
« data oy -

tt fraction

tt: 57.2+13%
. multijet: 7.4:22
| Wellke: 52.8+ 1%

149

Page 52/117



Once we have the top quarks,
what do we do with them ?
To talk about this, we need to study

Quantum Patterns
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CERN
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Quantum Mechanics of

Angular Momentum




Elementary particles have internal

angular momentum (“spin”)
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Stern-Gerlach experiment 1922
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Here is 2 modern version of the
experiment.




Stern-Gerlach experiment 1922

Pirsa: 09120116



Here is the result of the experiment:
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Here is the result of the experiment:
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The electron has spin = -h

in one of two orientations

1 |

[ e= ) |

spin down Spin up
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The spin of a particle i1s the key to its

identity:
electron
quark
gluon

W boson

graviton

.y — spin 1
=

[

e spin 1/2
v

}Q) spin 1/2

3
% — spin 1
|

|

= spin 2



What happens when we do two sequential
Stern-Gerlach selections?

e \

g ©
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The probability of being in the top beam is a
simple mathematical function of cos 0.

/

cos H

For spin 1/2

P(f) = (1 +cosfh)/2
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There is a characteristic pattern for each
value of the spin.

spin % : P(#) = (1 +cosf)/2
spin 1 : P(8) = (1 +cosh)*/4

spin 1/2 spin 1
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Quantum patterns are part of the
territory of “Bell’s inequality”,

the proof that quantum mechanics is
not governed by hidden variables with
classical probabilities.
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There is a characteristic pattern for each
value of the spin.

1 |
spin = P(#) = (1 +cosf)/2
spin 1 : P(8) = (1 +cosf)*/4

spin 1/2 spin 1
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Quantum patterns are part of the
territory of “Bell’s inequality”,

the proof that quantum mechanics is
not governed by hidden variables with
classical probabilities.
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There is a characteristic pattern for each
value of the spin.

spin % : P(#) = (1 +cosf)/2
spin 1 : P(8) = (1 +cosh)*/4

spin 1/2 spin 1
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The probability of this collision is
proportional to

(1

cos 6)?

(1 —cosf)?
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The probability of this collision is
proportional to

(1

cos 6)?

(1 —cosf)?
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What are the patterns for the
top quark ?

Pirsa: 09120116



Pirsa: 09120116 Page 81/117




What are the patterns for the
top quark ?
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do
d(cos 0) e
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Why so much W(0)

and so little W(L) ?
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The business of W having three
polarization states is very weird.

Photons have only two polarization
states.

Pirsa: 09120116






Pirsa: 09120116 Page 93/117



photon

W boson B
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Photon

:
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Higgs boson
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The top is the heaviest quark,

the most coupled to the Higgs boson,
thus, the most coupled to W(0).

And, also,

the best probe of the truth of this story.
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CERN
Large Hadron
Collider

/ TeV protons
(ECM =14 TeV)
27 km

circumference
tunnel
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oo arrival of a superconducting muon toroid at CERN ™
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A Compact Solenoidal Detector for LHC

| INNER TRACKER | CRYSTAL ECAL |
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A Compact Solenoidal Detector for LHC

| INNER TRACKER | | CRYSTAL ECAL |
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November
23

First

collisions in %
ATLAS and h ' E
CMS! —

November
30

~2.36 TeV



We will search for top
and for the truth.

We look forward to many
surprising and profound
discoveries.
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Dr. Lipson is the Director of Cornell
University's Computational
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School of Mechanical and Aerospace
Engineering.




PERIMETER INSTITUTE FOR THEORETICAL PHYSICS

I
- .._.‘-‘
e b BT TR U "
- L 3
4

i

Lecture Series

. a. "= om
—h__‘____‘ ___‘_'_..-.l.




