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The Top Quark

e Discovered by CDF and D@ in 1995.

e Completes set of quarks in SM.

e Quantum numbers as for up-type quarks.

e Production and decay properties
fully defined in Standard Model.

Only few of its predicted properties verified
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Is the Top Quark special?

Yes, it is! It is ...

e more than 30 time heavier than the second heaviest elementary Fermion.
lts mass is surprisingly close to electro-weak scale.

e the only bare quark (i.e. decays before it hadronises)

e the last of the predicted quarks.
No, it isn’t! It has ...

e the same electrical charge as u and c-quarks.
e the same weak couplings as the other quarks.

e the same colour charge as the other quarks. Really??

Maybe ...
e it has different couplings (= new physics)

e it isn't last quark (= new physics) very interesting!
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Tevatron
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The pp Accelerator Tevatron

FERMILAB'S ACCELERATOR CHAIN

e Circumfence 7 km.
— MAIN INJECTOR
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record events.
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The D@ Detector

A 47 general purpose detector:  Dimensions: 12 x 12 x 20m?

e Tracking in 2T solenoid

— Silicon microstrip
— Scintilating fiber tracker )

e (Calorimetry I

— Uranium/liquid argon -

e Muon spectrometer

— 3 layers of drift tubes Sk
— Toroidal magnetic field

(1.9T between inner 2 layers) e
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The CDF Detector

9
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Top Quark Production at the Tevatron

Strong top production Weak top production
_proton ‘iq . t . /t q ( q
w QM “_< 85% qq R t_E ¢ W . -

® ¥ t 15% gg — tt b t
antiproton W S i b o _
9 00000 t oy S W . g b

ﬁé = < Drell-Yan W-g fusion
9 00000 P v L t s-channel t-channel
e o(tt) =6.77 + 0.42pb e o(tt) ~ 2.5pb

For integrated luminosity of ~ 1fb™* around 7000 top pairs expected.
Available results analyse 1/3.

Daniel Wicke, Top Quark Physics, Tevatron, Top Quark Production at the Tevatron NRW-Pheno, 14.1.2005 10



Top Quark Decay

Top quarks decay to bW (nearly) 100%. g
W+ <. v
proton ]\
Pair Production Signatures R )q/ gt —
)9\19.9%
Decay modes are defined by W-decays: ) )& . \/l/ b
antiproton P ,
e Dilepton (2b + 21 4 2v) e o
q
e Lepton+jets (2b 4 2q + lv)
o Alljets (20 + 4q)
dilepton, lepton +jets, all jets
Single Top Signatures | All jets
Defined by W-decays and channel; 44.4%
e.g. leptonic decay:
e s-channel (20 + 1+ v) o
e 1.23%

e t-channel b+j+1+v) Leptans)cts

14.8% tau+jets
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Pair Production Cross-Section

The strong production mechanism proton - roton
_'lq g !(Lg ‘ M+
q w
Ottt = q ;. < y
eL-BR antiproton W S ", 9 antiproton
Backgrounds o
£ B Total inelastic
Physics background <962 [
2 ~mb
.. _ S 4 -
e Multijet (¢q or gg + gluon rad.) ;10 s bb .\ 10"
o Wjets ¥ 10° Fub
- W
o /+jets 10° F 4009
5 > 400
=10
Instrumental background T i o
. . e 16" pb
e Physics object misidentification JO\
14
: - 101 Higgs (ZH + WH
e Mismeasurement of energies b '99s )
-16
- _ 10960720 740 760 180 200
Small, but amplified by cross-section. Higgs mass (GeV)/c?
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Analysis (lepton—jets)
Signal selection

Require

e at least 4 jets

e isolated lepton (not collinear)

e and missing transverse momentum

all with pr > 20 GeV
230 pb~ ! lead to 87 (80) e(y1)+jets events

Background description

e Construct discriminant to distiguish
bkg. from signal on statistical basis

e Instrumental bkg. from data

e Fit signal to phys. background ratio
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Results on top pair production

Various channels & methods explored

Good consistency and agreement with SM (prediction o,z = 6.77 £ 0.42pb)
T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
[ cacciari et al. JHEP 0404:068 (2004) Assume m=175 GeV/c®
Kidonakis,Vogt PRD 68 114014 (2003) CDF Run 2 Preliminary
7
D@ Run Il Preliminar Dilepton: Combmed /% 24,16, 04
y (L= 200pb ™) / 70121i 1104
dilepton (topological) 8.6 +2§ +ii pb
230 pb™ H ° 4 7 -1 |_ept0n+Je_t])s: Kinematic 6.3 + 08 409,04
I+jets (topological) 6.7 40 by (L= 347pb / 0.8 0.9~ 0.3
230 pb™ - T H PS %
combined (topological) 7072 b &ﬁptggggsg) Soft Muon % 53+ g g + ig + 82
230 pb™ [ o / : '
dilepton (topological) NEW 8.6 2312 py / —H—@——
370 pb* P oo Lepton+Jets: Vertex T4g / 8.9+22+11493
i +1.2 +1.1 (L=318pb") / 09—08—05
I+jets (vertex tag) 86 [ PP
230 pb™* H— o
i +0.9 +0.9 MET+Jets: Vertex Tag / +12,13,04
I;-éstsbi(lvertex tag) NEW 82" "0 pb (L= 311pb") % 6.1£75x59%03
p H—e&—H
. +3.4 +4.7 [ o t
all haﬂm”'? . . , 77 33 .28PP All-hadronic: Vertex Tag/ 8.0+ 1.7 433405
162 pb — e - - (L= 311pb ) / M T17+522704
all hadronic NEW 52 722" pb
350pb™" H ® H o .
Combined / 0. 4
. +0.7%
Cacciari et al. JHEP 0404:068(2004), m, = 175 GeV/c® (L= 350pb7) //% 7.1+0.6£0.7+
T TN RN TR NN ] I A \\\\‘\\\\ N B | | | ) (stat)+(syst)+(|um|)
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o(pp - tt) (pb) o(pp - ti) (pb)
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Single Top Production

The electroweak production meachanism s-/t-channel

Only t — bW — b+ [v considered. ‘/ Full dataset \

t electron muon

/ | |
v P ¢ selection selection
g b =1 b-tag =2 b-tags =1 b-tag =2 b-tags
s-channel
q - q
4
" 4 2d histograms : W+jets / tt filter
» t 1 A} R’ 4
~QBSS Bayesian fit
oy "
0 '~ B H
t-channel 95% CL Limits
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Results on single top quark production
Using 370 pb~" D@ set upper limits

D@ Run Il Preliminary, 370 pb™ D@ Run Il Preliminary, 230 pb*

12

4 o5 = C
B oy B .95% CL @ Standard Model
E - —— s-channel = 100 PRD66, 054024 (2002)
@ 0.4 g - DQO% CL op  Top-flavor (m=1TeV)
s F.. t-channel s C [ |68% CL A ZICFCNC (g,,.=0,)
°r o 8 B 4thfamily (V,_=0.5)
= 03[ " - Top-pion (m=250 GeV)
s T Oﬁsobserved <4.4pb 2 PRD63, 014018 (2001)
o - —
> 021 g% <50Dpb ; 4
'g - s, observed Up c
[ - C
g ]
o 01 c 2
e r Q
C e HO.........::. L
% ‘ 2‘ —— )1 —% é E— 1'0 ‘ 0 2 4 6 8 1_0 12
Cross section (pb) s-channel cross section (pb)
s-channel: o < 5.0pb  95%CL
t-channel: o < 4.4pb  95%CL Current worlds best limit

CDF

s-channel: 0 < 13.6pb  95%CL
t-channel: ¢ < 10.1pb  95%CL (using 162 pb~" only)
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Resonant tt production

No resonance production in ¢t expected in SM,

but some models predict bound tt-states

e new strong gauge force coupling to
3rd generation

e top assisted technicolour: Z’

Such a resonance should create q
o

a bump in differential cross-section
dmtt_

— See Maren Vaupel'’s talk.

Daniel Wicke, Top Quark Physics, Tevatron, Resonant tt production
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W -Helicity in Top Decays

e SM predicts only lefthanded tops couple to W's

(V — A coupling)

e Visible in angular distributions:
Best: angle 6 between lepton and direction
from where the top came in W restframe.

e SM suppresses leptons against top di-
rection

D@ Analysis

e 230 pb~ ! lepton + jets events
— Electron and muon separately

e 2 analyses methods

— selection with b-tag
— kinematic selection

Daniel Wicke, Top Quark Physics, Tevatron, WW-Helicity in Top Decays
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Measured V + A contribution

e Compare V + A templates to data. £ 20F —e— D@ data
L%’ I [ Jti Hjets (V-A)
L 15 o=t IHjets (V+A)
e Determine likelihood ! [ background

of various V 4+ A admixtures.

e Combine likelihoods for result

D@ Combined results:
fi =0.00+ 0.13(stat) + 0.07(syst)
Bayesian limit:  f, < 0.25 95%CL

-InL
O
Q
‘w

28[ ;

CDF result (Run I):
Frequentist limit: /. < 0.18 95%CL

f,
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Flavour of Top Decay: V;;,
R = B(t — Wb)/B(t — Wgq) from ratio of 0, 1 and double b-tagged top events.

C D F | Feldman Cousins Bands for R |
R=1.11707%

R >0.62 95% CL
Vil > 0.78  95% CL

0.8

Sample fraction

0.6 -

0.4

0.2

DO

0.19
R=1.03"51"

R>064 95% CL
Vip| > 0.80 95% CL

A long way to SM |V}| ~ 0.999

Daniel Wicke, Top Quark Physics, Tevatron, Flavour of Top Decay: th NRW-Pheno, 14.1.2005 20



Top Mass: Template Method (CDF)

Signal Sample v
w v
e Semileptonic decay mode (lepton+jets) proton \
g g
e Selection similar to cross-section. ) ;’
q t

e Performed on 4 samples:
0 b-tag, 10b-tag loose, 1 b-tag tight, 2 b-tag

antiproton —

Q|

Determination of my
CDF Run IT Preliminary (318pb™1)

: Subsample | Number of events | Number of event
Find 4-momenta of ¢t-quarks event by event T
2-tag 16 25
1-tag(T) 57 63
e Recover ¥ momentum 1-tag(L) 25 33
O-tag 40 44

e Assign (correctly) lv and 4 jets to 2 tops

e Sum measured 4-momenta for particles assigned to each top; m? = E? — p*

Actually done with fitter: assumes 2 top-masses be equal and my nominal
Correct assignment and precise momenta crucial: lowest y? taken.
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Determination of m; (2)

e Build histogramms of observed masses
e Compare data to simulation
— made for various values of m; and JES.

— including the expected amount of
background

e Choose m; that yields best agreement.

Constraining JES

e Templates for my, reconstructed from m;;.
e (Constraint fit not employed.

e All pairs of not b-tagged jets considered

Top mass and JES determined by 2d fit:
my = 173.515 I (stat + JES) & 1.3(syst) GeV

Daniel Wicke, Top Quark Physics, Tevatron, Top Mass: Template Method (CDF)

Reco. Top Mass (1-tag(T))

0.14- CDF Run Il Preliminary

top”

A2-

N 0 - . [] 145 Gevic?
% 0.1~ | a [[] 165 Gevic?
O oa [ 185 Gevic?
0 0.08- / evic
= [ 205 Gevic?
2 0.06F
g I

0.0

100 150 200 250 300
m[ECO(GeV/cz)

Reco. W Mass (2-tag)

0.1 CDF Run Il Preliminary

Fraction/(5 GeV/cz)

20 40 60 80 100 120 140 160 180
m”.(GeV/cz)
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Top Mass: Matrix Element Method (DQ)

Signal Sample

w+ v

e Semileptonic decay mode (lepton-jets) proton ~

q g9 t

. o _ ,
e Selection similar to cross-section meas. A\ i
q 7 b

. . antiproton g _!
Determination of m;. W=
g

Probability to observe event with kinematic configuration = as function of my:

Pevt(x; mt) — ftoppsgn(x; mt) + (1 — ftop)Pbkg(x)

1 )
Pogn(z;my) = / dqi dgz d"o(qq — tt — y;my) f(q1) f(q2) Wy, x; JES)

Matrix Element PDFs Resolution

e ME used are gqq — tt and gqqg — W + jets. Multijet treated as syst. uncertainty.

e Extended to fit Jet Energy Scale simultaneously (prev. dominating systematics)

Daniel Wicke, Top Quark Physics, Tevatron, Top Mass: Matrix Element Method (DQ) NRW-Pheno, 14.1.2005 23



Determination of m; (2)

m¢ (and JES) those that are most likely to produce observed sample

-In L(J ES,mtOp) =In L(rqop) (2D)
_ D) Run imi -+.etS | DQ‘RH"“‘“PWI"m" "F“ry‘ TTT T[T T T T 1T |+-etS
No : J f= i 1 J
S 180 N I : | /
© 3125 | 'm__=169.5+4.4 GeVI/c? ]
0] B top ]
2175 i :
Eg 3120 | =
170 : / N
3115 .
165 3110 | % -
160 3105 |y / :
| E 3 \'\4——-/’// E
o 3 1bs | ios | 14 150 155 160 165 170 175 180 185 190 195 200
jet energy scale m?2D [GeV/cz]

top

my = 169.5 + 4.4(stat + JES) 1 £ (syst) GeV
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Top Mass: Results

Different channels and method investigated yield consitent results.

Mass of the Top Quark (*Preliminary)

Presented [+ jets results most precise. Measurement M, [GEVICH
S . L. CDF-I di-l e 167.4 + 11.4
ystematic uncertainties ool dil o 1684+ 198
: : : CDF-ll di-I¥ —@—f 165.3+ 7.3

e Still dominated by jet energy scale. | :
CDF-l I+4] o 176.1+ 7.3
e but now coupled to statistics. DOl 1  o— 1801+ 5.3
=z | q CDF-II |+* mh 1735+ 4.1
® 0-jet energy scale ar_] DO-Il I+ —o— 1695+ 4.7
heavy quark bkg. will take over. CDF-l all 5 ° 186.0 4115
E x2/dof:6.5/7

Current World Average: :
Tevatron Run-l/li* -~ 172.7+ 2.9

172.7 + 2.9 GeV 5

150 170 190
M [GeVic?]

top
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Consequences

— — 6 —
| —LEP1 and SLD | -:'/Iheory uncertaintyi.-’ |
80.5 - LEP2 and Tevatron (prel.) 5 - —tI%pun-I b erage -
68% CL T - Run-I/Il prel. I
;I A 3 4 - _
& 3 '
= . > 3 |
80.4 3 3
; .
S 5 |
80.3 1 1- ‘ -
) 0 | Excluded ™. |
150 175 200 30 100 500
m, [GeV] m, [GeV]
Combined myy and my results Higgs mass projection

myg = 91155 GeV
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Top Mass Prospects

Lepton+jets channel (CDF+D0 combined)

~ 5
S -
L r
O a5 [
g
< 4 - v Statistical uncertainty
B i v JES systematic uncertainty (from My, only)
.8 35 v Remaining systematic uncertanties e Tevatron Runll (—2009) expected
o’ C i . . . —1
£ 4 Total uncertainty integrated luminosity 4 — 8fb™".
25 -
r ® 5mt ~ 1.3 GeV ~ Ft
2 - (D@+ CDF combined)
1.5 - C
i, e JES no longer limiting syst.
1 ; "o", "::.Illllll'llllIIIlllIlIlIIIIllllIIIllIIllIllIlIllIll
05 - R
O :\ | ‘ L1 | ‘ | L1 ‘ L 1 ‘ 1 L ‘ I | ‘ I | ‘ I |
0 1 2 3 4 5 6 8

7
Integrated Luminosity (fb'l)
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LHC
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Top Quark Production at LHC

Strong top production Weak top production

proton "q , f q /t .
< 13% g o ¢F v .

—Q i 87% gg — tt i E o :

9 OO0 HLE W - L g b

% . < Drell-Yan W-g fusion
o U ¢ —, & t s-channel t-channel
o o(tt) = 825+ 150pb o o(tf) ~ 300pb

NNLO-NNNLL: PRD 68 (03) 114014

e Relative weight of graphs inverted
(wrt. Tevatron)

Cross-sections 100fold increased. Luminosity 10fold increased ( “low luminosity”)
= 10 million tt pairs per year (i.e. 1 per second) at low luminosity.
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Cross sections at LHC and Tevatron

Process N/s N/year

tt 1 10° 10* Tevatron

Z —ee 1.5 10° 10° LEP

W — ev 15 10°® 107 Tevatron

bb 10° 107 10” Belle/
BaBar

e 0,7 at LHC 100 times bigger. =

(=
e background processes less o
increased
e |LHC is a top fabric

Daniel Wicke, Top Quark Physics, LHC, Top Quark Production at LHC
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Top Physics during Commissioning
Can we do top physics during the commissioning phase? = Without b-tag

Standard top analysis

Hadronic top:

Three jets with highest vector sum pr.
W-boson: 2 jets with highest momentum in
777 centre-of-mass frame

Selection: (Efficiency = 5.3%)

ET > 20 GeV
1 lepton ppr > 20GeV

4 jets pr > 20GeV
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Top and W Peaks in presence of background

> :nf_ m(t) > ?55— m(W)
It o = .
Sk S/B = 0.45 — Boop- [ | siB =027
6 F L"&snj— e 79N Y
— F - - ."‘:- b .i“ I
n 10 " 300F- ! "_‘_+
r +— d K E J
- i c 250F f 4
T 0 O g . \
& f O 200 . +
e I S L F 1M
© L 150 o
5l 3 1005 [ i :
é“‘ W+jets and = sobd : WHetsand
3 : _ MC@NLO signal " . : MC@NLO signal
I|II:I|IIIItlIII|IIII|IIII|IIII|IIII|IIII 1 I ] ] ] | :I 1 | ] ] | 1 1 1 | 1 1 1 I 1 1
0300 150 200 250 300 350 400 450 500 0-%6 %0 80 100 120 140
Top mass (GeV) W mass (GeV)

1 week of low luminosity running.

top peak visible as mass spectrum without b-tagging
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Improving sensitivity

Standard Analysis My within 10 GeV of nominal value
. 420
“hool 2 [
g uE m(t) gun_— m(t)
G S/B = 0.45 i S/'B .77
qnnf— i
R Lt
: 40l
Zﬂll_— &
: .3
100, 20/
II]‘llllllll T15|II EI;]H Eﬁlﬂ EIIIH 35|ﬂ -‘Hllll -Iﬁlll Iﬁﬂﬂ ﬂ1ﬂﬂ -‘IEII EIIII 25!1 EI]II 35!1 4ﬂll 45!1 Il

Top mass (GeV) Top mass (GeV)

Top peak clearly visible after 1 week of LHC data
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Commissioning of b-tagging with top events

2000

WH4jets sample
(control sample )

1800}

1600

14001
1200
10007
800]

600

4001
2001
u: [ | |

0 0.2 0.4 0.6 0.8 #

ttbar sample
(expect enrichment)
B-JET ?50[};—
CANDIDATE :
mou:_
5005—
D:u T'Iu'LuF.|2' ) .--.|-.1- i i | L

0.4 0.6 0.8 % 1

Determine b-tagging probabilities and purities

Hadronic side can be used by applying W-mass constraint.
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Summary

e The top quark is very interesting. Only few properties verified.

e Tevatron currently our only top laboratory

— Pair production cross-sections agree at 20% precision.
— Single top (weak) production within reach.

— Additional (resonance) production . . .

— Decay properties show no deviation from SM.

— Top mass at 1.7% precision. D@ and CDF challenging LHC aims.

e LHC will be a top factory

— Measurements will by systematics dominated. (
— Top can and will be used for calibration. ol
— Top presents major background for searches. &
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