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Part 1
* Infroduction
= discovery of the top quark

* experimental tools

Part 2

* fop-antitop quark production (strong)
* ftbar Xsec (experimental)

* single-top quark production (weak)

* fop quark mass

* fop quark charge and spin

* W helicity in top quark decays




strong Coupling
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Top-Antitop Cross Section (1)

Question 4: Top Quark Production

Consider the top quark pair production process pp — tt + X

u, d N
Z’d’dﬁm< ;
In order to calculate the #f production cross-section in proton-antiproton collisions it is
very helpful to recall the cross-section for the process e7e™ — p™p~, only mediated via
photon exchange, i.e. the pure QED contribution:
" i
.
etem—ptp 2 2
do' dﬂp o ;Lg{; (1+%+ﬁﬁ—c0528) (5)
112
B, = 1 — gz muon velocity (6)
M = muon mass (7)
E = muon energy (8)
& = muon scattering angle (9)
do(eTe i) Ofor E =M
e {%(1 +cos’O) for E > M (10)

The two processes differ in

e that the electromagnetic coupling o has to be replaced by the strong coupling «.

e we have to consider that the exchanged gluons can come in different colour states,
i.e. we need to include a colour factor.

e we need to know how many quarks of which energy in the proton can participate in
the t-tbar production.
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partonic to hadronic ttbar cross section:

do -
dzppzaqq(zs) L

Def.. z=z,z, r=2z,/z,

. a(zr) q,(/zIr)5ar

%(—J r
z, z,

z)

aal

Z

PDF parametrisation:
xu,(x)=1.78x>>(1—x"°"*
xd,(x)=0.67 x"*(1—x"")**
xuy(x)=0.182(1—x)>*

xd (x)=xug(x)

xs.(x)=0.081(1-x)>*
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Top-Antitop Cross Section (5)

result of numerical infegration from previous page:

VsPP=1800GeV

)

‘oiiid Tam

ek
[— S -

— la=n=necal

[a—y
i =

= (Caramiecal

Cos Secrion (phi
o
-. '-"- '-‘I -__

p—
[— S - - H — N o

S N

Xsec(ppbar to ttbar at 1800 GeV

140 150 led
Top Quark Mam GV i
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Strong Top Quark Production

Tevatron LHC
qq~85% 15%

gg -~ 15 % 85%

o (E Tjet > s/20)

CTEQ5D (Q% = (175 GeV)? L .

@ =175 6oV Runl Runll LHC o 7 100 Gov
o (2fb") (10fb™)
downbar

nritbar 20 800 8*10° oy/é

strange

gluon /10 <m‘ sqmple

>1 b-fdg) 4 Gjer(ET > s/4) ><
s [ 6,..(M, = 150 GeV) :

~ F Higgs

LHC Tevatron

isics of the Top Quark — Helmholtz Alliance Introductory School (11.03.2010) - Arnulf Quaadt Page 8




@ Ntbar Xsec Measurements at Tevatron

dilepton

Topological selection (lepton p,, MET, Njets)  counting experiment
b-tag selection (lepton p,, MET, SVX-tag, Njets) 5 counting experiment
lepton+track (lepton p,, MET, isolated track, Njets) D counting experimnent
dilepton 2-dim. (MET,Njet) fit for ttbar, WW, Z->TT » 2-dim. fit

Topological selection (e/p+jets, lepton p , MET,
Njets), topological & kinematic variables, 1-dim. fit § 1-dim. fit

b-tag selection (e/mu+tjets, lepton pT, MET,
Njets), b-tag (SVX, IP, jet-prob., soft-p) D counting experiment

kinemaitic fit (MET or jet ET) in b-tagged events » 1-dim. fit

combined fit of 0, 1, 2-tag sarmple and
B(t » Wb)/B(t » Wq) $ 2-dim. fit

Kinematic & topological selection, Njet distribution D 1-dim. fit

Kinernatic & topological selection, ANN-output D counting experirnent
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Event Topology in Lepton+Jeis

- 1 lepton with high p. e

* 1 v (reconstructed as
fransverse energy (met))
24 jets

n ... .ajm
. P

multijet background (QCD) <
+ misreconstructed met ®e

+ fake isolated u or e

©
2
oL
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e

o W+iets
W3JeIs ©
AN loar
~ loose muon tight muon
- (W) Selection (W) Selection
- +24jets + 24 jets

QCD

+jets QCcD
from loose

fo tight
< QCD background)

combine information on event topology in a likelihood discriminant
fit three contributions to the data

Hbar
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Topological Xsec in L+Jets (I)

electi|+ 24 jet eventsin 230 pb" N input examples
) : o 40 «D@data | S « D@ data
choose topological variables: g mi S| Wi
y p - ¢ @ 30 L] Wijets | § o9 | L] Wajets
with strong separation potential § mutiet | & | B multet
@ 15

* with small sensitivity o
jet energy scale

use the following 6 variables: = |
600 ; ; 0.6 0.8
angular dependent: H, (GeV)

1

Centrality
4 4 n H

™ s he"C" g 40 . D@ data o 25 . Di_a data
P Y S Wt S Wt

y = @ : - .

* aplanarit £ O] Wijets | E 9 O Wiiets
p y © 30 multijet :ﬁ multijet

@

* centrality
energy-dependent quantities:
« H

T

f,min

0.3 0.4 0.t

Aplanarity

0.8 1
Sphericity

Background sensitive quantities:

A Q(ME) [Is =16
topological likelihood: [ TTs+115 Bfft-dlstrlbutlon,

Wijjjj-distribution
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nho of events

"g‘ 35 s data

2 I fitted ttbar
-g 30 [] fitted Wajets
o [l fitted QCD
c 25

collll

| 60 | |80| | 100 | ‘II20 | 140
p.. (leading jet) [GeV/c

+ data

B fitted ttbar
[ fitted W+jets
B fitted QCD

‘50 100 1
missing pT [GeV]

0

30

no of events

20

15

10

e data

B fitted ttbar

[ ] fitted Wjets
Bl fitted QCD

no of events

(ldc

-2

-1 0 1 2
Jet

no of events

10 -

« data

B fitted ttbar
(] fitted W+jets
B fitted QCD

50 100 150

200

W transverse mass [GeV]

no of events

inenmatic Disiributions in I+jeis Channel

50__ e data
I B fitted ttbar
a0 [ ] fitted W+jets

B fitted QCD

e-l L || | - | 111 11 | 111 | 11
0 20 40 60 80 100 120 140 160
Missing

[GeV]

15

+ data
{ B fitted ttbar
1 O fitted W+jets
10 - B fitted QCD
5 o

|

03—

5

3

Ad(met,leading jet)
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@ Betermination of Multijet Background

N__+ N

W+itbar
€ = a%i €= 82% l

tight
muon
isolation

" + ®
£QCD NQCD 8w+ttbqr Nw-i-ﬂbar

N_.und Nfight: Signal-Datensatz

: iIndependent multijet (QCD) data set (met < 10 GeV)
: W+Jets Monte Carlo simulation
(Monte Carlo to Data calibration from Z+Jets events)

solve equations for and

determine multijet (QCD) background entirely from data
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Topological Event Likelihood

choose topological variables:

with potential
with

event probability
o
P o
— =

event probability

use the following variables:

P PTIY P FYTE P FPPES PP " = i Y P P T
00 EI.1 EI.E EI.E EI.4 EI.E D.E D.? D.El 0.9 1 02040608 1 12141618 2
sphercity HTZprime

sphericity
aplanarity

z z
o =]
B B
= g
[« 1 (=1
t =
1 o
= =
o [+ ]

HT2prime
ktminprime

25 3 0.050.10150.20.250.3035ﬂ40450.5
ktminprime aplanarity

o i=1..4,
topological likelihood: = s = ff-distribution,

B = Wjjjj-distribution
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Likelihood Fits in I+jets Channel

fit linear combination of QCD (inverted tight selection in data), W+4jet and ttbar to data
40 e+jets: 141 pb™' - dat

B fitted ttbar
[ ] fitted Wajets
[ fitted QCD

30 -H#jets: 144 pb™ . (ata
Il fitted ttbar
[] fitted W+jets
B fitted QCD

no of events

no of events

i +

02 04 06 08 1

ot
Likelihood Discriminant 0 01 02 03 04 05 06 07 08 09
topological likelihood

muons electrons
Nev 100 136

fitted NV 74.7 + 12.7 - 12.0 94.6 + 15.8-15.0

Jitted N9cP 7.1 +0.9-0.9 14.1 +1.2-1.2

Jitted N** 17.8+ 9.9 - 8.7 27.5+12.7-11.7
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. backgrounds
i N\

r g

~
/.—

13
:
3

o

,

i
=
(2]
]

N\

hY

R " | | | Double Tag:
Other physics .-

P } —
backgrounds \ J tt  __ )

-

\

tag __ aruntagged tt Z untagged
Nexpected_ Nt_t <O-tf> X Ptag T bgd Nbgd
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B-Tag Xsec in L+Jetls

CDF RUN I Preliminary{ﬁ%pb'1} CDF Run |l Preliminary{ﬁgﬁpb'1]
2z Data a - —e—Data
= 1200 i c 120 -
o [1tt (8.2pb) g - [ 1tt(8.8pb)
T [ Non-W QCD 1 N [1Non-W QCD
‘5 1000 [ ]Diboson 5 100 [ Diboson
= I Single Top 5 i [ Single Top
Q ook I We ¥a! - I Wece
= I Wec E W [ Wbb
= I Wbb = - [ Mistag
600}~ [ Mistag 60—
400 40 NS
= \ \\\‘_\1\?\.\\\\+\\\\,}ﬁ
2001 201
L 8 :
W+ljet W+2jet W+3jet W+z4jet W+1ljet W+2jet W+3jet W+>4jet
Jet Multiplicity Jet Multiplicity

0,=8.2+0.6(stat.)+1.0(syst.) pb 0,=8.8717(stat.) "3 (syst.) pb

Systematics dominated by b- o : _
selgglile) 0,=8.1"13(stat.+ syst. )+O 5(lumi) pb
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@ BRun |l Top Cross Section - Surnmary

CDF and DY Run Il Preliminary

My, = 175 Gavic | | M.Cacciari et al. J Hiph Erergy Fhy= G088 (2004}

status Oct. 2005

¢ Run Il CDF (prel., 347 pb™")

|:] RunllDZ (prel., 230 pb™')

T nokidonakis, Ravegt JrEiesti e

H (e CODF dilepton | 197 ph'1

CDF dilept.(MET, Nr. jots) | 184 |:|I;|'-I

=+ CDF I+] kine. NN | 194 ph'1

HH CDF 4] kine. NN {updatay | 347 |:-I:||'1

COF l4jbtag | 162 ph'1

CDF l+j b-tag {update) | 318 |:|I'.'_|'1

COF I+ loesebtag | 318 pb™

COF 1+] b-tagakine. | 162 pb'1

COF l+j btag+MET | 341 ph'1

COFLsj softmu | 194 pb™

CDF I+] jetprob. | 162 ph'1

cDFaljels | 165 ph'1

COF combined (publ) | 2100 pb'1

CODF comblned {pretim.) | 347 pb': M.Cacciari et al. A High Enargy Phys. 04,08 {2004)
D= diiepton (topos) | 230 ph'

D2 dileptan (tops, updats: & 6 33 *]: ' | ' | - | - | - | - | .
T g 67704 1750 1800 1850 1900 1950 2000
D& 1+ btag | 230 p 1 41,

D& 14 h-h? {update) | 365 pb:: \IIS (GEV)
D l+jo,0,2tag | 230 pb

s Sttt

| . i
| N.Kidonakis, R.Vogt Fyzfav-Das1140s, [2a03)
= - [} ]

o N A& O 0O O N &

D2 dilgpton beteg | 158 pb™’ 11.1 38 414

oz alets | 162 b’ 7.7 433 41

b
Doalicts (wpdste) | 350 pb”' 5.2 *3§ +13 ﬁb errors between different channels
. il:lra:aue?.ﬂrjklrle. 230 pb'1 7.1 3 44 pb are co"elated
15 20

status Oct. 2005 Gi; (p b)
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Spin Correlations in t

Test production mechanism and QCD predictions:

in gq annihilation, opposite-helicity (b) production dominates
in gg annihilation, equal-helicity (c) production dominates

Three helicity basis: ®) )/t © 37'

q—» L +—q q—»L«—Fq

-/ =" =

$~4 Ko

near threshold above threshold intermediate energies

=l
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- Spin Correlations at LHC

pest way. to access the top spin Is to study the
angular distribution of its decay products:

t— Wb — JV(]L]Q)Z)

N(trtr + trtr) — N(tztr + triL)

A= = - = =
A,T(thL + trtr) + N(trtr + trtr)

measure asymmetries

1 2N 1
- —_ = 1 —
N dcos 6 dcosb, 4( Ak kg cos 61 cosfq)

K, spin analyzing powe

TeVatron result (DD)
K>-0.25 @ 68% CL

PP at 4/5 = 1,96 TeV pp at /5 =14 TeV

Dilepton  Lepton-Jet  All-Jet Dilepton Lepton-Jet All-Jet

-0.471 -0.240 -0.123 0.219 0163 0.083

-0.3252 -0.1868 -0.080 0,226 0,158 0.076

0.928 0.474 0.242 (' 0.005) W.Bernreuther ef al.,

0. erY 0.370 0.1786 (-0.072) Nucl.Phys. B690 (2004) 81

0.937 0.478 0.244 (-0.027)

0.782 032 o i i (-0.089)

Events /(0.170.1)

TopReX, partons

TopReXx, S.R.Slabospitsky and L.Sonnenschein,
Comp.Phys.Commun. 148 (2002) 87

Main systematic uncertainties: parfon generation (PDFs and Q? scale), FSR, b-jet

energy scale and fop quark mass uncertainty

Both CMS and ATLAS have sensitivity for observing spin correlations after 10 fb-!
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Weak Coupling
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Single Top Production

. channel(™igb™]
s-channel(“t0”) 4 * ' tW production

3 AYA

r
.

Motlvat|on

* Prediction of SM not observed so far

»  Study Wib coupling in top production
Measure |V, directly: oIV,

» (Cross sections sensitive to new physics

s-channel: resonances (heavy Wboson, charged Higgs boson, Kaluza-Klein
excited Wy, technipion, etc.), t-channel: flavor- changing neutral currents
(t—-Z/y/g-c/ucouplings), Fourth generation of quarks

* Top properties ]
Polarized top quarks — spin correlations measurable in decay products, Measuré

top quark partial decay width and lifetime, CP violation (same rate for top ang
antitop?) :

* Similar search for WH associated Higgs production
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Conclusion / Outlook

068<|Vp| <1 at95% C.L.

Complementary to other charged Higgs searches
Exclusion region of parameter space for 2HDM Type-|

limits on left and right W' masses and couplings

CDF and D@ tb+tgb Cross Section

CDF Decision Trees
226

CDF Matrix Elements
22m’

CDF Meural Networks
2.2

CDF Likelihood Funcs
227

CDF Combination
preliminary

DO Decision Trees
09

D& Malrix Elements
0.9 fiy

D@ Bayesian NNs
09 M

D@ Combination
FRD

10
G (pp — th+X, tgb+X) [pb]

....SIngle top search is a gold mine
and we are digging deeper than ever ...
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Helicity of the W in ttbar Events

—]jq— \V/=A e amin T /O
’gtyu(1_y5)vtbbwu /= o) 30in =1/2

W+ spin=1

ﬂ Suppressed by
H the V-A coupling

b
f W Left-Handed W, Longitudinal  w, Right-Handed
U105 060405 -0 02 04 06 65 1 fraction F fraction F, fraction F,

cosl

W(COSdys)=F > (1—C0S s+ Fo-o(1— oS bys) + F. - (1+COShys)

3 8
In SM (with m,=0, M, /= 175 GeV and m,, =80.4 GeV),

Helicity of W manifests
itself in decay product
kinematics
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icity of the W in ttbar Eventis (Run Il)

|

‘ / . ’ X - -@-Data

* DD (I+jets, 160 pb:*) " E10[ Wi
= - - -ttbar (V+
* b-tag or topol. selection ‘ i [ W-jets

» kinematic ftbar fit » boost into Wrest frame —

¢ decay angle distribution
F, <0.24 @90% CL

" CDF Il Preliminary

- . ] 0E :
:/Ldt=2UU pb™! {1 0 02 04 06 08
: cos0

| Decay angle

e B
R

-log(L) + constant
- ) 5. ) =

* CDF (I+jets and dilepton, 200 pb™)
+ charged lepfon p._ in lab. frame

o
o
T

>
Q
0]
o
S 3
@
| -
et
c
Q

o0l

] _ +0.35
best fit 1 FO - 027

left-handed component |

-0.24

longitudinal component |

background component |

~ . . - .. no deviations from SM predictions
100 150 200 250 300 . w
charged-lepton p; (GeV) eventually simultaneous fit for F and F,

sics of the Top Quark — Helmholtz Alliance Introductory School (11.03.2010) - Amulf Quadt Page 26




Properties
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Top Quark Mass — Direct Measurements

Fundamental parameter of the SM

Important ingredient for EW precision
analyses

] incisive consistency checks
[] constrain/rule out models

Sophisticated techniques to minimize
statistical and dominant systematic
uncertainties.

Current world-average (most sensitive
channels use up to 2.7 fb-1):

m, =172.4+0.7(stat) £1.0(syst) GeV
Measurements are limited by

systematic uncertainties (signal modeling, b-
jet response).

Z.Ye

Tevatron Top Quark Mas

CDF-l dileptons

D@-l dileptons

CDF-ll dileptons *
D@l dileptons *
CDF-l lepton+jets
D@-l lepton+jets
CDF-Il leptontjets *
DG-lla lepton+jets *
D@-llb leptontjets *
CDF-l alljets

CDF-Il alljets *

Tevatron Average *

. 172.4

| | | |

167.4 £ 103 £ 49
168.4 = 12.3 £ 3.6
1712 + 27 £ 29
1744 = 3.2 £ 21
1761 £ 51 £ 53
1801 £ 3.9 + 3.6
1722 £ 1.0 £ 13
1716 £ 15 15
1730 = 1.3 £17
186.0 + 10.0 £ 5.7

1769 = 2.6 + 3.3

£ 0.7 1.0 GeV

160 170 180 190
Top Quark Mass [GeV]

2/10/2009




Top Quark Mass — Template Method

1-tag Lepton+Jets

£ o1
= L
E C
2 0.08[ — M, = 160 (GeV/c?)

. 06: — M, =170 (GeVic?)

i — M_, = 180 (GeVic?)
0.04-
0.02]
0 Ly e ——— L ——n
150 200 250 300 §50
M (GeVic')

2 L
S L 0a (o)
20.05 e
= C
T L0080

0.04F

F — 1.0, (o)

0.03[

0.020

0.01-

"6 70 80 90 100 10,
M, (GeVic?)

Tagged DIL

@
-Eo.og
20.08
-
<0.07
0.06
0.05
0.04
0.03
0.02
0.01

— M, =160 (GeV/c’)
op

— M, =170 (GeVic’)
p

— M, =180 (GeV/c’)
op

f

=Ty
°_

TR R SR TR N N R
150 200 250 300 50
M2 (GeVic")

Arb units

)
2 ;
TTrT T et

— M, = 160 (GeV/c®)
— M, =170 (GeV/c?)

2
— M, =180 (GeV/c?)

ol.'.!

MR AR I PRI T TR R S
50 100 150 200 250 300 350
mT2 (GeV)

i=1

N
N H s Psig (M, yi; Miop, Ayrs) + 1y Pyy (i, yi)

Ng + Np

2/10/2009



Top Quark Mass — Template Method

o
L
E 80 + 1-tag: 347 events
o 10— e Data
'15 60— Signa|+Bkgd
c
g 50— 33 Bkgd only
w40
30
20 CDF Il Preliminary (3.0 fb'1)
10 ¥
0 ';S e - al a
200 250 300 gSO
mec® (GeV/c’)
o
L 80— CDF Il Preliminary (3.0 fb
= 70 1-tag: 347 events
2 e Data
= 60 -
e 50 SignaI+Bkgd
5 L
“ a0l
30
20—
10—

172.5 £1.6 (stat.+JES) £ 1.1 (syst) GeV/c2

m, (GeVic’)

L b
2 18 Tagged 82 events
Q e
2 16E e Data
'15 145 SignaI+Bkgd
c E —
e 12 2% Bkgd only
w10
8F
6
42_ CDF Il Preliminary (3.0 fb'1)
2E

L —e——

250 300 gSO
miWA (GeV/c”)
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o
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Iy
o
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o
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% 18; Tagged: 82 events

g :2? e Data

E 12;: /?" SignaI+Bkgd

2 10z /% 75 Bkgd only
o ;%% '
. A o
aF - gé /? CDF Il Preliminary (3.0 fb™!)
zj i 4 “/C-_%,”',‘,,q.////ﬁ}/‘.,, o

50 100 150 200 250 300

mT2 (GeVic?)

169.0 £2.7 (stat.) £ 3.2 (syst) GeV/c2

Combined: 171.8 £ 1.5 (stat.+JES) £ 1.1 (syst) GeV/c2

Z.Ye

2/10/2009



Top Quark Charge

. Sifelize) Vs
SM: Top Charge *2Re smeasure at+y) @ LHC (10 ™)
Other models predict -4/3e sp-jet charae @ Tevatron

Alternative Model :

Standard Model : glel viodael :
e.g. exotic 4™ generation + Higgs triplet
wol - 1/3 e s.Chang et al., Phys Rev D59, 09153 (1999)

+2/3e ? -4/3 e
"F' " ¢!!!'h---\\\‘
w Oe Oe
nelD-Q° - D9
Q) Q)
Analysis :

0) associate lepton and b-quark to top quark

use a kinematic fit for ttbar hypothesis Prasant 25 land 75 bl data
b) determine charge of b-jet not inconsistent with -4/3 e

p, weighted surn of charged tracks top quark of mass 270 GeV/c*

associated to g b-jet
sics of the Top Quark - Helmholiz Alliance Introductory School (11.03.2010) - Amulf Quadt
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* discriminate b and bbar with jet charge algorithm

. 2,qP%
2 PE

, P, >05GeV &AR>0.5

@ calibrate Monte Carlo with data using two jet heavy
flavor sarmple with opposite jet tagged with p flavor

 exclude the hypothesis of an exotic quark
with charge = -4/3 e ...

CDF (1.5 fb™', I+jets and dilepton)
exclusion at 87% CL, at 94%, sensitivity b=99.9%

DD (365 pb', I+jets, double-tag)
p-value(exotic model) = 7.8%, sensitivity 91.2%

Top Quark Charge at Tevatron

comected for bsample % ‘
Bmixingand  9=-1/3
charm fraction

Number of Events

-
o
|

D@ Run Il Preliminary

— Uncorrec ted p
4 — corrected w

Arbitrary Units

DY Run Il Preliminary

-
4]
|

1 — Q(top)=2e/3 w
1 — Q(iop)=4e/3
= Data
—
I T S

isics of the Top Quark — Helmholtz Alliance Introductory School (11.03.2010) - Arulf Quadt

1.5
Reconstructed Top Charge
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Top Quark Charge at LHC

* Q, =-4/3 (1> W-binstead of I »W*b) ?

* Method 1: Measurement of radiative top production and/or decay
nr. events

* 0/(pp—=ity ) is proportional fo Q, 2
o P % e Qs
% After selection+reconstruction (10/fb') pp-tty | 80 | 250 |
o @=4/3)>0 @23 = — [

* Method 2: Measurement of daughter particle charge

= Associdte b-lepton pair from the same fop

* Compute the charge of b on a statistical basis:

% Separate the 2 @, hypothesis needs less data than Method 1 (~1 fb-')

sics of the Top Quark - Helmholtz Alliance Introductory School (11.03.2010) - Amulf Quadt
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