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Outline

Why Is the top quark interesting?

How do we produce and detect top quarks?

Top Quark Pair Production

Mass

Single Top Quark Production
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Unique Physics Laboratory

The top quark exists at the interface between
Electroweak and QCD physics. Its production and
properties are sensitive to the existence of new
physical phenomena and offer
insights on the Electroweak
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What is the Top Quark?

Discovered in 1995 by CDF and D@ at Fermilab QUARK MASSES
my = 175 GeV vs mp = 5 GeV

Top-Higgs Yukawa coupling Ay = \/5% =B

We still know very little about the top quark. Is
it the particle required by the Standard Model?

If it is a normal quark, then it is still special:
my > myw SOt — Wb

I'st = 1.4 GeV

T =~ 4 X 1072° sec
—> SO top quarks decay before they interact
via the strong force ( 1 —~ ~ 3 x 107 sec).

AQC

Top quarks are effectively bare quarks!
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Top Quark Physics

Precision measurements of top quark properties are crucial to

understanding its true nature .y
— Anomalous
_ W helicity Couplings
Top Width :

) CP violation
Top Spin 14
q 3 Top Charge W+
Production Cross Section b

Resonant Production Higgsstrahlung
Production Kinematics

Top Spin Polarization
q W=
q
Rare/non-SM Decays
Branching Ratios
| Vio| q

We are now transitioning between the discovery phase and
making precision measurements of top quark properties

Top Mass

S
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' Classifying Top Events

It is Important to measure all decay channels as
W+ they have different sensitivities to new physics

t v.4 ¢t Decay Modes (eg, H* in )

{1, q

all hadronic
high BF
high BG

all hadronic

lepton + jets
T + jets

t — Wbis =~ 100%

lepton + jet
(includes 7 — e/ )
high BF
managable BG

dilepton
low BF
low BG
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Classifying Top Events

Dilepton Lepton + Jets All Hadronic
Two high-p leptons One high-p lepton Six high-pr jets
Missing Er Missing Er

Two high-pr jets Four high-pr jets

Need to reconstruct electrons, muons, jets,
b-jets, and missing transverse energy
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' D@ Detector
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Jet Energy Scale

Top quark measurements require a clean mapping

between reconstructed objects and partons

Reconstruct jets using iterative o | | | |
cone algorithm with midpoints - -
(Rcone = 0.5) 5

Calibrate jet energies to £ g nadrons T
particle level R @ :

Map jets to partons

. . g
Correct jet energies to o
parton level =
o

o q
S
g
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Jet Energy Scale

Top quark measurements require a clean mapping

between reconstructed objects and partons

Response of calorimeter to jets | | | |
IS a dominant systematic i
uncertainty

0O
T

1

FH

calorimeter jet

Jet energy scale derived from —-f hadrons T
samples of - ! :
» zero and minimum bias events |
: 5
® photon + jet events @
: O
» Z + jet events =
0g o
» dijet events
in data and simulation “%-* ;
g
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Jet Energy Scale

Top quark measurements require a clean mapping

between reconstructed objects and partons

Response of calorimeter to jets | | | |

IS a dominant systematic = o S—

uncertainty 5 L
Offset Correction E FH | ¢ Hadrons
multiple interactions  § J_
underlying event S EM ;& r‘_&]jJ

@
Emeas — O n
1B e = =
R xS =
o

Response Correction Showering Correction .
hadronic response particles in-&-out of cone 'g
uninstrumented regions =
o
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Jet Energy Scale

Top quark measurements require a clean mapping

between reconstructed objects and partons

Response of calorimeter to jets oh | | | |
IS a dominant systematic o —
uncertainty 5 L |
e FH
E - hadronsi
s |
= =
3,
Q
Offset 3=
-
Q g
L (-
107 £
=y z
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b Jet Identification

b-jet identification Is an important

discriminant between top signal
and background Neural Network Tagger

Secondary Vertex Tagger

b Jets
(Real b-tags)

i\§\ displaced ® Tagger applied to MC

\\ A\ ® b-jet efficiency DO ' j’f.l-"":"?v = TRF applied to MC
\ \\\\X\, . C-jet efficiency : === TRF after scaling to match tagger on data

\

4
NN Tagger Efficiency

A mis-tagging rate (x10)

!
o !/
\\

- \
primary vertex .
I

~
~1
\ T
!
)
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ietp. (GeV)
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Fermilab Tevatron pp Collider

19 April 2002 - 1 March 2007
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Michael Begel

Top Quark Pair Production
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tt Cross Section

Top quarks are mainly produced in pairs via strong interactions
Measurement of the tt production rate
provides precision tests of (N)NLO pQCD
and is sensitive to the presence of new
phenomena

resonant states

additional decay modes
anomalous couplings
compositeness

Q
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Vs (GeV)
onLL = 6.770:6 pb
~ 85% ~ 15% atm; = 175 GeV
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Methodology

N, — N
o = l cand bkg

L €

Michael Begel

Counting Experiment

select signal-like events
measure number of background events

best when signal easily distinguished
from background

optimize signal acceptance
Examples: e, £+jet with b tagging

Shape-based Measurements

select signal-like events
identify variables that distinguish
signal from background

optimize separation between signal
and background

Examples: £4-jet without b tagging, all hadronic

SMU Physics Seminar — March 5, 2007
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tt in Lepton + Jets Channel

Counting experiment using b-tagged jets to separate signal from
background

e DJ data 50F L=425 pb N e DJ data

B Signal B Signal
[ ]Background 40 [ ]Background

1btag | 30 > 2 btags

20

7
4

Number ot tagged events

| | |
=3 >4 =3 =4

Jet multiplicity Jet muitiplicity

180 190 200 W o7 = 6.6 £ 0.9 (stat. 4 sys.) &= 0.4 (lum.) pb

Top Mass (GeV)
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tt in Lepton + Jets Channel

Avoid b ID to improve efficiency. Use kinematic distributions in a
likelihood function to separate signal from background.

[ it 224
B W+ Jets 403

Ptf(m17w27'“) +Pw(w1,$2,... Il Multijet 88

) D@ Runll Preliminary 900 pb ™  KS=0.855 —* DATA715

Ptz(wl, wz, eeoe

D@ Runll Preliminary 900 pb * KS =0.598

= DATA 715
[ 224
I W+ Jets 403

Il Vuttijet 88

D@ Runll Preliminary 900 pb *  KS=0.999 —= DATA715
U224
M W+Jets 403
[l Multijet 88

01 02 03 04 05 06 07 08 09 1
Likelihood Discriminant

. 05 06 07 08 09 1
Centrali

01 02 03 04 05 06 07 08 09 1
Sphericity

O = 6.3__|_g:g (stat.) & 0.7 (sys.) & 0.4 (lum.) pb

Michael BegA SMU Physics Seminar — March 5, 2007 16



tt in Dilepton Channel

Includes contributions from e (very pure), ee, and
channels. Also includes ¢-4-track events where the track Is a

lepton that failed to be included in the other dilepton analyses.

e DO Data D@ Runll Preliminary, 370 pb™

ey i ¢-+track

Bz — ee,un

~
o

D@ Preliminary

(o)}
o

® Data (370 pb’)
- it Bz - 1
e lent Clww
(= Fake leptons \ [Multijet/W-jets
[ ww/wz

Number of Events
w NN ()]
(@] (@] o

N
o

Jet multiplicity Number of Jets

Gfizg (stat.) £ 1.1 (sys.) & 0.6 (lum.) pb
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tt in the All Hadronic Channel

Use b tagging to improve signal to background

signal requires
two b-tagged jets

background derived from
untagged data and
normalized to the
Kinematic peak
reconstruct all 37 and b33 o R
combinations 0 e o S
SUbtraCt background D@ Run Il Preliminary (420 pb ~) D@ Run Il Preliminary (420 pb )

D@ Run Il Preliminary (420 pb %

120 D@ Run Il Preliminary (420 pb )

* D@ Data Candidates
[ D@ Data Untagged Multi-Jet Events

* D@ Data Candidates
[ D@ Data Untagged Multi-Jet Events

e
=N
o O
o o

combinations/5 GeV
&
o
combinations/5 GeV

G
—
IS
(@)

* D@ Data * D@ Data
I Pythia tt Il Pythia tt

[u
N
o

D@ Run Il Preliminary (420 pb 7

* D@ Data Candidates
] D@ Data Untagged Multi-Jet Events

B pythia tT

combinations/10 GeV

combinations/0.1

200 250 30C 0 50 100 150 200 250 300 350 400 450
ji Mass (GeV) bjj Mass (GeV)

8.0 0.1 02 03 04 05 06 0.7 0.8 09 1.0

il 0.; = 10.4 £ 4.2 (stat) & 4.0 (sys) pb
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tt Production Cross Section

D@ is in the process of extending

DO Run Il Preliminary Fall 2006
these measurements to the 1 fb~—! ="

dllepto_?llﬂets 7.1 L5 4 Pb
data set. A new combined cross o

i ptOjl 8.6 ,o10PP
section will be available soon. raciem ST

370 pb™"

r+jets (b-tagged) NEW p——0——+1— 5.1 t;‘; tg; pb
350 pb™’

all-jets (b-tagged) NEW +—0—— 4.5 j: tg; pb

410pb™

I+jets (u-tagged) NEW —e— 7.3 ﬁg tgz pb
420 pb™

I+jets (btagges) NEW e 6.6 0o 04"
420 pb™

I+jets (topological) NEW —0— 6.3 jl igj pb
910 pb™"

Kidonakis and Vogt, PRD 68, 114014 (2003)
Cacciari et al., JHEP 0404, 068 (2004)

My, = 175 GeV

0 25 5 75 10 125 15 175
6 (pp —>1t) [pb]
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Top Quark Mass
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Top Quark Mass

Fundamental parameter of the Standard Model

Important ingredient for Electroweak
precision analyses initially used to
Indirectly measure my

3
&
[ T—
[T
7]
m
=
e
=
m
=
o
&
=

= |[ndirect fits
H 80 . o r DO
-TTs o e B m World averages
w w w S W i) =
-’V\/\U\/V\r A VAVAVAVAVAVAVAVAVAVAV S Chuigg, heppRMMEZE
;'JE-'B' 1991 1983 1995 1997 1999 2001 203 ZANS
b 9 Year
Omy o< m; Omw X Inmpg

—LEP1 and SLD

Use preCISlon measurements : ""ZE{ZZCaLndTevatron(pre|,)
of my, and m to constrain V.
the Higgs mass

mpg = 8 GeV m, [N .
134 30 Preliminary
100 300

m,, [GeV]
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Matrix Element

Calculate the probability that an event is either signal or background

as a function of the top mass Transfer Function

_ _ ] probability to
Differential Cross Section measure = when

based on LO Matrix Element 5101 Jevel 4 was

(gqg — tw produced
Pez(z; my, JES) = J da1da2f(q) f(q) do(y; m:) T'(z,y, JES)
JES is a free parameter in the fit, Initial State measurements taken
constrained in situ by the mass of from jets and leptons

hadronically decaying W boson

Weight each jet—parton assignment with b-tagging event probabilities
24 possible weighted assignments between jets and partons in a £4jets event

P38 (x5 my, JES) = 3, 11 Plr(x; my, JES)
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Matrix Element:. £¢-+jets

The total event probability is
PNeE (x5 my, JES) = fi Pry "8 (x5 my, JES) + (1 — f1) Poig(x, JES)

Minimize  £(z;m4, JES) = [1,, [1; Pover: (zi; ms, JES, f;' )

max

D2 Run'li, 370 pb- DJ Run Il, 370 pb ™ DJ Run I, 370 pb ™

[EE

-
=
—~
N
L
D
~
-

IA 4

i 0.9 1 1.1 1.2

Dominant Systematics

. . +0.63
Relative b/light JES  _ ° /5 GeV

_ +4.1 +1.2
b fragmentation IR A 1t = 170.37 5 (stat. + JES) 7,75 (sys.) GeV

MC Calibration 4+0.48 GeV
Signal Modeling 4+0.46 GeV
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Matrix Weighting: £¢£-+jets

Underconstrained kinematics given two neutrinos
Scan potential top masses

Solve for top momentum
» assume two leading jets correspond to the b jets
» = 4 solutions per tt
» include detector resolution effects

Calculate weight as a function of m; for each

event using Dalitz-Goldstein-Kondo method

w = f(z)f(x) x PE;|m,)P(Ef|m.)

PDF probability that observed
lepton energy comes from
top quark with mass m;
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Matrix Weighting: epu-tjets

Choose value of m; with maximum likelihood
Form binned likelihood with signal and

background templates

Peak Values vs. Template | D[] Preliminary

9

Data -In(L) | DO Preliminary

74

B N W A O o N ®

o

900 120 140 160 180 200 220 240 260 280 30(

-log(likelihood)
~
w

+

my = 177.7 £ 8.8 (stat.) ti:; (sys.) GeV

L =0.8fb1
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Neutrino Weighting: eu-+jets

Underconstrained kinematics given two neutrinos
Scan potential top masses and neutrino rapidities
Solve for neutrino 4-vectors

Sum over weights for neutrino solutions and detector resolution

2
2‘71%

exp

2
=
2 0.
9]
=
=
S
£
>
0

-In(Likelihood)

Top Mass [GeV]

my = 171.6 & 7.9 (stat.) _I_"Z'_(l) (sys.) GeV

180 190 200

Test Top Mass [GeV] £ — 0.8 fb_l
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Top Quark Mass Summary

DO Run Il Preliminary Fall 2006 Best Independent Measurements
of the Mass of the Top Quark (*=Preliminary)

I+jets (matrix element, b-tagged) BEST 170.3 j; j: GeV
370 pb™’'
l+jets 169.2 174 113 Gev
370 pb™
I+jets (ideogram, b-tagged, topo) NEW 173.7 j: 33 GeV
370 pb™
l+jets H—e— 170.6 *,3 7o Gev
230 pb™
l+jets ——@—— 169.9 ﬁ;:g »:;:113 GeV lepton+jets 176.1 7.3
—1
230 pb r02 420 lepton+jets 180.1 = 5.3
Il (matrix weighting, b-tagged, topo) NEW H—— 176.2 02 -39 GeV .
370 pb” lepton+jets* 1709 = 25
I, I+track (neutrino weighting, topo) NEW H—e—H 179.5 t;: tgg GeV
370 pb’'
Il combination (matrix and neutrino) NEW H—e—H 178.1 tg; t:g GeV alljets 1860 =11.5
370 pb™' .
) +8.8 437 alljets* 1740 = 5.2
€M (matrix weighting, topological) NEW H——&—H 177.7 _8.8 -45 GeV
835 pl”’
€Ml (neutrino weighting, topological) NEW H—e—H 171.6 t;,g j:) GeV
835 pb” X?/ dof = 10.6/10

lepton+jets* 170.3 = 4.5

World average HOH 171.4 *12 *18Gev Tevatron Run-II* -- 171.4 £ 2.1

I 1 1 1 I 1 1 1 I L 1 I 1 1 1 I 1 1 1 I
140 160 180 150 170 190

Top Quark Mass [GeV] Top Quark Mass [GeV]
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Single Top Quark Production
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Single Top Quark Production

q %%
>mMA/ b
s channel (tb)
onLo = 0.88 + 0.11 pb /Vl/l/'AW

t channel (tqb) Wt production
onLo = 1.98 4 0.25 pb Rl 0.093 £+ 0.024 pb

Why search for single top quarks?

Access t — b — W coupling Need to extract a very
"y _ small signal out of
Sensitive to new physics very large background

Source of polarized top quarks
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Event Signatures

— light quark o
(t channel only) n, —other b
— highpreorpu ]
v —— Br
~— high pr b quark
g & ’
— bquark
80 100 120 14 160 180 200
Pt. [GeVI/cl
s- and t-channels are similar —

—b fromt
—other b
light g

lepton + K + jets
t channel b jet tends to be forward

Modeled with CompHEP (matched to NLO)
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Background Modeling

Based on data as much as possible ...

W + jets production
® distributions from matched ALpGEN

% normalization from pre-tagged sample
% heavy-flavor fraction from data

top pair production 2
% contribution from the ££+jets and £ + jets channels B
® estimated from matched ALpGEN e or
® normalized to NNLO pQCD i
multi-jet events ><mm g
% jet misidentified as lepton b
® semi-leptonic decay of HF jets (bb) q

% estimated from data i
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Measurement Strategy

\

S
>

.
N

Michael Begel

Event Selection

select W -like events
maximize signal acceptance
optimize sensitivity

Separate Signal from Background

find discriminating variables
multi-variate techniques

Determine Cross Section

likelihood
pseudo-experiments
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Event Yields

Event Yields in 0.9 fb-1 Data

Electron+muon, 1tag+2tags combined
Source 2 jets 3 jets 4 jets

Percentage of single top tb+tgb selected events
and S:B ratio

Electron

tt— Il 39+9 32+7 113
tt — [+jets 205 103 £ 25 143 £ 33
W+bb 261 £ 55 120 + 24 35+7
W+cc 151 + 31 8517 235
WHjj 119 £ 25 439 122
Multijets 95+ 19 77 £15 29+6

Total background 686 + 41 460 £ 39 253 £ 38
Data 697 455 246

Dominant Systematic Uncertainties

Selection optimized to maximize _ _
acceptance: th = (3.2 & 0.4)%, tt cross section: 18%
tgb = (2.1 + 0.3)% W +jets & multi-jet: 18 — 28%

Use multi-variate technigues to et energy scale: 1 — 20%
separate signal from background b1D: 2 — 16%
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Multi-variate Analyses

Use multi-variate analysis techniques
to separate signal from background

o
c _ tt
> «mgEe Decision s
o O B Trees ..i' .
¢ \ VA y \ T, ] 06 08 1
. . ‘ . ‘ . .C_c,EquoTag,_lEquoJet Data Discriminant
e Neural
\\\
NE ]S
0.2 1
Matrix g
Element oiogo
Michael Begel
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Measuring the Cross Section

Data -
tb+tgb

tt
Wijets
Multijets

d=S+B=0cAL+B=oca+ Y, b,

d = predicted number of data events

S = predicted number of signal events

B = predicted number of background events

o = Cross section

A = signal acceptance

L = integrated luminosity

a = effective luminosity

b; = number of events in each background component

P(D|d) = P(D|o,a,b) = [[;:5" P(D;|d;)

D = observed number of data events
b = vector of background components

Event Yield

06 08 1
Discriminant

Position of peak
= o(tb+tgb)

68.27% of area
=t Ao

Posterior Probability Density (o|D)

-
1
o
(=}
—
>
x
(2]
c
[T}
[a]
>
=
o
©
K]
[e]
=
o
—
o
=
[}
-
74
[e]
o

% 2 4 6 8

Single Top Cross Section [pb]

. J, P(D|o, a,b)Prior(a, b)Prior(c)dadb

Nprg = 6 (ttee, ttly, Wbb, Wee, W33, multi-jet), Npins = 12 chann. X100 bins
Shape and normalization systematic uncertainties treated as nuisance parameters
Correlations between uncertainties properly treated

Signal cross section prior is non-negative and flat
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Measuring the Cross Section

D@ Run Il preliminary

D@ Run Il

0.9fb”"
tb+tgb

tt il
W+jets
Multijets

+10 uncertainty 2\
on background D

Event Yield

l l |

Decision trees

Matrix elements 1
|
Bayesian NNs
1
1
1

0.7

o
o

0.8 0.9

Boosted Decision Tree

G Measured
_ +1.4
=4.971,pb

expected
+1.6
2.7_1_4pb

" D@ 0.9fb™"
0.3

0.2f

D

XXX XXX XXX X
027&%;’@
////

0.1}

Ne"8'0 0%
X
A

00" 1 23 456 7 8 910
tb+tgb Cross Section [pb]

Probability Density [pb™']

Posterior

Michael Begel

1
tb+tgb Decision Tree Output

Z. Sullivan PRD 70, 114012 (2004), m, = 175 GeV
1

combination in progress

=
©
0
-
O
&
=
S
%
©
O
S

~ 50% correlated:

Bayesian Neural Network

tbtgb_LeptonsCombined_EqTwoJet,EqThreeJet,EqFourJet_TagsCombined

0

5 10 15
o(pp - th+tgb) [pb]

Matrix Eleme

Posterior Density: e+ p w/ 2+3 Jets and >=1 Tag

1

]

i BayesiRatio> 10 .25

o
[N}

i Xsec. -Sig: 2.6

N
ol

post Brob. Density [

T"'ﬂ T ‘ T FWTTT“'\'\ T ‘ FFTUT'\T\ TT ‘ V'FWT'H" TTT ‘ T

OC\

_ +l.8:
P Osut = 465

5., |
2=035

S+t
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Have we seen It?

Use ensembles with no signal to
determine signficance of each
measurement

Decision Tree 0.035%
Neural Network  0.885%
Matrix Element 0.21%

Decision tree has 3.40 excess

(11% compatable with SM)

Boosted Decision Tree

D@ Run Il Preliminary 910, pb *

e+p-channel

Full systematics

24 entries above
observed cross section

p-value: 3.5e-04
sigma: 3.4

5 6 7 8 9
Observed tbtgb cross section [pb]

Michael Begel

Bayesian Neural Network

Cross Section For Zero Signal Ensembles o
e |
D@ Run Il Preliminary| o

D@ Run Il

Decision trees

1
Matrix elements !
1

Bayesian NNs

Z. Sullivan PRD 70, 114012 (2004), m, = 175 GeV
1

15
o(pp - th+tgb) [pb]

Matrix Eleme nt

DO Run Il Preliminary
p-Value = 0.0022
Sig = 2.90

Entries: 1.66e+04
p-Value: 0.00885
Sigma: 2.38 Ogvt = 4'6-+1]j;58 pb

lBces - 5 pb

4 5 6 7
Cross Section [bbl
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CKM Matrix Element V,

W

Weak interaction eigenstates and mass eigenstates are not the

same; there is mixing between quarks described by the CKM
matrix

In the SM, top must decay to a W and d, s, or b quark
VA VEHVE=1

 constraints on V;q and V4, yield V4, = 0.99910012:09993%

If there is new physics then,
> Via+ Ve + Vi <1
% no constraint on Vi

Michael Begel SMU Physics Seminar — March 5, 2007
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Measuring |V

Use measurement of single top cross section to make
first direct measurement of | V4| prichamnels DO ey 00

Assume

» SM top quark decay: V2 + V2 << V2
» PureV — A: ff =0

» CP conservation: ff = f;* =0

No need to assume three quark families
or CKM unitarity

:  Measurement:

2
1)
c
@
@)
S
5]
=
5]
2
7
o
o

Additional theoretical uncertainties

tb tqb
0.68 < |‘/tb| <1 Top Mass | 13% 8.5%
L at 959% C.L. Scale 5.4% 4.0%
V;tbfl = 1.3 0.2 i I’ PDF 4.3% 10%
(assuming f1 =1) as 1.4% 0.01%

Ty, = —% (’Y” [flLPL + .flRPR] — 7}3[:: (Pt — Pb),, [.szPL + szPRD
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Summary

D@ is pursuing a rich program of top quark study
Tevatron is the only game Iin town. . .for now!

Studies of ¢t production
Precision measurements of top quark properties

Observation of single top quark production and
first direct measurement of | V|

Searches for new physics
(nggs’ Z/’ W/’ etC) —— LEP2/Tevatron (today)

— Tevatron/LHC

— ILC/Gigaz

The LHC will be a top factory
and discovery machine —
the lessons learned and
techniques developed at the
Tevatron will enhance

our discovery opportunities
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