13 (o S

anat cafi.obese qua*rks tell

ﬁulanMBta

.,ml.g 25 &

_ Reinhard Schvmenhorst

MICHIGAN STATE
UNIVERSITY

Ball State Physics Colloquium, 2/21/2008




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

* The sun, particle masses and all that
* Top quark
* 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
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Age of the Earth Controversies

2008:

1860:
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The Older Age of the Earth Controversy

— The “Helios”

L * e.g. Hermann von Helmholtz, Stmon
3 Newcomb

* (Incorrectly) argued that there was no
way the sun could shine longer than
10-20 million years

— The earth can be no older than the sun

— The “Geos™

* ¢.g. Charles Darwin, George Darwin

r'--"'."""""'. AT R ey

* (Correctly) argued that features on the
earth indicated that it was older than
several hundred million years

— The earth must be at least as old as
any feature on it
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Where does the sun get its energy?

* Helmholtz et al. related the
gravitational potential energy of GM? |
the sun to its luminosity (dE/dt) t=—2=

— This gives ~10-15 million years

* We know today that the energy
source of the sun 1sn’t gravity: 1t’s
nuclear fusion 4p-*He+2e+2v

— Has ~1000x as much energy as
gravity

But why does the sun burn longer, not just brighter?



The sun and the LHC

* Nuclear fusion i1s a weak 1nteraction process
4p - *‘He+2e+2v
— Carried by the W boson
— Which has mass
— The rate 1s suppressed by (E/My,)*

e ~10732 for the sun

* This 1s why it's called “weak’ interaction

* And this 1s why the sun shines for so long

But why does the weak boson have a mass?

This 1s what we expect to answer at the LHC!
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Fat Bastard
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Charge

Charge

+2/3

=1/3

Electron neutrino
Mass: 0?

Electron
S511

Fat Quark

Muon neutrino
0?

Muon
105.7

C

Charm
1,500

Strange
160
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Tau neutrino
0?

To
~180,F800

top quark



Higgs mechanism:
Standard explanation for the W boson mass

Gauge bosons

" Higgs field
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Higgs mechanism:
Standard explanation for the W boson mass

W,z
Electroweak  bosons g -

symmetry
breaking

Gauge bosons

igs ﬁeld |

photon
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Electroweak symmetry breaking
Gauge boson coupling to Higgs field

Reinhard Schwienhorst, Michigan State University
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Electroweak symmetry breaking

Gauge boson coupling to Higgs field

g )
boson

Fermions acquire mass through Higgs coupling
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Top quark mass

Only fermion with
coupling strength
~1

L
i

top 'q ark

Higgs boson
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Key to electroweak symmetry breaking

top qﬁark

W boson
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Experimental procedure

Probing physics at small distances
by colliding particles at high energy

Reinhard Schwienhorst, Michigan State University
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Tevatron collaboraTions
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Together e
1400 physicists |11
ffrom 21 countries [l
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Particles and detectors

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:
* Electric charge, Spin

e 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:

—~——

— 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
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Top Quark pair production

jet
\ jet _=

Proton




Top quark strong interaction —

Does it couple to gluons like a quark?

T T
l:l Cacciari et al. JHEP I'.I4D4:IJBJ (2004)
Kidonakis,Vogt PRD 68 114014 (2003)

'Lepton+Tra}::k
(L=1070 pb ")

'Dilepton .
(L=1200 pb ')

(L=760pb ")
1

(L=1120 pb ")

(L=760pb")

"MET+Jets: Vertex Tag

(L= 311 pb™)

(L=760pb")

'Lepton-i-Jets: Kinamatlc%

‘Lepton+Jets: Vertex Tag% 8.2+0.5+0.8+0.5

Lepton+Jets: Soft Muon% .7 8+1.7 +1.0+0 5
O 1.1 T, .

'All-hadronitf:: Vertex Tag/

(L=1020 pb™') /

'Combinad{rold SLT,all-h /
5%

Assume m=175 GeV/c’
CDF Preliminary

7
8.3+1.3+0.7+0.5

\

6.2+1.1+0.7+0.4

6.0+0.6+0.9+0.3

AN

9=

6.1:1.2 +73+0.4

=

7.3+0.5+0.6+0.4

DG Runll .- preliminary Summer 2007
- *

I+jets (b-tagged and topo) NEW -0 8.1 0.8 +0.0 55 pb
910 pb-’ -0.8 -0.0

I+jets (muon-tagged) * 73 +2.0 +0.0 104 ph
420 pb-! 1800

I+jets (b-tagged) 6.6 100100 404 pb
420 pb™" (Phys. Rev. D) -09-00

I+jets (topological) 6.4 +1-’; +g; 104 pb
420 pb 1(F’hys Rev. D) e T
dilepton (topological) * 6.8 +1.2 +0.9 104 pb
1050 pb™"! 1108
I+track (b-tagged) NEW * 51 +1.6 +0.9 +0.3 pb
1050 pb™" 1408

Il and Htrack (combined) NEW * 6.2 109 08 o, pb
1050 pb! 08T
dilepton (topological) 7.4 +1.4 0.9 +0.5 pb
420 pb™" (Phys. Rev. D) -14 -09
tautlepton (b-tagged) NEW * 8.3 2014 ¢ pb
1050 b 18-z
tautjets (btagged)* | 1 51 307 403 pb
350 pb4 =35 -0.7

alljets (b-tagoed) 45 *fg *1"1‘ 03 pb

410 pb™' (Phys. Rev. D)

My, = 175 GeV

(stat) (syst) (lumi)

[ Cacciari et al s JHEP 0404, 068 (2004)

0

| | | | (Sth}i (Sysﬂi (:'umf) Kidonakis and Vogt, PRD 68, 114014 (2003)
I 11 I 11 [ [ 11 I 11 [ I I R ER N AR e |
2 4 6 8 10 12 14 0 2 4 6 8 10 12
o(pp — tt) (pb) o (pp = tt) [pb]

Result: SM strong interaction




Top quark properties — Is i1t the quark we think 1t 157
Electric charge

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
b’ sof . []Bkgs

. § = data
200

top: 7 10

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
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Top quark properties — Is i1t the quark we think 1t 157

Decay branching ratio

Tlop) duatks decay;

o somehimg clsc?

?.

£0)0)

~ t > W+bquark
t - W + any quark

R

Reinhard Schwienhorst, Michigan State University

CDF Run | 0.94 *2->7
L=109 pb" —e— '
CDF Run Il 112 027
L=160pb’’ —— '
D@ Run II 1.03 019
L=230pb’ —e—

D@ Run Il preliminary 0.991 ‘:g‘gg;
L=900pb’ o

P I NI NI N SN I NS N SR SRR RI!

-0.5 0 0.5 1 1.5 2

R = B(t — Wb)/B(t — Wq)

Result: R~1 as expected in SM




Top quark properties — Is 1t the quark we think it 15?
Helicity of the weak decay

| CDF Run Il Preliminary |

— fit resuit
+ = = 5 expectation
& data 1.7’

------

Tlop) duatks decay;
Helicivy ol thieWibosoern 7

60

50

40

events/0.2

30

20

-
-
L3
-

10

n 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
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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 29



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?

) —LEP1 and SLD (1990'5)
80.5 - - LEP2 and Tevatron (2007)
68% CL
80.4 - 4
%
boson mass ®
80.3 -
estimate v
| N HigtY Erewagy
150 175 boson boson

m, [GeV]
m,,=m,,+constxm;+constxIn(m,)+...
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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 coﬁpling?

VattalsWebosonrdecay,

) G

W

Proton

. el ® el ® e ® e ® ™

top




Single top quark search

Event Sample Composition

W+jets and
other background

Top quark

Palts Single top

Reinhard Schwienhorst, Michigan State University 34



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

Single top Cross Section [pb]

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 —— |
' BT 0 5 10 15
0 5 10

o (pP — th+X, tqb+X) [pb]

Result: consistent with SM

Reinhard Schwienhorst, Michigan State University
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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
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LHC detectors

TRACKER

CRISTALECAL  Total weight @ 12500 T
Overall diameter : 15.0 m
Overall length : 215 m
Magnetic field : 4 Tesla

. PRESHOWER
¢ Diameter 25 m

» Length : 46 m
* Barrel toroid length 26 m
* Overall weight 7 000 tonnes

* ~ 100 million electronic channels RETURN YOKE

* ~ 3 000 km of cables

IPERCONDUCTING
AGNET

HCAL
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production cross-section (femtobarns)

Particle production at the LHC

Tevatron LHC

Origin of W boson

—_—
o
N

and top quark mass

RN
o
N

. 10" Quark-antiquark production
G>D’ 1012

CEJ Bottom quark pairs
"é 1010

c 0 W bosons

3 Z bosons

é 10° top quarks

O

S

7))

@

O

G

Q.

Something unexpected?

Reinhard Schwienhorst, Michigan State University
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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

180
160
140
120
100
80
60
40
20

=
=

100 150 200 250 300 350 400

ﬂvh }  simulated 100 pb-! (1 month)
{1 -~ Top quark pair signal

pi - Backgrounds
Signal + Background

reconstructed top quark mass [GeV]
Reinhard Schwienhorst, Michigan State University
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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




Higgs boson production at the LHC

* Dominant production modes:

VECLoT DOSONIHIISTON gluon-gluon fugion

Reinhard Schwienhorst, Michigan State University 43



cutral SM Higgs

Higgs

“H

top quark

top quark

proton

proton
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New challenges

* A very heavy object ypica quark
decays to top quarks '; [M, =2000 Gevic®

]

é t
o
[ . Antiproton

-® w® -® -® - o i - -

=L

-ay products merge
jet >

“onstruct them?
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measurement

B at a future ee collider
%

New physics .

Inte"r-l___alationa Liﬁ‘ea; Collidér




Conclusions

* We are about to find answers to two key questions:
— Origin of the mass of the W boson?
— Origin of fermion masses?

* The top quark 1s the key to understanding both

— We are currently measuring mass, properties, couplings
* This 1s just the beginning

— Tevatron will collect 5 times more data

— LHC 1s just around the corner

We are close to revealing what holds
the world together 1n 1ts inmost folds

Reinhard Schwienhorst, Michigan State University 47



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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Thanks to

Credits
the many people that have helped me put

this talk together

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

Some of t

ne material was adopted from the web pages

listed on t
The latest

e previous page
CDF results can be found at

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

The latest
http:// www-d

D@ results can be found at
0.fnal.gov/Run2Physics/WWW/results.htm
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