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Why Top Quark is so interesting?

e The youngest of the elementary particles

> Discovered in 1995 by CDF and D@ but still things
to learn!

¢ Heaviest known fundamental particle = top
probes physics at much higher energy than for
the other fermions

¢ Decays before it can hadronize (140, ~ 1072 sec)
= momentum and spin pass to the decay products

e Top pair production x-sec measurements test QCD = test of the SM

> Higher x-sec than predicted could be a sign of non SM T

— LEP1 and SLD

production mechanisms sl e ks g
e Top mass is a fundamental parameter in the SM 3804
& M, along with the mass of the W, is related with the mass of &£
the Higgs boson 60
e Significant background for many discovery channels 1;5 200
m, [GeV]

Enrique Palencia, IFCA February 19, 2006 1



Top Production & Decay Modes

e At Tevatron energies (1/s = 1.96 TeV) tops are
mainly produced in pairs via strong interaction

< qgq annihilation (85%) or gluon fusion (15%)
O o(pp — tt Q@ My = 178 GeV) = 6.1 pb = one
top event every 10 billion inelastic colisions

e Decays via electroweak interaction ¢ — Wb

$ BR(t — Wh)=1 = final state given by the W * decays

& BR(W — leptons) = 1/3, BR(W — quarks) = 2/3

lepton = electron or muon

Final State Dataset BR
lviv bb dilepton ~5%
lv gq bb lepton+jets ~30%
qq qq bb hadronic ~44%
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W mu-tau (2/81)
He+jets (12/81)
M mu+jets(12/81)
B tau+jets(12/81)

O jets (36/81)




Detecting the Top Quark / B-Tagging

e Top events:

¢

<

SO

<
<

are  energetic (large total
transverse energy, Hr), central
and spherical

have missing transverse energy
(Er) from neutrinos in leptonic
modes

have high transverse energy (Er)
jets

have two high E+ b-jets identified
with a displaced secondary vertex

. while background events:

have less neutrinos = less Er
most of them, have no b-jets = b-
tagging improves S/B (SecVtx, Jet
Probability, SLT)

leptons could be fakes

are less central
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— B hadrons are long lived
SecVix

displaced

tracks b A
- rd
track 1
4

Jet Probability

v jet

track 2

7 Track 1: d, is positive signed

Track 2: d, is negative signed
- s =

— Semileptonic B hadron decay
SLT

(BR ~ 20%)

— c = fus (BR ~ 20%)
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Production Cross Section Measurements

Test the non-SM

mechanism

top  production

Validate top samples for other

properties measurements

top

Nobs_kag
AXEbe Ldt

Counting experiment: o,; =

Goal: demonstrate good understanding of
control regions and see excess from top in
signal region

Measurements in different final states are
consistent with each other and with theory

1 T T '|' T T T 'i' T T T '|' T
L] Cacciari et al. JHEP 0404068 (2004)
Kidonakis, Vogt PRD 68 114014 (2003)

¥

T 1 1' T ¥ 1 '|' L L '|' T 7.1
Assume m=175 GeV/c’
CDF Run 2 Preliminary
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Dilepton: C!omhin-d
(L= 200pb )

Lepton+Jets Kinemalig
(L=347pb )

Lopton-uqs Soft Muon
(L= 193pb )

.
Leptons Jets: Vertex Tq% 89 gg . g:
1 K

L= 3T8ph )

é 71050731

2 4 g. _a 0 12 14
o(pp — ti) (pb)
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Lepton+Jets with b-tagging

e Selection: 1 isolated lepton (e, ) with pr > 20 GeV, & > 20 GeV,
> 3 jets with pr > 15 GeV, > 1 b-tagged jet

e Main backgrounds: W+HF, QCD, W+jets (mistags)
SecVix (L = 695 pb—1) NEW!

CDF RUN Il Preliminary(695pb )

Jet Probability (L = 318 pb~1)

o % K il I:_)ata

$ ] Top Mass = 178 GeV/c’ B W + Single Top B 1nou:"'+““ [t (8.2pb)
> 400 L=318pb" w R Bl Non-W QCD
% % [ ] tto=89pb S []Diboson
% ] tt + bkg. + 1o g 800 =$}2§Ia Top
= 300f [ | W + Heavy Flavor g Bl Wece

3‘_9‘ ] - W + Light Flavor < 600 = Mistag

2 2004 [ Non-w

()]

EIE) —e— Data

Y

© 10

—

©

o

=

=

=

1 2

3 4

Number of Jets

o = 8.9+ 1.1 (stat) = 1.0 (syst) pb o = 8.2%0.6 (stat) £ 1.0 (syst) pb
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Lepton+Jets without b-tagging / Dilepton (NEW!)

CDF Preliminary (760 pb™)

o [ multijet
e Lepton+Jets without b-tagging (L = 760 pb—1) SOE e
- — combined
¢ Same selection but no b-tagging is required = higher gz - 'Ndata>3
statistics but larger backgrounds also gzoog et 78.‘:15 v overne
& Kinematical analysis: uses top kinematics and shape &iso- Z\i/éent;::lggj:éiii.z(Z\\/Iczr:]ttss
information combined in a Neural Network to distinguish ©_ &=
between top pairs and W+jets e
{ o4 =6.0% 0.6 (stat) &+ 0.9 (syst) pb O i
0 01 02 O.3AON4N0(.)5Ut([)J.?JtO.7 08 09 1
e Dilepton channel (L = 750 pb™!) et Py
& Very clean sample 3 = widw;m 3
> Selection: 2 isolated lepton (e, p) with pr > 15 GeV, :::: 22‘; E
> 2 jets with pr > 20 GeV, Er > 20 GeV : 3
<> Main backgrounds: DY, dibosons, fakes 80 N E
$ o4 =8.3=x1.5(stat) = 1.0 (syst) £ 0.5 (lum) pb ::_' l

0 jut 1jot = 2ot HT>200 + OS
Jet Multipliclty after Z veto, MET > 25 GeV and L-cut
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Top Quark Mass

e Fundamental parameter of the SM

e Many different methods applied at CDF: trying to

optimize the stat. and syst. performance

e Goal: M; ~ 2-3 GeV

e Matrix Elements technique:

<$> Build likelihood for M; in each event from matrix elements,
PDFs and transfer functions (relate parton level quantities

to the measured ones, I)

{ Integrate over unmeasured quantities (e.g. quark energies)
¢ Calibrate measured M; and uncertainty using simulation

< Determine M, by joint likelihood maximum

e Templates technique:

<{> Reconstruct event-by-event M,

{ Create templates using events simulated with different M,

values

& Perform maximum likelihood fit to extract the measured M,
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CDF (*Preliminary)
‘Dilepton: Matjx Element 6.3
(L= 340p0") .165.3 te3t 3.6
‘Dilepton: v weighting + 744
(L= 350 pb ) ‘!70'6 66— 4.4
‘Dilepton: ¢ of v 9.2
(L=340pb ) “169'8i9.3— 3.8
"Dilepton: P,(tt 7 + 78,
L 350 00°) (tt) 170.2+53+ 3.8
‘Ditepton: All Combined 168.3 + g g + 33
: 40 ob
Lepton+Jets: Matrix Element + 286
oy gt 172015+ 3.3
Lepton+Jets: DLM 26 o
(L=318pb ) 173.2+5,+3.2
Lepton+Jpts: M2 +W - 173.5 + g; +28
Run 1 All-hadronic y > 10.0 g -
u -t I 4 .
ey 186.0+]00+ 5.7
Run 1 Dilepton +103
(Run 1 anly) B 167'4 -10.3 +4.9
Run 1 Lepton+Jets + 51
Run 1 Loy 176.1+51+ 5.3
"Tevatron EPS 2005 . 1.7
(CDF+DO Run I+l) | 172'7 ps 1TT +24
150 160 170 180 190 200

Top mass ((;e\’!cz)



Top Quark Mass Measurements (NEW!)

|||||||||||||||||||

e Using ME in dilepton channel (L = 750 pb~1)

O P(FIM) = Py(E| M)ps(Mi)+ Poy (79, + Pag(@)pay + -
& My =164.5 £+ 4.5 (stat) & 3.1 (syst) GeV

Joint Probability Density

Y BT R (RN 2t
M [GeV/cT]
e Using templates in lepton+jets (L = 680 pb—1) _ CDF Run Il Preliminary (680 pb™)
& My =173.4+ 2.5 (stat+ JES) &+ 1.3 (syst) GeV < 1
S Ajps = —O.30f8:gg (stat + JES) £ 0.37 (syst) o, of \}
B \J
e L., method in lepton+jets (L = 695 pb—1) I
165 170 175 180 1%5
M, (GeVic")
<& Histogram the transverse decay lenght, L, of D-hadrons et comee s e ., owra

CDF Run 2 Preliminary - 695 pb™

from top decays in the signal region, compute < L, >
and evaluate, using pseudoexperiments, the MPV M, that

Mass [GeV/c?] 2
N
%}
=}

200
corresponds to that mean value 0
¢ < Lgy >=0.5831 £ 0.0229 cm 160 | :
M, = 183.9755 Gevi
& M, = 183.97157 (stat) + 5.9 (syst) GeV 1407 :
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Single Top Quark Production

. . . s-c”annel t-c”anne| assomatea pI’OHUCtIOH
e Itis possible via EW processes , ' 8 s :
4 W o ? - &
& Cross section o« matrix element / N W '
|Vis|? (direct measurement) » ; P oo SIS &
op = 0.88 £ 0.11pb oy — 1.98 & 0.25 pb op < 0.1 pb
& Production channel sensitive to CDF Run Il Preliminary Eniries 33
new phyS|CS ‘g 10; Data versus SM expectation if_’j‘,ﬁimel
.. S oL J'L dt = 162 pb* S chamne
e Not yet observed at CDF. Set upper limits 2 | B ronor
c 6
e Final state: lepton, Er, 2 jets (at least 1 b-jet) o i
o Two different analysis (L = 162 pb—1) i
I e B R
{» Separate search channels (reveal new physics, Q-n
Q xn distribution) s SO ST
{> Combined search (Hr distribution) 2 8: 7 - Daa E
g 6 I singetop 7
5 — E
Measurement | o; @ 95% CL (pb) | [ Ldt o & rontop 3
s-channel <13.6 162 i3 E
t-channel <10.1 162 i , E
combined <178 162 01:56' 150 200 250 300 350 400 450
Hy [GeV]
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Searches for ttresonances: pp — X" — tt (NEW!)

CDF Run 2 preliminary, L=319pl:n'1

e Search for new massive resonance decaying to
top pairs (predicted by some exotic models)

events/10GeV/c?

& One lepton (pr > 20 GeV), & > 20 GeV and ::
> 4 jets (Er > 15 GeV) i

{ Use the SM Matrix Element information (increase s

sensitivity) to reconstruct the ¢¢ invariant mass espectrum j
(M,;) for top candidates in the sample 2
{> Test the consistency of the data with SM ¢t production .

iy

Fin s S T FTREE N
0 700 800 900 1000 11

| —— CDF data
= W = 4j
QcD

SM tt, 6.7 pb
Diboson (NLO)

M, [GeV/c?]

CDF Run 2 preliminary, L=682pb'1

Vi
o
T

e With 319 pb~!, data shows an intriguing peak $s
around 500 GeV (also Run | results)

40

events/10G

e ... but with twice more data (682 pb~1') the peak 3°;”

dissappears but still a litle bit of excess 20,
e S0 far, data looks consistent with SM. Will repeat “t
the analysis with a larger set of data

|.+.L R I ]
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Other Top Properties Measurements

Measurement Result [ Ldt (pb~1)
W helicity Fy 0.747555 200
W helicity F, F, <0.27 @ 95% CL 200
Search for anomalous kinematics Consistent with SM 193
Search for H™ in t decays BR(t — Hb) < 0.91 @ 95% CL 193
O dilepton/ Titjets 1.4577:2; (stat + syst) 126
BR(t — Wb)IBR(t — Wq) > (0.61 @ 95% CL 162
BR(t — 7v,-q)[BRgsy(t — Tvrq) < 5.2@95% CL 193
Search for 4" generation ¢’ quark | my < 196, my > 207 @ 95% CL 347
Top quark lifetime CTeop < 02.5 upm @ 95% CL 350
Search for 4" generation ¢’ quark SC(DeFflallrrcl:iDn folr anomalous kinematics
310l 'CDF Run 2 347 pb- oF g%‘;‘, (él?ASiplbc)
e | Preliminary : Bl tt(0=6.7 pb)
oL (t'—Wq, = 4 jets 5[ [ ] SM background
g ;HTVS Mreco -
;-‘- bserved 95% CL 4
¥ | Bonclani etar)
150 200 250 300 350 400 of S
t' mass (GeV) £, G
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Conclusions

e Experimental top quark physics at CDF is in a mature state

< A lot of people involved =- great variety of analysis
¢ No evidence of non-SM top quark... so far

< But still many chances of discovery at CDF

e Achieved a big improvement in the relative uncertainties

$ ~ 15% on top cross section measurements
&~ 2% on top mass measurements

e Many top physics results at CDF have been published. And (even) more
precise measurements are coming soon

<$> ... with much more data!

Enrique Palencia, IFCA February 19, 2006 12



BACK-UP SLIDES
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The Tevatron

1 il

e Currently, the world’s only top quar
production machine ' -
p E— i 4um—p
e Highest energy pp collider 1.96 TeV
- Energy of the beam = 980 GeV

-/s=1.96TeV (Runl— 1.8 TeV)

Bouster

e Collisions every 396 ns (Run | 3.5 us)

Tevatron
e Run I: 1992 - 1996 (jquark top!) >
T T
e Run ll; _2001 - nowadays | | p soufce = Main Injector
- Many improvements: Main Injector : & Recycler

- Line: 100 pb~! (Run 1) — > 1 fb! =
(Run 1) -

e Other discoveries: quark bottom (1977) y v, (2000)
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CDF

e General-purpose particle detector. Cylindrical simmetry

e 3 subsystems: tracking (inside a 1.4 T solenoidal magnetic field),
calorimetry and muons systems

Central Calorimeter (E H)

Ceptral Muon y
e For top physics, the full Wall Calorimeter () el /. ——

W i

detector is needed B
gt

Plug Calorimeter (EH)

e Run Il improvements: Formard Mg NN | "\)u ,r,.i .
- New Silicon detector S N »_j"""“'"
- TOF detector ( | 9-

=

,

- plug calorimeters -

- forward 1 detectors /<

Forward Calorimeter (E)

- DAQ & triggers electronics

L X =
f \ lime of Flight
\ Elentral Outer Tracker

= L2 SVT trlgger | Silicon Vertex Detector

Intermediate Silicon
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Tevatron: Luminosity (Run Il)

Collider Run Il Peak Luminosity Collider Run Il Integrated Luminosity
1408432 1 40E+32
: A 2400 1200.00
1. 208+37 1 £ 1 W€+
.: 2000 100000
1008422 - 1 00E+32 i a
f s i 1600 800 00
g B00E«1 ¢ { B 00E+31 :
: g
3 , £ 3 1200 B00 00
FLL S {60E! 3
: i
4DE+31 1 4006431 & 8.0 40000
2
i il H
2 00E+31 . 2 (DE+31 S 400 i 'l-'—. a ' 20000
Lo il “:\ II] ‘” Hl‘ H H
| {0 | | i
Q00E«0 T i r :. ~— — — T r. + (. 00E+0 I| LN | 1l Il ) 111 0.00

000 s
§ 15 25 35 45 55 B5 75 B5 95 105 115 125 135 145 155 165 175 185 195 205 215 225
Week #

(Week 1 starts 03/05101)

|- Waekly Integrated Luminosity e~ Run Integrated Luminosity |

\ « Peak Luminosity » Peak Lum 20x Average |

o LT ~,18-10%2 em ™25, Line ~ 1.5 fb71 (~ 1.2 fb~! on tape)

st

o Lint ~ 4.4 (Main goal)- 8.5 (design) fb~!in 2009?
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W Helicity from Top Decay

e W boson has three helicity states

¢ Left handed, longitudinal, right handed

> Top quark decays mostly to longitudinal W’s

e Measuring the fraction of longitudinal W'’s (Fy):

< we test a SM prediction: Fy =0.7 (F_ =0.3, F, =0)
> we test the nature of the tWb vertex

e Kinematic distributions for each helicity state
are very different

Events

Method Sample | [ Ldt(pb— 1) Fy Limit@95% CL
cosé* l+jets 162 0997022 +£0.19 > 0.18
lepton pp combined 200 O.31f8‘§g + 0.17 < 0.95
: T022
Combined 0.74° 4’34
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CDF Run Il Preliminary (162 pb")

U
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W Helicity from Top Decay

0.16
- 0.14f A
\% A
foft —handed wisr |\
1 .
28 pY ‘T 0.1
2 (1 cos@ ) 5
£'0.08
longitudinal T
1 £ 0.06
“1-cos’*d 1 oY
2 ( =
right — handed e
: 1 8 3\2 002 -
Z(1+ cos@ )
S
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« from left-handed W
» from longitudinal W
« from right-handed W

— T

—

100“150 200 250
lepton p, (GeV)

300
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