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Dayfy ich erkenne, was die Welt
Im Innersten zusammenhdlt

So that I may perceive whatever holds
The world together in its inmost folds

Faust, Johann Wolfgang von Goethe



Relax.
What is Mind?

No matter.
What is Matter?




Outline

* Introduction
* Particle masses and the top quark
* The Energy frontier

* Tevatron: Top quark measurements
* LHC: Top as a tool
* Conclusions

o Simplified units: @ (Cross section in picobarn
c=1 (1 barn = 10 cm”)
> Energy, momentum, mass in ¢ Luminosity in —
GeV picobarn

Reinhard Schwienhorst, Michigan State University



A fundamental question

What is the origin of matter?



What 1s the origin of matter?
What gives mass to elementary particles?

What 1s the uﬂiverse made of?

What is d’étfk%rﬁatter? |
What is dark.energy?
What happened to anti-matter?

Farticles\
What makes quarks so heavy .L
<4

and neutrinos so light? ‘) 2
: 299 ‘f.

o

quark neutrino ?u persy rlr‘lmetrlic
shadow" particles

Supersymmetry? Extra spatial dimensions? ...



Particle masses

Electroweak symmetry breaking

Reinhard Schwienhorst, Michigan State University 7



Charge

Charge

+2/3

=1/3

Fermion masses

Electron neutrino
Mass: 0?

Electron
511

Muon neutrino
0?

¢

Muon
105.7

Tau neutrino
0?

C

Tau
1721

Up
Mass: 5

Down

¢

Charm
1,500

Strange
160

Bottom
4,250
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Fermion masses

Charge
Electron neutrino Muon neutrino Tau neutrino
0 Mass: 0? 0? 0?
Electron Muon
st 511 105.7

Charge 0
¢ Top

Up Charm ~180,000
+/ Mass: 5 1,500

Do?rvn St?nge top qu ark

-3 8 160
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Higgs mechanism:
Gauge boson masses in the SM

Gauge bosons

" Higgs field

Reinhard Schwienhorst, Michigan State University
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Higgs mechanism:
Gauge boson masses in the SM

Electroweak
symmeltry i
breaking

W7
bosons

Gauge bosons

Higgs field
field '
B
photon
Reinhard Schwienhorst, Michigan State University 11



Electroweak symmetry breaking
Gauge boson coupling to Higgs field

Reinhard Schwienhorst, Michigan State University 12



Electroweak symmetry breaking

Gauge boson coupling to Higgs field

- @

Reinhard Schwienhorst, Michigan State University 13



Top quark mass

Only fermion with
coupling strengh
~1

top quark

Reinhard Schwienhorst, Michigan State University
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Key to electroweak symmetry breaking

top qﬁark

W boson

Reinhard Schwienhorst, Michigan State University 15



Experimental procedure

How do we find out?

Reinhard Schwienhorst, Michigan State University
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The energy frontier

Probing physics at small distances
by colliding particles at high energy

Reinhard Schwienhorst, Michigan State University
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Tevatron luminosity

-17

Luminosity [fb

8.2 fb-l

b1 fb!
Today,

4.1 fbl

0
9/29/03

9/29/04 9/30/05 10/1/06 10/2/07 10/2/08 10/3/09
Date
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Tevatron collaboraTions

I_—-—J'

- | fi‘” : & o
CDE S s WEY -
Together e
1400 physicists |11
ffrom 21 countries [l

| ==
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Particles and detectors

| | | I I | |
m im Im im dm S G
Key:
Muon

Electron

Hadron (e.g. Pion)
————— Photon

2 .-"i Ty
Electromagnetic
“alarimeter

Superconducting

Calarinmmba Sgleninid
Iean FELUm wake inlerspensed
Transwerse shioe with Musan chambers
through CRS

Reinhard Schwienhorst, Michigan State University
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Top quark known knowns

* Top quark produced in SM strong interaction

Top quark decays before 1t hadronizes

— Study bare quark
* Top quark usually decays to a W boson and b quark
* Top quark mass ~175 GeV



Top quark known unknowns:
* Charge, Spin
* SM electroweak interactions

— Charged current (/ boson)

* Total width

* Quark mixing matrix (CKM)
— Neutral current (Z boson, photon)

Unknown unknowns:

* Coupling to Higgs boson?
* Modified coupling to SM particles?
* New physics? New particle?



Top quark known unknowns:

e —————

— Neutral current (Z boson, photon)

Unknown unknowns:




Recent results

What have we learned about the
top quark?

(at the Tevatron, the only place 1n the world making top quarks)

Reinhard Schwienhorst, Michigan State University 24



Top Quark pair production

jet
\ jet _=

Proton




Top quark strong interaction —

Does it couple to gluons like a quark?

0

DG Runll .- preliminary Summer 2007
T T T T T T T [ T T T [ T T T [ T T T [ T T T[T T
O cacciari et al. JH Pn4n4:os:l (2004)  Assume m=175 GeV/c’ et NEW *
Kidonakis,Vogt PRD 68 114014 (2003)  CDF Preliminary J€1S (btagged and topo) (- 8.1 09400 55 o
y 910 pb—1 -0.8 -0.0
'Lepton+Track I+jets (muon-tagged) * 73 +2.0 +0.0 104 pb
PR / 8.3+1.3+0.7+0.5 o 2040004
I+jets (b-tagged) 6.6 +0.9 +0.0 £0.4 Pb
- iy 0900
Dilepton 6.2+1.1:0.7+0.4 R
(L=1200pb ) I+jets (topological) 6.4 +1.3 +0.7 04 pb
420 pb™! (Phys. Rev. D) -12-07
"Lepton+Jets: Kinematic + + + dilepton (topological) * 6.8 *12 409 .04 b
Leptomes / 6.0:0.6:+0.9+0.3 leptn 8712 ap
) / l+track (b-tagged) NEW * 5.4 116109 405 op
Lepton+Jets: Vertex Ta / 8.2+0.5+0.8+0.5 1050 pb~" ~14 -08
(L=1120pb ) / Il and I+track (combined) NEW * B2 08 408 0, b
. 1050 b’ 09 07" P
Lepton+dJets: Soft Muon % 7.8+1.7 +1.0+0 5 dilepton (opological +14 409
_ -1 [ My = . gical) 7.4 : ~ +0.5 b
(L_ 760 pb } 0.9~ 420 pb™ (Phys. Rev. D) -14 09 P
. tautlepton (b-tagged) NEW * 8.3 20 +14 5 o
MET+Jets: Vertex Tag / 6.1+1.2 +1.4+0 4 1050 pb-” ® g2 P
- ' b R
autjets (btagged)* . +43 407
(L=311pb") / tautiet . . y -
) ‘ ‘i 350 pb-’ " 3507
All_-hadronl_tfz: Vertex Tag// 8.3+1.0 i%gio 5 alljets (b-taggeq) 45 20414 40 pb
(L=1020 pb™') / . 410 pb™ (Phys. Rev. D) -19 -11
. (stat) (syst) (lumi)
Combined(old SLT,all-h / 7.3+0.5+0.6+0.4 175 ey M Cacciar et al JJHEP 0404, 068 (2004)
(L= 75'|3 pb '} | | 7 | (SfTﬂ + (syst) + (lumi) top Kidonakis and Vegt, PRD 68, 114014 (2003)
A T T O v A v T T I T
2 4 6 8 10 12 14 0 2 4 6 8 10 12
o(pp — tt) (pb = ot

Result: SM strong interaction




Top quark properties —
Is it the quark we think it is?

Top quark Charge CDF Run Il preliminary, L=1.5 fb™
b (=1/3) or b (+-1/3)7 af  SWlike :Fi HiHike
o []+2/3 Q
?. s0f []Bkgs

. § » data
200

top: ? 10F

0 - PRI S T R ! H I N
1 08 06 -04 -02 0 02 04 06 08 1
W charge * Jet charge

Result from both CDF and DO:
charge=2/3

as expected in SM

Reinhard Schwienhorst, Michigan State University 27



Top quark properties —

Is it the quark we think it is?
Tlop) quatk deecay

b o1 Somethnmg Clsc?
CDF Run | 0.94 *2->7
. L=109 pb” —e—i '
\ CDF Run i 112 *027
L=160 pb” F—e— '
to
p D@ Run Il 1.03 019
L=230 pb’ =
D@ Run Il preliminary 0.991 ‘:g:gg;
L=900 pb’ -
P S R RTIN BRI R | T

-0.5 0 0.5 1 | 15 | 2
~ t > W+bquark R = B(t — Wb)/B(t — Wq)

R
t - W + any quark

Result: R~1 as expected in SM

Reinhard Schwienhorst, Michigan State University 28



Top quark properties —
Is it the quark we think it is?

| CDF Run Il Preliminary |

m— fit rEsUlt
+ = = 5 expectation

...... & datal7f’

Top auarksdecay; _
Helicity o ther WA boson oL

‘#
'lr‘.‘
1"'-lr
-
-‘*
-
)
-

11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1
-1 -8 06 -04 -0.2 0, 02 0.4 0.6 0.8 1
cost

Result (CDF+D@):

no right-handed W coupling
as expected in SM

Reinhard Schwienhorst, Michigan State University 29



Other top quark property measurements
* Top quark production: tests of QCD

— Forward-backward asymmetry

— Quark-antiquark vs gluon-gluon annihilation

* Top quark width and lifetime

* Top quark decays to tau leptons

a = All properties measurements
”{,’lotte\\\ are sensitive to new physics I

Reinhard Schwienhorst, Michigan State University 30



Top quark mass determination

* Large sample of top quarks

— ~103 events in 1 fb-! per experiment

* Advanced analysis techniques

— uncertainty ~1%, close to decay width

CDF Run Il Preliminary (940 pb™)

Events

40

20

60 | 166 I+ets events in 1fb- -

200 250
m, GeV/c?

Tevatron Results (*Preliminary)

&

DO-1 dilept

L= 128.08°) . 168.4 +12.3+ 3.6
CDF- dilept

11090 | 167.4+10.3+ 4.9
“DO-11 dilept

103000 172.5+58+ 5.6
CDF-II dil

Pl 164.5+ 3.9+ 3.9

R —

CDF-| lepton+jet

1000 176.1+ 5.1+ 5.3

._._._._.

DO-l lepton+jets

= 125.00") 182.11 3.6+ 3.9
CDF-ll

e 183.9+ 157 + 56
"CDF-Il lepton+jet

=ll lepton+jels

o0 1709+ 1.6+ 2.0
) e
DO-1l lepton+jet

(L= QES;?;’)JES 170518+ 2.0
. ——
CDF-II all-jet

el 171 ..1¢ 2.8+ 3.2
CDF-l all-j

o 186.0+10.0+ 5.7

- -

“Tevatron March'07
(CDF+DO Run 1+11)

1709+ 1.1+ 1.5

(stat.) + (syst.)
+*/dof = 9.2/10

150 160 170 180 190 200
Top Quark Mass (GeV/c?)




Top quark mass implications —
What can T op tell us about Higgs?

| lEpiandsio (1990's)
80.5 1 -~ LEP2 and Tevatron (2007)

68% CL

150 175
m, [GeV]

32
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Top quark mass implications —

What about top and supersymmetry?

T T T I T T T I T LI T I T T LI ] T T T T

experimental errors 68% CL.:
LEP2/Tevatron (today)
LEP2/Tevatron (8 fb™')

80.70

JIIlIJI

:I]II[I]II[I]I

80.60 81b": 8m, = 1.2 GeV, 8M,, = 20 MeV
% 80.50
O,
=
=
80.4
80.3
30 20 both models E
B Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 7
oo b o b e e
160 165 170 175 180 185
m, [GeV]
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Electroweak top quark production —
How strong is the weak cupling?

“

Proton — -
il ® ™ __4-‘ g T T




Single top quark search

Event Sample Composition

W+jets and
other background

Top quark

PALs Single top

Reinhard Schwienhorst, Michigan State University 35



Single top quark search

Event Sample Composition

W+jets and
other background

Top quark

Palts Single top

* Optimized event analysis
Input: Method: Output:

discriminating variables multivariate analysis  signal probability

Bayesian Neural Networks,
boosted Decision Trees, etc

M, (et jet2) — :_’:"h“;‘;,:‘:: N
S © +Thresho
Even cnergy A Y
Py (jott jet2) \

Quark jet angle \ ,
>—@® P 1
Reconstructed top mass (signal)

|||||||||||

Reconstructed top spin



Posterior Probability Density

Single top quark search

CDF preliminary D@ Run Il «= preliminary 0.9 fb™
- . - : +1.4
Decision Trees | —eo— 49 , pb
I i . o +1.6
] Matrix Elements*: H—o— 48 _, pb
I ] Bayesian NNs* ! — 4.4 j :i pb
i =3.0"2pb _ Combination* | —e— 4.7 jg pb
Osingle top . Y -1.1 PP ] i '
- ) N. Kidohakis, PRD 4, 114012 (2006), myq, = 175 GeV
Z. SuIIi\}Ian, PRD 70, 114012 (2004), Mygp = 175 GeV
L —— |
= 10 0 5 10 15
0 5 10

Single top Cross Section [pb] O (pp = to+X, tqb+X) [pb]

Result: consistent with SM

Reinhard Schwienhorst, Michigan State University 37



Top as a tool
New heavy objects decaying to one or more top quarks?

CDF Run 2 preliminary, L=319pb'1

~,22 12 B .. -
N —— CDF data E g0 D@ Run Il Preliminary, 230pb'
20 __ S -e-D
Q = W24 T N ata
S .o = - — W’ (600GeV) (x10)
8t — QCD 50— == W’ (700GeV) (x10)
c | L]
516/ SM & 6.7 pb : == W’ (800GeV) (x10)
S 4F Diboson (NLO) a0l El t-channel
- - N
120 - &4 W+jets
8:_ ......... E
6:_ ......... 20:_
- -
C ‘ 10—
2_ =, B
:||||zs;eéss|i:—'..ﬂ.‘ I“ |_|_|_|||||||||% 7
:900 400 500 600 700 800 900 1000 1100 1200 0 500 1000
M_ [GeV/c?] R
t s [GeV]

Result: no evidence for new heavy objects



Future energy fror

LHC - CERM
el OIDL B === ATLAS
il . Point 1
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LHC detectors

TRACKER

CRISIALECAL  gotal weight  : 12500 T
Overall diameter : 15.0 m
Overall length 25 m
Magnetic field : 4 Tesla

i PRESHOWER
* Diameter 25 m

* Length : 46 m

* Barrel toroid length 26 m

* Overall weight 7 000 tonnes
* ~ 100 million electronic channels
* ~ 3 000 km of cables

RETURN YORE

JPERCONDUCTING
AGNET

" FORWARD
CALORIMETER

HCAL
MUON CHAMBERS

=

' . J ,--:";..,._ &
Reinhard Schwienhorst, Michigan State University 40



production cross-section (femtobarns)

particles produced in first LHC year

Particle production at the LHC

Tevatron LHC

10" Quark-antiquark production
10" .
Bottom quark pairs
1010
10" W bosons
Z bosons
10° top quarks

—
o
N

Supersymmetry (@1TeV)

? The real mechanism of
EW symmetry breaking @

RN
o
N

Reinhard Schwienhorst, Michigan State University

SM Higgs bosons (@150GeV) | e
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Top as a tool to calibrate the detector

* Large sample of top quarks (10> events/week)
* Calibrate energy measurement, tune b-quark tagging

150 E_ u‘“+ }  simulated 100 pb-! (1 month)
160 !ﬁ’ |~ Top quark pair signal
140E 'r| | Backgrounds
120 ;— e 1 Signal + Background
100 A

80— :

60 —

40 E_ 4

2‘[" 23 . il £

%50 100 150 200 250 300 350 400
reconstructed top quark mass [GeV]

Reinhard Schwienhorst, Michigan State University 42



cutral SM Higgs

Higgs boson top quark
& ’

proton
top quark

proton

top quark 43
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1/N dl"-l.-'l:d-:-ns 3
o

2
=

0.4

0.2

Precision top quark physics

Example: top quark polarization probes higher-order couplings
— Especially important if Higgs 1s not where expected

in the top quark decay in single top production

.

* Very sensitive to new physics by
combining different channels

neutrino

| Eur. Phys. J C44 (2005)
| ] ®
- +.+|—| b - :)]\/]

lepton

L =10 fb?
lepton+jets




New challenges
* A very heavy object b4 oo
decays to top quarks | |

|Mz.= 2000 GeV/c?
q
o

T

500

00~

300H|L.
200}

EAntiproton 400
w- w w- w L]

% ] 2 3 4

AR
* Top quark decay products merge
into a single jet
— How to reconstruct them?

Reinhard Schwienhorst, Michigan State University 45



measurement

B at a future ee collider
%

New physics .

Inte"r-l___alationa Liﬁ‘ea; Collidér




One 1s getting all the attention, but the other
one 1s the key to understanding our world

Reinhard Schwienhorst, Michigan State University 47



One 1s getting all the attention, but the other
one 1s the key to understanding our world

Reinhard Schwienhorst, Michigan State University 48



Conclusions

* We have learned a lot about the top quark recently

— Tevatron experiments measure mass, properties,
electroweak coupling

* This 1s just the beginning
— Tevatron will collect 5 times more data

— LHC 1s just around the corner
— We will measure the top quark coupling to new physics

We are close to revealing the origin of matter I

and the top quark 1s the key player

Reinhard Schwienhorst, Michigan State University 49



Resources

Quantum Universe

http://interactions.org/quantumuniverse/

Quarks Unbound

http://www.aps.org/units/dpf/quarks unbound/index.html

Particle Adventure

http://particleadventure.org/particleadventure/index.html

Fermilab
http://www.fnal.gov

DO

http://www-d0.fnal.gov
Cern

http://www.cern.ch

Reinhard Schwienhorst, Michigan State University
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Credits

Thanks to the many people that have helped me put
this talk together

— Including Brigitte Vachon, John Womersley, Dugan
O'Neil

Some of the material was adopted from the web pages

listed on the previous page

The latest CDF results can be found at

http:// www-cdf.fnal.gov/physics/physics.html

The latest DO results can be found at
http:// www-d0.fnal.gov/Run2Physics/ WW W /results.htm
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