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Introduction

Farticle type: the weak 1sospin partner of the bottom-
quark
Mass: x35 the mass of the b, similar to a gold

nucleus. Measured as: 171.4+2.1 GeV/c? it is
intriguingly close to the scale of EW symmetry
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breaking % E .
Width: 1.42 GeV g
Charge: 2/3 e 4 F

Decay: almost exclusively t 2 W+ b
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Why top physics

>Test of SM (production, decay, q \/_

I W helicity |, : Top Mass
coupling....etc) | b, | _ |_TopMass |
> Does not hadronize:

momentum and spin transferred to
decay products

> Search for processes with
similar signature (t', Z', V+A..)

> Measure the t mass, to predict l Production Cross Section I 2
: Decay modes

the SM nggs Mass I Branching ratios I
SM | CKM matrix element |Vi| I

[ Rare decays
t->2Z2c/Yc, t->WZb, ..
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The Tevatron is performing the first

New Physics ?

precision exploration of the top-
quark energy regime

[ Non-S+IVI decays
t->H=", t->t,...
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Experimental Overview

The Tevatron top physics program seen from the perspective of
precision:

Measurement already/towards limited by:

Luminosity Uncertainty
Pair production cross section
Systematics
Top quark mass

Statistics

Polarizations
Single top production
|Vio|, top charge, resonances

Summary and Outlook
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The Tevatron at Fermilab

Batavia, Illinois

> Proton-antiproton collisions

at 1.96 TeV

> 396 ns bunch spacing

> Run | operating 1992-1996

> Run |l operating since 2001 ikt Injehét-a}
& Recycler

The only accelerator

capable today of
producing top quarks.
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Tevatron performance

Top quarks are still
relatively rare at 1.96 TeV,
therefore luminosity is key.

>The peak luminosity is
approaching the machine
design (3.3x1032 cm2s)

>The weekly luminosity is
following suit

>The FYO06 integrated
luminosity was slightly
behind
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The Experiments

Forward Mini-drift

Forward Scintillator

Central Scintillator

chambers

MNew Solenoid, Tracking System
51, SciFi, Preshowers

SVXI + ISL

Top quark measurements rely on all detectors for electrons, muons,
jets, MET and b-tagging.
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Datasets and analyses

Collision data delivered and recorded vs. time

Year 2002 2003 2004 2005 2006
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> Nearly 2 fb! of collisions delivered (Run lla goal), ~85% on tape
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Top quark, production at 1.96 TeV

(‘

qq annihilation via strong
interaction (~85% at the
Tevatron)

gg fusion L
(dominant at LHC)
L

AVAVA VAV,
-
NOTE: Production through virtual Z and y are much smaller
Single: Theoretical Predictions
Not observed yet, due to larger t-tbar NLO QCD (m=175 GeV/c?)
backgrounds > 6.8+0.8 pb (Kidonakis, Vogt)
q g A AT > 6.8:’8:; pb (Cacciari et al.)
it >Jé’m< N
— Vi \7 ¥ Single top NLO QCD (m=175 GeV/c?)
b t-Ch. s-ch. " >1.98+0.25 pb  (t-channel)
Harris, Laenen, Phaf, Sullivan, Weinzierl, PRD 66 (02) 054024, >0.88%£0.11 pb  (s-channel)
Campbell, Ellis, Tramontano, PRD 70 (04) 094012.
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Top decay and event classification

Vy~1, and M,> M,,+M, = t—=>Wb almost exclusively.

Event classification follows the W decay channels: -
/t ) TV UV eV

t b 2

: +

— all hadronic S

— e

J)N 5

q t 1 =
b >

| 4 N
~10:1 ~4:1 ~1:2 Purity (w. b) :;

)
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Experimental Overview

The Tevatron top physics program seen from the perspective of
precision:

Measurement already/towards limited by:

Luminosity Uncertainty
Pair production cross section
Systematics
Top quark mass

Statistics

Polarizations
Single top production
|Viv|, top charge, resonances

Summary and Outlook
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Pair production

> Comparison in different channels works as a non-SM search
> Precise average is important as pair-production test & against non-SM
> Basis for other measurements

CDF Event: .
Close-up View of Layer 00 Silicon Detector W+n Jets spectrum
TN
) - “
Run 178855 Number of Jets = 4 R 695 pb CDF RUN Il Preliminary(695pb )
Event 5504617 W / E'T?SA“&E‘:;{‘S&‘*" 1 o .
(o 1y ) [ -
o [ 1tt (8.2pb)
ST, ) m [ Non-W QCD
% %5 1000 []Diboson
= [ Single Top
-tag 2 800 I We
1.2 cm = (& Wee
pa [ Wbb .
600 [ Mistag 3 & 4 jets excess
\ 400
'MET, o €<
= €~55% 0 | ! e ]
= J F~0.5%/jet Weljet  Wezjet - Wr3jet Jeth;\‘rﬂﬁtiglggitty
Tagged J :Ef= 111 GeV, Phi =79, L2d=7 mm ] ]
agged Jét 2: Bt =B8/GeV, Phi =355, L2d =1 mm lepton+jets (displaced vertex)
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Pair production

760 Pb'I CDF Il Preliminary new w 370 Pb-l
g @® Data 250 e -1
7001 [ ]t (o=7.8 pb) . _ DO Data D@ Runll Preliminary, 370 pb
N N [ Diboson/Drell-Yan |6pton+]ets dil t AL _
_ lepton | Bt | & 2 jets excess
600 + [ ] QcD Multijet I . b - J
— P (semileptonic b) oo  MZ - ee, pp
5004 Background+tt : .Z — 1T
] Background+tt errors L DWW <

151-[]Multijet/W+jets

Require H I>2 00 GeV for = 3 jets

3 & 4 jets excess

10

Number of tagged events
i
o)
o

N

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

Jets Multiplicity ‘ | fb-' Ranu preliminary | new
P
m L 4 1 2
10t Background
- Background + signal (8.3 pb)
i 6 & 7 jets excess
10°

all hadronic

10° -
E ] ] ] | |
4 5 6 7 8
Njet
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Channel-by-channel cross section
SM SM

||||||||||I |||||II|III
F' |:|r.: acciari et al. JHEP 0404:068 (. J4) Assume m,-1?5 GeWc .
. %’— dilepton (topological) 8.6 fj 1: pb w
?L"_‘-‘;;g'; o % 8.3+1.5:1.0+0.5 =230 pb” H——e H o
I+jets (topological) 6.7 *:‘: *:f p
'Lepton+Jetjs: Kinematic 6.0+0.6+0.9+0.3 L=230 pb”’ H-p—t— o
(L=760pb) / combined (topological) 7.1 12 1:
. % i =230 pb™' H—e—H it
Lepton+Jets: Vertex Tag/ + + +
(L= 695 pb”) / 8.2+0.6+0.9+0.5 dilepton (topological) NEW 8.6 +§2 +:§
o [ =370 pb H—e—H e
- Lept Jets: Soft M 1.0 . +1.2 +1.
LR new |[piasieverie ”°"% 7.8+1.7 +19+0.5 l+jets (Vertex tag) 86 """ pb
=230 pb’ H—e—H
'MET+Jets: Vertex Tag /% 6.141.2 +1410.4 l+jets (Vertex tag) NEW 8.2 **°**% pp
(L= 311 pb } / —0.9— 1 =363 pb” -0.9 -0.8
=363 pb H—eoH
| fb'l "All-hadronic: Vertex Tag// 8.3+1 0+ 2 0+0 5 all hadronic 7.7 +2: +:; pb
(L=1020 pb™') % — 1Y 5 L=162pb" +—i e ; | c
Combined e Caccmrl e!al JlHEP04l]4 068(2004) m, '|I75 GeWc
ombine /73+05+06+D4 I L . | I B BT BT A
- A0 Bemesd B GTUJTU. 0T,
(L=760pb") Z o (stat) + (syst) % (lumi) 0' 2 5 5 75 10 12 5 15 17 5
111 | 111 | 111 | I I
o 2 4 6 8 10 12 1 o(pp — tt) (pb)

o(pp — tt) (pb)

>Individual measurements are accurate to within ~15-30% (excl. lumi.)
>The CDF combination includes 6 measurements, accounting for all decay
channels.

>The combined accuracy is similar (~12%) to the the theory uncertainty
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o(pp — tt) (pb)

CDF Il average cross section

cross section vs measured mass
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Cacciari et al. £ uncertainty

Kidonakis, Vogt PIM PRD 68 114014 (2003)
Kidonakis, Vogt 1PI
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> Due to ~£12% (theory) = OM:> 4GeV/c? for top mass measurements

from the cross section
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Experimental Overview

The Tevatron top physics program seen from the perspective of
precision:

Measurement already/towards limited by:

Luminosity Uncertainty
Pair production cross section
Systematics
Top quark mass

Statistics

Polarizations
Single top production
|Viv|, top charge, resonances

Summary and Outlook
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Determining the top mass

Template Method

Compare to MC templates
an observable that is strong
function of the top mass

Rec Mass 1-Tag(T): CDF Preliminary

-.>‘:’.350_ Top mass:
& 145 GeV/c?
w0300 165 GeV/c?
2250 185 GeV/c?
> 2
w

200 11205 GeVic

I1 00 150 200 250 _312)0
M, (GeVic')
p

Matrix Element Method

Maximize the combined
likelihood of the observed
events

Calculate a probability per each event:

Use the differential cross section: LO Matrix
element

Determine the probability that a parton level set
of variables y will be measured as a set of
variables x

Maximize IT; P' (M)

In /+jets, both methods simultaneously fit for the JES
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Top mass measurements

€ Preliminary 920 pb”  Likelihood Profile

| new 940 pb! | lepton+tijets, ME
[ all hadronic, TM
ﬁ O Reconstructed Mwp | b
1 _ \ ‘*\AIan{JSﬂ . - — C:J_':_-?_
NNap 120 o :
O
i | o =
F s %
 Single world best i = o
160 170 180 o 100 -
Mtop (GeVic) [ ] Bestfit background
mt=170.9 i 1.6(Stat) i 1.4(JES) i 1.4(SySt) GeV/c2 - Best fit signal + background
Source of uncertainty CDF Magnitude 0r
(GeV/c?)
b-JES 0.6 J
Signal (Initial and final state fadiation, parton 1.1 %™ 0o 200 ) 200 400
distribution functions) Fitted M1 (GeWcE)
Background (composition and shape) 0.2 P
Fit (Method, Monte Carlo statistics) 0.4 m=174.0 + 2.2(stat) + 4.8(syst) GeV/c?
Mont lo (Modeli f ttb 0.2
2o G iier v S eE Note: NN+b tag, no JES fit
Total 14
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2006 Tevatron Myop average

Mass of the Top Quark (*Prelimmary)

Measurement top [GeV/c?]
CDF-I di-l o} 167.4 + 11.4
Qo DOl di-l iR 168.4 + 12.8
O :
, Q" CDF-Il di-* —@—t: 164.5 = 55} | fb! ME
& :
DO-Il  di-I* —— 178.1 = 8
CDF-l I+] 1@ 176.1 = 7.3
& DT-l 14 —0— 180.1 =
OQX\ CDF-II I+j* 4 170.9 = 25} 940 pb'' ME
\eQ" DO-Il  I+j* St 170.3 = 4.5
o CDF-l all| : o 186.0 = 11.5
\&&0 CDF-Il all-j* . 174.0 = 5.2} | b TM
A\ &\ 4 coF-i iy o 183.9 = 15.8
I 2/ dof = 10.6/10
Tevatron Run-l/Il*  HOA 1714 + 2.1 -Precision of 1.2%
' HEW -Use Linear Unbiased Estimator

= " o 1o (NIM A270 110, A500 391)

[GeV/c?]

top

Note: historically there is a trend between all-jets and dilepton
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The consequences of Miop

new

—— . -

| —LEP1 and SLD -Theﬂor(gf} uncertainty gl : |
..... Dpag =

80.5 LEP2 and Tevatron (prel.) 5- B Y 00035 -
e8%%:¢c. £ | 1 A:ii 0 0.02749+0.00012 §
4 - *« incl. low Q° data —
80.41 e _
: > 3 |
2 ] _
80.3 1 1 —
| , 0 | Excluded " Preliminary_

150 175 200 30 100 300

Minimum at: M, =852.GeV /¢’
or: Mu<199 GeV/c2 @ 95% C.L.
Note: AM=3 GeV corresponds to ~+20% uncertainty of the predicted MH
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Top mass outlook

> New results are better than our
predictions in March

> Will add to the prediction the
all-jets channel

> Add JES to all-jets could also
make sensitivity comparable to
lepton+jets

> DU has similar sensitivity (new
results with 1fb-! coming soon)

> Expect to achieve an
uncertainty of ~1-1.5 GeV/c? in
the next years

CDF-only precision expectation

—
o
MR |

A M (total) GeV/c’

1 CDF Top Mass Uncertainty

(I+l and I+j channels combined)

107 2fb" 4" 8fb’

ooy v

¥ o CDF Results

+ Runlla goal (TDR 1996)

Scale A(stat) / \|E Fix A(syst)
(assumes no improvements)

""""" Scale A(total) / L

(March 2006)

(improvements required)
10° 10
Integrated Luminosity (pb )

2

10

4
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Experimental Overview

The Tevatron top physics program seen from the perspective of
precision:

Measurement already/towards limited by:

Luminosity Uncertainty

Pair production cross section

Systematics

Top quark mass

Statistics

Polarizations
Single top production
|Vio|, top charge, resonances

Summary and Outlook
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Helicity of W bosons in top decays

Are there new interactions in top quark decay ?

b
> Positive helicity F+ suppressed by chiral spin = 1/2
~ Af2 2 t |
factors ~ M, / M, spin—1/2 V-A coupling
» Relative fraction of F, is: w
spin=1

M 2M,
1+ M?I2M
F, Longitudinal fraction F_ Left-Handed fraction F, Right-Handed fraction

Fo F_ F, S
NOIRRINT
» l' S
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F,and F, fractions

» Template based Likelihood analysis of Combined |+jets and dilepton samples
cos 0%, fit for F+and Fo > Single and double b-tag separately
» Lepton+jets sample: ~200 events > Compares rec. M?, to VA templates

Best value, fixing F+=0:

F+=-0.02 + 0.07
F,=0.61=0.12(stat) = 0.04(syst)

F+<0.09 95%CL

Xk o
Spectrum of lepton COS in W rest frame lepton-b invariant mass 695 pb-!

/ ﬂTT _ - -
_CDF Il Preliminary | & 955 pb’ 40- @45 Run Il Preliminary
e e background | ¢ Data (695 pb_ )
- ---- +left-handed 7] n —
35 L — +longitudinal | Dtt fV+A =-0.06
- e data 955pb” _|Background
30—
o 250 |
S s
§ 20F U
o [ [ e,
15_— ..... o
103_ ........... 7 B
5: ------------------------------- 0 L 7|
e s 0 10000 20000 30000
0 ‘‘‘‘‘ 11 11 1 11 1 111 11 1 11 1 11 1 11 1 11 1 11 1 2 2
-1 -08 -06 -04 -0.2 0 02 04 06 0.8 1
coso’ Mlb (Gev )
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Search for single top production

proton If t-channel, there is

an extra light quark

(]

y' <= High P_muon

Motivation

> |s it there ?
> Cross section o |Vip|?

W W /v <= High P,neutrino | > Same final state as WH (H—bb)
o & > Allows for several other
g b <«—High P, b-quark | measurements (polarization..) and
. b-quark jet searches (W'...)
antiproton
Signature Strategies

> Lepton+Missing Et+ Jets
> t-channel extra jet tends to be forward

> Combined search (for discovery)
> Separate search (for non-SM

> similar to top pair production, but with searches)
less jets
J Methods
Backgrounds > Likelihood discriminant

Anything with a lepton+jets+MET
signature (W+jets, bb, tt, Z+jets)

Lucio Cerrito - Top Physics Results at the Tevatron - 25
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Combined limit

W+2-jets NN s+t output
€1 COF Il Preliminary 495 pb-!

Single Top Posterior Probability Density

m 5
= Normalized to Fit Result @ CDF Run Il preliminary
S 107 g 1
— :Eh j L dt = 695 pb’
E 10 g Caingle.top < 3-4 Pb a1 95% C.L.
(] o
Q.
0 1 —e— CDF Il data
ch B Single-Top
> ttbar 6§ 8 10 12
w 1 0-1 - charm-like Gsingle-lop [pb]

bottom-like

CDF observes a deficit in the signal
L [ ] [ ] I Il L [ ] I Il L [l i I 1 [ ] re ion
-1 -0.5 0 0.5 1 ;
NN output

Expected cross section: 2.9+0.4 pb (Mi=175 GeV/c?)

NN Limit: < 3.4 pb @ 95% C.L.
NN Best Fit: 0.8+1:3 ¢ g(stat)+0-2. 3(syst) pb ~2.50 sensitivity !
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Separate limits

Os vs O, NN limits Wi vs top Likelihood discriminant
4 Pap—— I2£5 370 pb! D@ Run Il Preliminary, 370 pb”
3.9 95% C.L. - — t-channel (x10)
3E- . 100 s-channel (x10)
2.5F B Standard Model “"—* — :[Jt‘dﬂets, WW, WZ
2E sl I Multijet
- - —— Data
1.9 N
£ o +
0.5 e L T i
u |||I||||I||||I||||I|||| ||||I||||I||||I ﬂu 01 02 03 04 05 Iln;llllﬂl;_._llna '09'"|1|
0 05 1 15 2 25 3 35 4 Singletag ~ Wsjets/t-Channel Likelihood filter

Gy.ch [PP]

Expected cross section: 0i=1.98+0.25 pb

€IONN Limit: 0t<3.1pb;
ot< 4.4 pb;

s>’

w LD Limit:

0s=0.88+0.11 pb
0s< 3.2 pb @ 95% C.L.
0s< 5.0 pb @ 95% C.L.

>Updates with 1fb-! are underway
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Top quark charge

b (-113) - ..g 14_5
1" ' g 12~
w NI (+23) w- “C_J 10_5
o g‘
S g2
S 4
Top Quark ]
S5 2
Z 0= ——
. . 0 1.5 2
Requires b-quark charge from jet charge Top quark charge [e]

. . hep-ex/0608044,
>3Sum of charge of tracks in b-jet

>Calibrated using bb dijets, with 1 soft p
p = -0.13+0.66(stat)+0.1 I (syst)

Naaca p<08@ 90% C.L.
L(p,q)= [] (1= p)Psm(a:) + pPex ()
= T |q|=4e/3 excluded at 92% C.L.

exotic quark
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Measurement of |V, |

Under the assumption of unitarity and three generations of quarks:
0.9980<|V,,|<0.9984 at 90% C.L.

fraction

R=Br(t—Wb)/Br(t—Wq)=| _

Can measure the branching ratio by counting the rate of p 3 °°|
b-tags in ttbar events '

DES 2300

Sam

06

2 10°L 2260 D@ data23opb’| [
S ® D@ data j
> F [ 1W+jets 200 o2r
w 10°F 0 Multijet = :
S - I Other 140- 0
X 1200 95% C.L.
210 5 . it 100~ 68% C.L.
£ 5 8% 1 15
- B R
< 10 : +0.19
; R=1.03_
15
- nepoosioz Ve| > 0.80 @ 95% C.L.

|
0 1 22

ntag
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Search for tf resonances

Models with a dynamically broken EW symmetry (technicolor) predict a top-
quark condensate, X, that decays to a t-tbar pair.

Search for it resonances, the limit is generally model-independent, look at the t-tbar
Invariant mass:

ttbar system invariant mass Limits vs Resonance Xo Mass
,‘Tq N o _ y FWM\"T? |
QLY 682 Pb F Run 2 preliminary, L=682pb Sy 682 Pb I|: Run 2 preliminary, L=682pb"!
o C : : : : : — : :
§ 50 oo S — o | —— CDF data, Nev=447 O .................. ............... = Expected limit at 95% C.L.
> | | _ T -
2 [ ez S
z | B oco O T T T Expected i st 95% L. 12
o : zZ ’F o
E |:| SMt, 6.7 pb m L | | —8— Observed limit at 95% C.L.
- Diboson (NLO) bg 6; ........................................................................ Leptophobic Z" rz=1 2‘%' MZI
5 :_ SISO TOTSS TR OSSOSO RATTTOUOTSTOT NOUSIOIOTOIoR VOSSN AOTUSTE SOV RO

) . : *|H|+|||||||II+ 0|||||||||||||||||
00 400 500 soo 700 '800 900 1000 1100 1200 450 500 550 600 650 700 750 800 850 900

M [Gewczj M, [GeV/c?]

Bump search: no signal Mx?<725 GeV/c? at 95% C.L.
(Leptofobic X° with 'x%=1.2%Mx?)
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Summary and Outlook

The Tevatron top physics program seen from the perspective of
precision:

Measurement already/towards limited by:

Luminosity Uncertainty

Pair production cross section..............ccccceveennn. *12%
Systematics
TOP QUAIK M@SS......eeeeeeeeeeeee e +1.2%
Statistics
Polarizations...........ccooiiiiii e, £10-15%
Single top production..........cc.cceceveeeeeieeecieeeeeeee e ~2.50
Properties............cc.......... _..charge ........................ not 4e/3, 92% C.L.
D Vibe e ~+20%
... resonance............. see slides
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Additional Information
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go vs qq production

Test of the ttbar production mechanism (qq, vs gg)

. . L] 22
Uses low-pT track multiplicity (scales !
14 i
i CDF Run Il Preliminary 18- No-gluon contribution
L —— W+0 jet :
13.55 W jet fL dt ~ 330 pb 16 = ~———— Gluon-rich contribution
L —m— W2jets B
13— L
- —*— Dijet 80-100 GeV _9 14
o [ —®— Dijet 100-120 GeV qc, B CDF Run i Preliminary
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»Unfold w/ migration matrix, compare to » Template based Likelihood analysis of
theory lep+4 or more jets using all cos 6%, fit for F+and Fo

» Lepton+jets sample: ~200 events
Best value, fixing F+=0:

F, =0.59 = 0.12(stat) = 0.06(syst) F, =0.61x0.12(stat) = 0.04(syst)

%k . .
cos@" differential xsec cosO” spectrum
G AT
!ﬂ 955 pb |CDF Il Preliminary | €85 955 pb!
A\ T4 i’
3 CDF Run Il Prellminary T background
— -
¥ I [P F,=0.7 (SM) C ===« +left-handed
fap) o - -
5 — -1 35 — +longitudinal
.8 g X Line =935 pb —— Fy=05901 (stat) - 9 e data 955pb”
o 30
-1 -
N 250
(< -
S T
€ 20
3 F [ e
15—~ T L
oEff T
5: ..........................
-1 -Uls U 0-5 *1 n“"”“i """""""" o o I' """"""""" I--.......,,,,,,i.mnmmml IIIIIIIIIIIIIII e .
coSs O 0198 06 04 02 0 ~ 02 04 06 08 1

Lucio Cerrito - Top Physics Results at the Tevatron - 34



Tevatron Peﬁcormance

Peak Luminosity vs Time, per year

Peak Luminosity

Peak Luminosity (1/pub/sec)
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Top Mass Measurements
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i GeWc b_JES 0.6
[ Z::mckgm Signal (Initial and final state k'adiation, parton 1.1
[ 2t it signa + background distribution functions)

30

Background (composition and shape) 0.2

i Fit (Method, Monte Carlo statistics) 0.4

all 0= o aes w00 Monte Carlo (Modeling of ttbar) 0.2
hadronic Fitted M,,, (GeV/c?) Total 1.4
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