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* Why Do Top-Quark Physics?

m M>M, >M, >> M

= large contribution of top loop-diagrams ,

Mass
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up down strange charm bottom top

m Is the observed particle the SM top quark?

Quarks
charge, branching ratios, spin, polarisation, ... P
top quark samples are still small 5 orders of magnitude
= plenty of room for new phenomena between quark masses!
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he Tevatron at Fermilab

o
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Run 1 (1992 — 1995): Vs = 1.8 TeV

L, = 100 pb!

Run 2 (since 2002): Vs =1.96 TeV

L, = 3.8 b’

Accumulating > 1 fb! / year
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Detectors at the Tevatron

multi-purpose detectors: tracking, b-tagging, calorimeter, muon system, ...

strength of CDF: momentum resolution and particle ID (K,r)
strength of DJ: muon coverage and jet energy resolution

AT )
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— !Hysics at the Tevatron
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Top-Antitop-Quark Production

quark-antiquark annihilation gluon-gluon fusion
9 t g t 8 t
q t o t g t
Tevatron ~85% ~15%
LHC ~15% ~85%

predICted total cross-section NLO calculation + resummation of

leading and subleading logarithms due
Tevatron 6.7+0.8 pb to soft gluon radiation near threshold
LHC 830 £ 50 pb Cacciari et al. JHEP 0404,068 (2004);

Kidonakis et al. Phys. Rev. D 68,
114014 (2003).

top quark factory
AT 6



"~ Classification of Top-Antitop Events

classification according to the Top Pair Decay Channels
decay modes of the W bosons
b 8 |8 o
o 2
c ¥ O
UV, Q4 e cl+
-+— @) -]
32 8
| S | E
t » 43
° | | tau+jet
1, qp e o autjets
t = L‘Q:de muon-+ijets
v, 1 o electron+jets
b “zzo’ﬁ e'|lut|  wud cS
lepton (e, n) + jets channel = “golden channel”
+ large branching fraction (30%) + allows full event reconstruction

+ manageable backgrounds
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2. Topics in Top-Quark Physics

tt production @

- Ccross section
- production mechanism

- charge asymmetry
- X — ttbar
- spin correlations

single-top quarks

o % V|2 (2

single-top production via
FCNC

top quark decay

- W helicity

- branching ratio ‘

- FCNC decays
-t>H*+b

intrinsic properties

- Mass
- width @

- charge
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2.1 Selection of Top-Antitop Candidates

(]
| 99
-
it
©
c
Ig
7))
d
c
(]
>
(]

- one isolated lepton

- missing transverse energy

- at least 4 Jets,

2 of them b jets
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I —
Background Reduction

gold-plated method: secondary vertex reconstruction in b Jets

b hadron lifetime: 1~ 1.5 ps — ¢t~ 450 um

typical decay length in CDF: O(mm)

displaced track
requirement of a secondary

vertex:
— large reduction of
generic W + jets events

secondary Jet
vertex

AT 0
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Event with Two Secondary Vertices
Runtresss o)) e

1l GeV,Phi=79, L2d =7 mm
ﬁaev, Phi = 355, L2d = 1 mm

Tagged J ol =
agged 2:



— iop-Antitop Cross Section

€.g. counting experiment with combination of different measurements:
secondary vertex reconstruction

CDF Run Il Preliminary (1.12 fb™) . ... o(tt) = 7.3 £ 0.5 (stat) & 0.7 (syst) pb
..E [ ' ' ' " [Jtope2pb)
L - EW & Single Top
uﬁjmo .................................................................. [ wsLight Favor = 123‘, | | —— |-1- .
E} [ Non-w ;?': R CDF Il Preliminary 760 pb
- XN s rrrrrs: [ w+Charm B 10p-L T e —
ﬁ ] w+Bottom T - e e
s L& o T .
80000 ~ inclusive measurement S i B S e
_E_. using excess in 6 B e
400 W+ > 3jets I
al 7
200 P ] i Cacciari et al. JHEP 0404:068 {2004}
it Cacciari et al. + uncertainty 4
N 2__ ----------- Kidonakis,Vogt PIM PRD &8 114014 (2003) 7
0 X i L e Kidonakis,Vogt 1PI
4 25 _|||I|||I|||I|||I|||I|||I|||I|||I|||I|||_
Number of Jets f60 162 164 166 168 170 172 174 176 178 180
Top Quark Mass (GeV/c
o(tt) = 8.2+ 0.5 (stat) £ 0.9 (syst) pb .
o p— good agreement with theory curve
uncertainty (NLO + NLL resummation)

LHC will allow to investigate tt + N jets spectrum
(IT compare: Dittmaier, Uwer, Weinzierl: Phys. Rev. Lett. 98:262002, 2007

Karlsruhe Institute of Technology
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Dilepton and Hadronic Channel @

Lepton

+ very clean

- lower statistics -
+ large statistics:
BR =44%

challenge: fake - huge backgrounds

rate of leptons

| CDF Run Il Preliminary |

L D@ preliminary, 1.05 fb

%)
< 60 8000 )
Q7 eDam *  Observed tags (L02 fb™)
% i Etzf' 7000 [ ] Background
L Y - -
& 40 [ Dibosen 6000 B i (c=8.3pb,m=175 GeV/c)
a Bl Fake
E | 5000
: L
< | 4000
20
. 3000
2000
0 2 3 1000
Nu mber of jets n I L 'l L I L L L | 'l L 'l | 'l L L I L L L

0 02 04 0.6 08 1

NN output
&?lz 6.8+ 1.2(stat) £1.0(syst) Pb ;(;7) = 8.3 + 1.0 (stat) + 1.9 (syst) pb
13
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Overview: Top-Antitop Cross Sections

[T T [T T J T
Cacciari et al. JHEP 0404:068 (2004)
Kidonakis,Vogt PRD 68 114014 (2003)

T T T
Assume m=175 eWcz

CDF Prarllmmmr},ur

7y
'{f"fﬁ?ﬂ?jk / 8.3+1.3+0.7+0.5
Dilepton / 6.2+1.1:0.7+0.4
Lapton-l-Jats Kinematic 6.0+0.6+0.9+0.3

(L= 760 pb”)

'Leptnn+Jets: Vertex Tag
e 7/ 8.2+0.5:0.8+0.5

&
Leptcn-l-Jets Soft Muon % 1.0

"MET+Jets: Vartex Tag

1.4
(L=311pb”) / 6.1:1.2 +,,+0.4

“All- hadronic: Vertex Tag/ 8 3+1.0 + iﬂs

(L=1020 pb™')

(L=760pb )
Lol L1 |

Combmad{lold SLT.all-h / 7 3+0.5+0.6+0.4
L]

(sffrt,H (5y5ﬂ+ (fum:)

0

2 4 6 s
s(pp — tt) (pb)

10 12

14

DO Run ll preliminary* March 2008

I+jets (b-tagged and topological, PRL)

H®H 7.42 +0.53 +0.46 +0.45 pb

910 pb™

I+jets (from B(t—Wb)/B(t-Wgq), PRL) —o—i 8.18 +g_§2 <050 pb
!'\10 Fl—x— =3

dlle_!pton (topological) - e 6.8 2 7 - pb

I+track (b-tagged)* I 54 *16 409 ., pb
1050 pb -14 -0.8

tau+lepton (b-tagged)* 8.3 +2 @ + l'il 106 pb
1050 pb 1.8 =1.2

tautjets (b-tagged)® | . 5.1 n{1¥ : +0 ,i +0.3 pb
350 pb 3.5 -0.7

alljets (b-tagged, PRD) 45 t2.0 +14 o pb
410 pb™’ 1.9 -1

(stat) (syst) (lumi)

[ Cacciari et al; JHEP 0404, 068 (2004)
ogt, PRD 68, 114014 (2003)

Mg = 175 GeV
Kidonakis an

0 2 4 6 8 10 12

G (pp —>tt) [pb]
Essentially all measurements are counting

experiments: N _ N
O'(ta — obs b

Main job: background estimate

14




Production Mechanism: qq vs. gg

Analysis idea: number of low p; tracks oc gluon content

‘ templates for ttbar sample: ’
gluon rich vs. quark initiated

calibration with W + jets and

dijet samples 0.07. \\\ ‘ fit to data (1 fb")
3 B " Gluon-rich
15 | 0.06 ? 29 \

- == W10 jet @ y, T he-gluen :

: : % 20+
o 14 ~® W+l jet ;°=_’° 057 iov: g (] CDF data
o [ T Wiljet o 0.04; £ un CDF Run Il Preliminary ol 18; — Fitresult
€ | =+ Dijet 80-100 GeV 5 - t 16} — Nodl
& 13| - Dijet 100-120 GeV §0.03 Jroie S 14 e
o | ™ Dijet120-140 GeV_,_- E § () 12’ — Gluon-rich
£ 12 _._-.— > 0.02_—55 "'6
% | - 0.01/ 5 10 CDF Run Il Preliminary
AT e 3 > ) 'E 8 _[ Ldt=11fb"
2 [ cormunipreiminany O3 ioiss0250940050 3 6
Y 10_"' J-Ldtz1 i Number of low p; tracks < 4

j t' t ; 1

_\ | | 1 Il Il Il ‘ 1 . Il Il | Il L | | | . Il Il Il g q \ 2 E u

To_ s 1 152 o 167520 55 50 35 30 8
<N > of the sample
g R i Number of low p; tracks
8 t 4 t

Resut: 0(gg — tt)/o(pp — tt) = 0.07+£0.14(stat.)£+0.07(syst.)

ﬂ(IT SM prediction: 0.15 15




Charge Asymmetry in Top-Antitop Events

Interference effect at NLO

q t
8
q t
q t
8
8
q t

— quasi forward-backward asymmetry

®

Top quarks more likely

to be produced in

proton direction, antitop
quarks more likely
produced in antiproton

direction.

Asymmetry (%)

measured observable:
rapidity difference of top quarks (Lorentz-

q—

invariant !) x Qgp40n

20

- J. Kithn & G.Rodrigo

Asymmetry:
4= N@Ay>0) - N(@QAy <0)
N(Q;Ay < 0) + N(Q;Ay < 0)

16



measured ,raw” distribution

Charge Asymmetry Results

unfolded distribution

CDF Il Preliminary L=1.9fb" CDF 1 Preliminary L=1.9ib™
1. o
)
o - - CDF Data MC asymmatry: E - - Corrected CDF Data
= - T MC@NLO + bo —A-5% background > " @vc@nLo, As%
S b omeT oA subtraction @ 200 . Row. pyia, A2ae 1zgocn
® 100 =t : observed total
non- g 3
[ B N> 4 ® asymmetry:
It efficiency ool 24 +13+4 %
- correction
> o QCD expectation:
- SRR (R S S < 6-8%
I migration
. D
- unfolding
t)4 2 0 2 4 2 0 2
- - A y ° Q;:DI'
Aye Q,

2nd CDF analysis

Production Angle Distribution (L =1.9 fb")

. * n [
using cos 6 inlab 5,
frame: “

Dd:

no unfolding and
acceptance correction:

Ag=12+8+1%
PRL 100, 142002 (2008)

AT

Karlsruhe Institute of Technology

CDF Run Il Preliminary

i

AT = 0,17 £ 0.07% + 0.04™°

limit on axigluon mass: > 1.2 TeV

—— Data

[ (% (8.2pb)
Il Backgrounds;

Kuhn / Rodrigo: arXiv:0709.1652 [hep-ph]
17
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Differential Cross Section

CDF Il Preliminary

F ... as a function of top-antitop pair mass
160 . Data,IL=1.910.1 o
140 B E tt A . .
T W+rjeavy flavor 7 1 _ 1
120 _:_ + = :\;;Ilﬂt flavor dO’tt . 9) bS b kg
B [ Diboson — .
- : ]\ 1 1
100+ El single to -— —_ .
01 — bt dMg € M ) Ldt
- tt
801
601
a0f
: good agreement
- " with SM prediction
0 Pl
0 200 400 600 8002 1000 1200 1400 subtract
M, [GeV/c] baCkground o CDF Il Preliminary
CDF Il Preliminary .
—— SM Expectation
— [ sM Uncertainties
L 10? Data, | L=1.9+0.11f"
[ '
: I
Q
L
R
> =107
L
regularised 3 B
unfolding of 10*
event migration

rr 1, rr.r~...rr...r 1 T
0 200 400 600 800 1000 1200 1400
Unfolded Mﬁ [GeV/cT]
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Top-Antitop Resonances

N E
§ 70— ©®) D@, L=2.1fb"' = Data Search for a narrow width resonance:
® s0- HPreliminary [_1Z (850 GeV) 0 -
® t X7 — tt
§ 50 ]L Single top
5 405 Diboson « Analyze lepton+jets events
C W+jets
30 e .
- Z+jets * b jet ID: NN b tagger
20 B Muttijet
10~
% 200 400 600 800 1000 1200
Mﬁ[GeV] o) ST L BN ELELELELE BLELELL
2 455 — Expected limit 95% CL 3
= '45_ with uncertainty band 3
Interpretation in frame of S 350 ~ Observed limit 95% CL. -
; ] 28 YI-vE — Topcolor Z° (CTEQ6L1) 3
topcolor-assisted technicolor model 3 4 E
L. © 25c D@, L=2.1 fb" =
narrow lepto-phobic Z" excluded oF Preliminary -
: ; 1.5} =
with M(Z") < 760 GeV/c? and i3 E
I'(Z)=0.012 M(Z") at the 95% CL 0.55 E
00 200 500 600 700 800 900 1000 1100
M, [GeV]

19



— Search for t’

h _ ) 102k ¢ c:bservad
» Search for a 4" generation t t

suggested in flavor democracy, some GUT, little =E‘G':,-els '
Higgs, or 2HD models

CDF Run 2 (2.3 fb")
Preliminary

. M(t)=280 GeV

101 +

* leptonic W + 4 jets data set (no b-tagging required)

« fit to H; and M., (kinemativ fit) 100 |

i ' ' 0 200 400 600
3 CDF Run 2 (2.3 fb™) Hr (GeV)
— Preliminary ; . ) i
include t” scaled to 95% CL limit
=1t t—Wgq, > 4 jets : o
- H vs M T T T T
iy T — —reco CDF Run 2 (2.3 ")
% range of 102} Preliminary -
expected 95% CL
upper limits m{t)=280 GeV
0.1 observed 101l « ]
" F theoretical prediction 0
Bonciani et al.
200 300 200 500 100 ¢ :bserved
t' mass (GeV/c?) I top
I Wtjets
10-1F mm QCD
M(t') > 284 GeV/c? at 95% CL ° 100 oo 390 400 500
(IT Mieco (GeV)
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— 2.2 Top Decay

W
1. W helicity
f 2. Branching Ratio
b 3. FCNC decay
SM:

~ 100% decay into W + b

Karlsruhe Institute of Technology
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W Helicity in Top Decay and cos 6*

b €

dN 3 D dN 31 4 cosp*)2
dcose*océ(l—cose) dCOS@*OCS( + )
£ =03 f, = 0.0
= |eft handed
— |longitudinal
- ==+« right handed
cos 0% : — sum (SM)

angle between charged lepton and
negative direction of the top quark
in the W rest frame.

.
.

.
-t

Highly sensitive to W helicity! [ I

Karlsruhe Institute of Technology



' W Helicity: Measurement Results M

1D maximum likelihood fits to D@ uses lepton + jets and dilepton events
reconstructed cos 0* distribution + 2D fit
@ unfolding % 255_ DF,L:1fb‘1 (@)
£ 20f T el
CDF Il Preliminary 1 1sf | ." + || l l l .
T O ~F,-0660.10 F - Lt |
& - L=1.9 w' | SM 10: ° i L
s [ . 5: I
'8 § 2_— F+=Of|xed EJ—'_"'_'_'_'_'_‘—'_I—'_‘—'—‘_'_
T | -1 -0.5 0 0.5 1
coso*
g 40:_ Dg,L=11b" (c)
E 30; dilepton
cos 6§ 20
100
F,= 0.66 +£0.10 (stat) £ 0.06 (syst)
0
F,= 0.01+0.05 (stat) + 0.03 (syst) 1 cose?
F,=0.43 +0.17 (stat) + 0.10 (syst
F.< 0.12@ 95% C.L. 0 (stat) (syst)
ﬂ(IT F, =0.12 £ 0.09 (stat) £ 0.05 (syst)

23



— Top Branching Ratio w

— B(t — W) — ‘ Vi ‘2 Is there room for
Bt —Wgq) [V |2+ | Vis 2+ | Via|? [t=>W+acdecay?

simultaneous measurement of R and o (ttbar)

— split data set in disjoint subsets: N (jets) x lepton type x N (b tags)

B Multijet

B Multijet

o
FS

> ® 600

= — -1 2

£ DO Run Ii S | L=091b S 400 | L=0.91b" < D@ Data
> > =

S 08 3 5 LG

° S

8 o s 100 Wother

> 0.6 2 é 80 W Wijets

la : :

g = -

200

o
[

0O 02 04 06 08 1
Likelihood discriminant

1 >2
Number of tagged jets

0

discriminant in the 0 tag sample
_ +0.09  / o
R = 0977 ,)s (stat+syst) and @M, = 175 GeV

O = 8.18Jj8122 (stat+syst) +0.50 (lumi) pb

A(IT R>0.79 @ 95% C.L. 24




Search for FCNC in Top-Decays

In SM FCNC strongly suppressed in the top
sector: BR 1014

Selected events: 4 jets + 2 leptons

Construct mass y? to measure tt-likeness

P
Tagged
{13 Events)

Events

| ® Daa (1.9
[0 FCNC ti (3.7%)
Fit Uncertainty
[ Z + Jets (HF & LF)
B Standard Model tt
20+ : : 1
B Diboson (WZ, Z7)

40

Anti-Tagged
(33 Events)

1 CDF I Preliminary |

fLdr=19 fb!

0o 2 4 6

Karlsruhe Institute of Technology

(}ﬁﬂw—oﬁo—‘- -

2 2 2
oW Ot—qqb Ot—Zq
e FCNC Feldman-Cousins Band (95% C.L.)
Control = — T T
L i Best Fit: ]
o 70 Brents) ﬁ 0.15F B(1—zq) = -0.0149 — B
el . —
o - R —
e 01 B — -
~ : e —
[ 95% C.L. Limit: | ———
0.05 - B(t—Zg)<3.7% |——— -
I I CDFTI Preliminary 1
_ _ -1 A
o ¥, .J.Ldf—]igib. .
" -0.2 0 0.2
X Measured B(t—Zq)

BR(t - Zq) < 3.7% @ 95% C.L.
25




op-Quark Intrinsic Properties

1. Mass
2. Width
3. Charge

Precision on M,,: 0.8%

AT

Karlsruhe Institute of Technology

Best Independent Measurements
of the Mass of the TOp Quark (“=Preliminary)

CDF-l dilepton - 167.4 £ 11.4
D@-1 dilepton o 168.4 £ 12.8
CDF-II dilepton* —O 1712+ 3.9
DG-Il dilepton* —-:.— 173.7 + 6.4
CDF-l lepton+jets —@ 1761 %+ 7.3
D@-l1 leptontjets E —— 180.1 = 5.3
CDF-Il lepton+jets* - 1727+ 2.1
D@-lIl lepton+jets* 9 1722+ 1.9
CDF-l alljets . 186.0 + 11.5
CDF-Il alljets* —— 177.0 + 4.1
X* dof = 6.9/ 11

Tevatron Run-l/II* ® 172.6 £ 1.4
15IO 17l0 1Sl’0 March 2008

Top Quark Mass [GeV]

26




r—'

M, using Matix Elements

Use dependence of matrix element on M,

— calculate weight P(x | M,) for each event as funktion of M,

1 . . . . o
P(x|M:) = = /d‘1’8|-"'MtE(P; M) TT W (p. )W (pr.U) fepr(ar) fepr(g2)

bt 1

LO matrix element  transfer function parton
D@ Run llb Preliminary, L=1.2 fb" for jets and distribution
220 TopMass | [constant 16456:646 | ,UNclustered energy“ functions
200F lepton+jets Mean 171.38 £ 0.06
180/ 2D o prior Sigma  1.80+0.04
160F. Miop = 170 GeV

: 40§_ JES®" = 1.00

120F
100

In-situ calibration of the
jet energy scale with
hadronic W mass!

-]
=]
T T IR [RRR

D@ Run lib Preliminary, L=1.2 fb™
n 11
w I Jepton+jets, calibrated

||||||||| |
55~ 160 165 170 175 180 _ 185 H
M, (GeV) 1.08

combination of Run lla and IIb ME results:

M, = 172.2 £ 1.1 (stat)
+1.6 (SySt) (.;eV/C2 AlnL=2.0

098’.|...|...|.,.J...|...|...|,,.
- 166 168 170 172 174 176 178 180
M, (GeV)
Karlsruhe Institute of Technology

w

systematic uncertainties of
Run Illb analysis (1.2 fb-1)

Systematic AM,
(GeVic?)
b-jet energy scale 0.82
Signal model 0.40
Jet energy resolution 0.30
PDFs 0.24
Multijet background 0.20
b-tagging efficiency 0.16
Residual JES 0.03
W heavy flavor factor 0.07
b fragmentation 0.10
MC calibration 0.14
Background model 0.08
trigger efficiency 0.09
TOTAL 1.0
27




— ‘ op Mass Projections and Future

My, M, and M
CDF Top Mass Uncertainty Some uncertainties Verch 2008
ok (all channels combined) Scale W|th |UmInOSIty T 7T T T T T T T T T
: ; 1 —LEP2 and Tevatron (prel.)
- 1tb! 2fb" 4tb" 8fb"' _> Stl” Some r00m fOf
= oy improvements, but not 80.5- ~~LEP1and SLD
° - much. 68% CL
:g ¥ CDFResults R 4 Liiwm <1% —
| T > _
< 'F %  RunllaLJgoal (TDA 1996) [
Sca\eA(stai)f\lE, Fix A{syst) (21 804_
(assumes no improvements)
__________ Scale Atotal) / L = ]
N . (irt]pr?vler?entlslrequireld) L E
10° 10° L 10
Integrated Luminosity (pb )
80.3 1
M, measurements are calibrated to Monte Carlo input

masses, e.g. CDF best measurement:

2 ndf 8.819120 , mt [GeV]

195 Prob 0.9849 ¥ I ndf 9.097/21
< F Value at 172 170.9+0.1021 2 Prob 0.9884
%1907 Slope 0.9951 + 0.009346 “‘_; . Constant -1.087 + 0.1002 . .
s slope ¢ £ bias: ~-1SD Electroweak fits interpret
5™ @ ob | | | measured Mt as pole mass.
fu measured H +HHH M} i ]f Is this right?

== vs. input i3 _

B RO - Need dialogue between

Ut o s (GoVich LR R Rt s experiment and theory.
ﬂ(IT 2

Karlsruhe Institute of Technology



P ——
Top Width

standard model prediction: |V, | ~ 1, T'(t—->Wb) ~ 1.5 GeV

g 18T ey 16 — g 1B R anas
£ 14F CDF Run Il Preliminary (1 fb’ )_ 514'_ CDF Run Il Preliminary (1 fb’ )_ 514'_ CDF Run Il Preliminary (1 fb° ) 3
% 3 T = 1.5 GeV = F TPt = 30,0 GeV = F TPt = 50.0 GeV ]
o 12F M, =175Gevit ] 3'°F Mo=175Gevir ] 5'2F M. = 175 GeVic?

o o) Re - top

€ 1-tag E 1-tag E 1-tag

= = =

0500 150 200 250 300 350
mree (GeV/c?)

9900 150 200 250 300 350
mreco (GeV/c?)

Conﬁdence Band with Systematlcs
T | T T | T T

0500 150 200 250 300 350
rifeee (GeV/c?)

- T T T I
5% Conildence Level i

. =
* Uses standard template technique 1o 178 e
- Not sensitive yet to SM prediction, but Brasl
shows direction (think of I'y,) i =
. . 60__ Data ——————
» Feldman-Cousins technique to extract i =~ ]
uppper limit 40| = .
Result: I, <12.7 GeV @ 95% CL 0- | ;
H E CDF Run Il Preliminary (1 fb'1)
= —

top

o

20 20 60 80 100 120
GeV)

20 0
mp (

Karlsruhe Institute of Technology



Top Charge

e

-
!. i
o

L]

Away jEt ——® et charge is applied

» Use dilepton and lepton + jets events

Il in jet
- * b-jet flavor tagging (b or bbar) based on
jet charge algorithm

<———- calibration in generic jet samples

Test standard model (Q, = +2/3) vs. exotic model (Q, = -4/3)

to>W-+b or t->W++b ?

- - A
- CDF Run Il preliminary, L=1.5 fb : ={.572
60—
- —— XM like
50— }
- []+2/3 Q
30/ [1Bkgs
c » data
20—
C .
10 |
41 208 06 04 02 0 02 04 06 08 1 7 7
W charge * Jet charge 25 150 175 200 225

124 SM like pairs <> 101 XM like pairs

Karlsruhe Institute of Technology

number of SM like pairs out of 225 total
SM strongly favoured over exotic model

30



2.4 Single Top-Quark Production

charged lepton
top quark production via the weak interaction P

t-channel s-channel

missing ET

Theoretical cross section predictions at Vs = 1.96 TeV
CDF Run Il Preliminary

6,=1.98+025pb o,=0.88+0.11pb 1 R
@ !
- { --- t-channel |
8 i
B.W. Harris et al. Phys. Rev. D 66, 054024 (2002), Z. Sullivan, Phys. Rev. § 04
D 70, 114012 (2004) %
compatible results: Campbell/Ellis/Tramontano, Phys. Rev. D 70, 094012 € 0.2
(2004), N. Kidonakis, Phys.Rev. D 74, 114012 (2006) 5 SRR
o
0 1 2 3 4

A(IT Jet Multiplicity
Karlsruhe | 3 1

e Institute of Technology



—'"f .
The CKM Matrix

Cabbibo-Kobayashi-Maskawa (CKM) matrix rotates mass eigenstates of down type quarks
into weak eigenstates.

directly measured

/ d/\ / Vud Vs Vub\ / d\
S/ VCd Vcs VCb S
\ V') \ Vig Vis Vi )/ \ b )

/

measured from B, and B, mixing Only indirectly known.

Direct measurement
only via single top-quark

Are unitarity relations valid? e.g.: production.

2 2 2 7 Hints for the existence
Vi tVa+Vio=1 <{um

of a 4" generation ?

AT .

he Institute of Technology




Single-Top Sample at CDF

CDF Run Il Preliminary, L=2.2fb"

All detectors
[l s-channel E

3000 B M t-channel | ]
i Wight ]

/ Wecharm
Wl +bottom | ]
I Mon-W
W Z4jets

Il Diboson
7 m°
. '
¥ CDF Data

o= Sys Uncert | ]

o
o
o

Candidate Events

000 |

o

W+1jet W+2jets W+3jets W+4jets

new analyses
with 2.2 fb-"

Event Selection

* 1 isolated high-P; lepton (e,p)
pr > 20 GeV/c, [ng| <2.0 and |n,[<1.0

« MET > 25 GeV

« Jets: Ny =2 0r 3,
E:>20GeV, |nl<2.8
> 1 b tag (secondary vertex tag)

after event selection: S/B =5.7%
— counting experiment not feasible

very challenging backgrounds

proton qg

0|

antiproton




Single-Top Analysis Strategy

full selected data set:

¢ !

W+ 2 jets W+ 3 jets split in subsets
¢ ¢ $ i of different
1 tag > 2 tags 1 tag > 2 tags purity
neural networks matrix elements decision trees likelihood discriminants _ _
g t @ o multivariate
% = >“< ® )= LLaP methods
! . ’ 2P )
combined search separate search
t-channel + s-channel = one single-top signal regard t-channel and s-channel as separate processes
cross section ratio is fixed to SM value. important to be sensitive to new physics processes
important for ,discovery” and test |V,,| << 1
cross section measurement hypotheses test statistical
Bayesian treament modified Frequentist approach analysis




Neural Network Analysis

W+2Jets 1Tag  CDF Il Preliminary 2.2 fb”

c
2 =
s 0 3
& 0.2 g
o Ty :
[ = 3 — =
Q B — £
> | — -
- 0-C| - — 3
L — E
——; —1 s
om0 200 2530

M, , [GeV/c’]

dea:

Event Fraction

W+2Jets 1Tag  CDF |l Preliminary 2.2 fb”

0.2

0.1

= single top
tt
Wbb+Wct

- Wc

=— Mistags

— Diboson
Z+jets

QcD

-0.5 0

0.5 1
KIT flavor sep. output

combine many variables into one more

powerful discriminant

14 variables are used, among them Q - n,
reconstructed top quark mass, top quark
polarisation angle, Jet E; and n, NN b
tagger output, W boson n, ...

Karlsruhe Institute of Technology

L]
-
n

Event Fraction
©

0.05

normalized to unit area

Event Fraction

01

W+2Jets 1Tag  CDF Il Preliminary 2.2 fb”

= single top
tt
Whbb+Wct 'IJ_I_
| — We
| — Mistags pll e

W+2Jets 1Tag  CDF |l Preliminary 2.2 fb'1

= single top
tt
Wbb+Wct

— Wc

= Mistags

— Diboson
Ztjets

QCD

normalized to unit area

05 1
NN Output

normalized to unit area

. .



I —
Neural Networks Validation

control sample: taggable pretag, t-channel NN :
Sump 99 CDF; I P,e%mina,y 22 " control sample: W + 3 jets, ttbar network

M single top S . -1
Ctt um CDF Il Preliminary 1.5 fb
I:IwbE+WCE o Dttbar
=M;¢sta s S 70 I tchstop 5
istag o B schsto =
[ Diboson | + 60 O Wbb P L
[ Z+HF jets E CIWee B
[ QCD = 50 mWec s
£ B Wmistags o
% 40 -d_lboson -
c @ Zjets 5
&) EnonW N
= 30 « data + T
I £
e ‘ 20 2
'1 '0.5 0 0.5 1 10 g
%.prob.: 49 %
ﬁs.‘,’,’r‘éb.; 18 % NNout L
Sum_ CDF Il Preliminary 1.5 fb” 0_1 _0 5 o 0 5 1
300 EWbb 2.prob.: 2 % -
control sample: vsol M t<hannol ks-prob.: 2 %
W + 1 jet, ol E& = o(tt) = 7.5+ 0.8 pb
Wbb network 3 E"n"i'ﬁéi%%
[ Z+jets - . .
150} =qch Fit value is in excellent

« data

agreement with CDF average!

T
ﬂ(IT " x’-Pr°'=-=-42'“? ’ 02 NNout1 36

ks-prob.: 61 %

MC normalized to fit values (NNout)



Neural Network Result

combined search

hypothesis test
W+2/3 Jets CDF |l Preliminary 2.2 fb" o
0 [ Use Q-values to compute the sensitivity:
- 50 P y
s I Q=2 (In LL(S) — In LL(B))
@ 200} 40 g
> ] =
C [ 30 S 0 CDF Il Preliminary 2.2 fb™
i = 10 —
& 150} 20 £ 2 e e
T | 10 o T SR
T S 10
= 100F 84 = g 10°
(& ] £ W 10°
o S 10
o 2 10°
= 2 10?
10
— 1 : . Lf|
-1 -0.5 0 0.5 1 150 100 -50 O 50 100 150

Q-value

NN Output

itivity: 4.4
Tsingle—top = — 2 O—I—O (Stat + syst.) pb sensitivity o)

observation: 3.2 ¢

prediction: o = 29+ 0.4 pb

single top

ﬁ(IT We see evidence for single-top, but less than expected! -



Evidence for Single-Top at the Tevatron

Matrix Element Method Boosted Decision Trees Neural Networks
';__' 40055 (d) e+|L channel = 600- (@ +DQJ 0.9 ' - e+u channel
% 1-2 b-tags e A g 1-2 b-tags
2 300 § . Mt-channel § i
B 4 & W, 400~ Sl w,
2 2000 = z i Wijets T
> S g | 88l Muttijet 2
: > - 200~ e+L channel
100 3 _ I ﬁ 1-2 b-tags
- | 2-4 jets
% 02 04 06 08 1 N
S N e 0 02 04 06 038 1 02 04 06 038 1
Matrx.Elementian Diseriminant tb+tqb Decision Tree Output tb+tgb Bayesian NN Output
excess: 320 34c 310
Matrix Element Method Neural Networks Decision Trees Likelihood Discriminants
CDF Run Il Preliminary, L=2.2 fb” W+2/3 Jets CDF Il Preliminary 2.2 o CDF Run Il Preliminary, L=2.2 fb™" swowel| CDF Run Il Preliminary, 2.2 fb”
1] 50} ' ' [ s-channel
CCD 40| 2 8ol [ t-channel
Iﬂ ﬁ k4] [ wcerwe
[ ; qc_) [ ttbar
g s b e
% -§ g 20 g [ z+jets
= ° F R 3 Diboson
é O 2l gz
00 0.2 0.4 06 08 1 0.5 1 0_1 - . 18
Event Probability Discriminant NN Output 555;33#??2_7/39; o BDT2jt 0 02 0.4 06 (I)__ ) 1
tchan 2jet
excess: 34c 320 28¢c 200

ﬂ(IT [ Both experiments and most analyses see now evidence for single-top, but ... }

Karlsruhe Institute of Tec
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Single-Top Cross Sections @

Consistent picture within the experiments: Tevatron Single Top Summary
* All CDF cross sections are low Likelihood Funcio®coE 1.8+ 09
i {2200 pb™) =0
 All DG measurements are high
Matrix Element: CDF @ 292+ g?
gy - . {2200 pb™) == 0
Analyses within experiment use same data
set: — strong correlation Neural Network” CDF 2.0+ 99
(2200 pb™') 0.8
. (o) o . (o) (o)
{2200 pb™, not in combination) "~ =07
Compatlblllt.y of both experiments S 094 07
with SM: 14% (2200 pb™") == 07
] Decision Tree: DO 4 9.+ 1.4
Stay tuned! More data are being analysed. (900 pb™') Y14
Once experiments have settled on common ?lgixbﬁlemenl: Do 4.@; e
c o g g P .
value and a discrepancy with the prediction
remains, single-top may become a case for {Bfgsfsggp NN: DO z.f4 + j'lj
11 . [ .
,lo0ps and legs” again.
Combination: DO A ’+ 1.3
Or may be you want to get a head start on (900 pb”) ) s PRDTD
A Sullvan, PRIV T 114002 (2004)
this? | | f |
0 2 4 6

: g(IT Single Top Production Cross Section (pb)
o
Karlsruhe Institute of Technology 39



Iw*n eresting: Separate Search

t-channel and s-channel are fitted separetely
CDF: LF — 10

CDF Run Il Preliminary, L=1.5 fb!
T T T T T

9 o
3 RS 2 g DJ 0.9fb" e
o c 1 _dev.
5 Immee o 8 std. de
. S 5 . 2 std. dev.
B Q 7 3 std. dev. [
15 [E
1 @ 6F SM =
0.5 E 5 :_ .
00 05 1 15 2 25 3 35 4 45 5 o : CDF-
e T:’ AF NN, 1.0fb-' ®
CDF: NN =
€ 3F LF, 1.5fb ®
CDF Il Preliminary 955 pb” -InfL) - -
© oF
i E

IIlI|lIlIIll]lIIlIllIllIIIIII

o 1. 2 3 4 5 6 7 8 9 10
s-channel cross section [pb]

%05 1152 25 3 35 4 . agreement on s-channel: c = SM prediction
Oven [P . disagreement on t-channel:

ﬂ("’ & (CDF) < o(SM) << (D) .



nterpretation: V, Measurement *

Assuming SM production:

e Pure V-A and CP conserving
2 O-meas

interaction |Wb,mms — . |W;b,SM|2
o V|2 > [Vyyl2 + |V, |2 or o5M
B(t >Wb) ~ 100% T

That’s where your input from theory comes in.

CDF Run Il Preliminary, L = 2.2 fo

V| > 0.66 (95% C.L.)

Super-discriminant combination:

IV,.| = 0.88 +0.14 (exp.) + 0.07 (theory)

Posterior Probability Density

IV,| > 0.66 (95% C.L.)

Measurement consistent with
SM prediction, V,, = 1

1 1
Karlsruhe Institute of Technology




M(t") >
284

GeV/cz @
> 95% CL

@Rgz (2-7C9L Mp = 172.6 £ 1.4 GeV

0.8% accuracy!

new Tevatron
combination

large
charge
asymmetry

3.7 o evidence for

single-top production Miop < 12.7 GeV

F,=0.66 + 0.10 + 0.06
F, =0.01+0.05 + 0.03

M(Z') < 760 GeV

a(gg — tt)
o(pp— 1)
0.07 +£0.14 £ 0.07

VY,

c (ttbar) =7.3+ 0.5
+ 0.7 pb

@ 95% CL
"
CDF:5=2.2+0.7 pb [~\~
DJ: c=47+13pb
3 b
results : :
will Completing the Jig-Saw
beready Puzzle of Top-Quark Physics
ICHEPO8

BR(t > Zq) < 3.7% | Qiop = *2/3
@ 95% C.L. strongly favoured

N over Q = -4/3

P -y
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P—
Improved b Jet Identification

About 50% of the background in Fit to NN output for W + 2 jets events
the W + 2 jets sample do NOT with one secondary vertex (955 pb1)
contain b quarks even though a
secondary vertex was required! CDF Il Preliminary 955 pb’” Entries 644
3150 —r r 1 1 & &1 T .W.+.2'.t
- - ‘= « CDF Il data jets
jet and track variables, e.g. vertex § : ,
Fit Sum (with stat. error)
mass, decay length, track 0 W + beauty
multiplicity, ... ﬁ.mo_ W + charm o
@ neural network © W + light
= powerful discriminant -4
. continuous variable
2 501 ]
N ibility 3 ' -
ew possibility: S . "
In situ measurement of the w _IZ,—-——— . —
flavor composition in the 01 == -_0'5- — 6 e -0'5- m—
W + 2 jets sample ' NN output
[charm ..............c..c..ee beauty



Helicity of the W Boson in Top Decay

Spin: SW= 1 St= 1/2 Sb= 1/2
\ | assume b quark to
¢ be massless

Helicity: standard model prediction:
2m2

h W =-1 -—  —— —— fo = Qm%/ +ngop —0.3
m2

hWZO e —— fo= 2t0p2 = 0.7

QmW + Miop

th—|—1 —— —— f—|—:O

AT 45
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Top-Antitop Kinematic Reconstruction

Measured objects must be matched to elementary particles.

lepton + jets event with —
one b tag: missing transverse
" b » momentum
6 permutations q
\
\
e
\

14
<charged IeptoD

t
g ><jet1 W|thbta>
jet 2 >
>

AT
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i
Kinematic Fit @

Which one is the best assignment?

— test all assignments
— lepton and jet momenta are varied within their uncertainties,
such that x2 is minimized.

( iofit 4, meas) UE fit pUE,meas)Q
X = Z 2T + Z 23
i=0,4 jets i j=x,y 95
(M M )2 (M"—M )2
4+ lv %% 17 %%
|—2 |—2
%% %%
_I_(Mb£u _ mgeCO)Q N (Mbj] _ mgeCO)Q

7 7

Choose combination with the smallest 2

= estimate of my,, for this event
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0.5

CDF Run Il Preliminary

helicity Result

AlInL(F ,F )
|

L
*

0.2

— 68% C L.

Fit
SM

95% C L.

0.4

F

+

Summary W-Helicity Analyses at CDF with 1.9 '

0.66 +0.10 + 0.06

0.59+0.11+0.03

0.64 +0.08 + 0.07

L
0.38+0.21+0.07

Unfolding (F,=0)

Template (F,=0)

Matrix Element (F.=0)

Unfolding (F, free)

&
0.65+0.19+ 0.03

Template (F, free)

Summary W-Helicity Analyses at CDF with 1.9 b

0.0140.05 + 0.03 Unfolding (F;=0.7)

-0.04+0.04 + 0.03 Template (Fy=0.7)

=

0.15+0.10 + 0.05 Unfolding (F free)

Template (F, free)

-0.03 +0.07 + 0.03

0.2

0.4 0.6
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— Background Processes

W + heavy flavor: Wbb, Wce, W
eavy tlavor » VVCC, WC non-W: multijet

g . b production, bb production
...-"I'” e E
W-+light jets (mistags) 9 g
diboson: WW, WZ, ZZ
. q
Z+jets
q W
!‘1—
top-antitop pairs e’ .
f c
9 g
b
b q
antiproton w* \ q
g 59
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