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The Road to the Top

Discovery of top quarks in 1995 by CDF and DO at the Tevatron
* Indirect experimental/theoretical evidence emerged in 1970’s
— CP violation in Kaon system

— Discovery of b-quark (1977) and it’s
properties require SU(2) partner
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Why Study the Top Quark?

* Exciting physics!

The Tevatron observation in 1995
ended a 20 year quest for the top

» Unanswered question =
Why is the top so heavy? my,, ~175 GeV ~ My 4eom!? % QUARK MASSES

« Mechanism for EWSB couples to mass 200
—Top quarks are a good place to look for 150
evidence of new physics - is top special?

100

» Large mass comes with interesting features 50
- Decay through t—Wb kinematically allowed

- Top quarks decay before they hadronize
Study properties of a “bare quark”
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Physics with Top Quarks

e New Physics contributions

- Might affect top-quark production
- Might affect top-quark decay
- Might affect top-quark properties

- Might “contaminate” top-quark event samples

e Tevatron program explores all these possibilities
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Top Quarks as a Window to new Physics

» Exploring top quark production
—Top pair production
- Single top production

-
at
et

» Exploring top quark decay
- W boson helicity in top decays
—Probe the W-t-b vertex

« Exploring top quark properties P
- Mass, width, charge, spin

» Explore exotic sources of top quarks
- Resonant top production, t’, squarks
- Forward-backward asymmetries
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Producing Top Quarks

- The Energg Frontier -

€ Tevatron //);

<\
Q&\Mam InJector ) }X)

e 1.96 TeV pp collider e 14 TeV pp collider

e Run Il started in 2001 e Restart in Nov 2009 at 7 TeV
* Record Inst. Lum. 3.6°10°2 [cm?sec’’] o [nst. Lum. 1032-1034 [cm2sec’]

Most of the results Brief outlook
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Tevatron Performance

Delivered Lumi (pb!) / Experiment

Summer 2009

shutdown
6,500
6,000 Summer conference dataset 2009
5,500 Data taking efficiency (~83%) = 5.3fb"! I
5,000 Selecting good runs = 4.4 - 4.8 fb’! I
4,500 |
4,000 |
3,500 I
3,000 2007 l
2,500 |
2,000 2006 |
1,500 2005 ~ 50 000 |
1,000 2004 / top quarkS I
500 2002 2003 prOduced
; -._-.—- / ' | |
2002 2003 2004 2005 20086 2007 2008 2008
Run I: 1990-1995 110 pb' / experiment
Run II: 2001-2010/11 up to 12 fb' / experiment (delivered)
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Tevatron Experiments

Two Experiments: CDF and DO

Multipurpose collider detectors
Large international collaborations, 600+ members each
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Tevatron Run Il Detectors

AT g "N DO and CDF in very
Superconducting SN SR Cai\= s will | WS efficient data taking
Solenoid T s * .
‘ mode since 2002

) B0l
llll

Muon Scintillators

l Muon Chambers

‘ Calorimeters ‘

* Silicon strip detector - im ]
for precision vertexing - =—:4§

* Precision tracking - H '

* Calorimetry H o
(hermetic — missing E;) |

DU - | DU
|

° Muon systems 1 l
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Tevatron Physics Program
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Tevatron produces top,
but that is not the only
thing it makes..

Top quarks are rare!
1 in 10 billion inelastic collisions..

All other processes show up
as “background” in one way
or another..
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Top Quark Production at the Tevatron

ONLO =7.4* 0'5_0_7 pb ONLO - 30 + 04 pb

JHEP 0809, 127 (2008) Mi=172.5 GeV' pRp 66, 054024 (2002)

Production Decay
In Pairs Single BR(t—Wb) ~100 %
q g 1 ‘f /
L / W a
VvV, q°
q ~ 85 % thl 4 ~30% b || [ —
g t mtop > My + My b
fﬁ < q' g
g t w b-tagging
~15% .
b [ Displaced tracks,
9 0000 t e
g b Decay Iife):f_me /O}/Secmdary vertex
g ( ( ( ( B—— f ~ 70 % Primaryvert(g// ///
A g, =45-55%

Prompt tracks /

/ €,=0.3-1%
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Top Quark Pair Production

* Dilepton (lepton = e or p) (6%) e All-hadronic (46%)
- Small rate, small backgrounds - Large rate, large background
- Main background: Drell-Yan - Main background: QCD multijet
- Highest purity - Least purity

e Lepton+Jets (lepton = e or u) (34%) ¢ Hadronic Taus (tau+lepton, tau+jets) (14%)

- Good rate and manageable backgrounds ~ ~ Small rate and large backgrounds
— Main background: W+jets, - Main background: Multijets, W+jets

- Good purity “Golden Channel” - Challenging purity
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Collision Event Display
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Top Quark Properties Measurements

Run Il Measurement SM prediction Lumi (fb')

m;, CDF: 172.6 = 0.9(stat) + 1.2(syst) GeV 4.3

DO: 174.2 + 0.9(stat) + 1.5(syst) GeV 3.6
Ottpar (M=172.5 GeV) CDF: 7.50 + 0.31 (stat) + 0.34 (syst) + 0.15 (lumi) pb 7.4 + 0.6 pb 4.5
Opar (M=170 GeV) DO: 7.84 046, . (stat)*0-66- o, (syst) * 054 , ., (lumi) pb ~ 8.06 + 0.6 pb 1
Osingletop (@M=170 GeV) Tevatron: 2.76 *0-38 . (stat+syst) 2.86:0.8 pb 3.2-2.3

UVM Tevatron: 0.91 + 0.08 (stat+syst) 1 3.2-2.3 )

o(gg->ttbar)/o(qq->ttbar) DO: 0.07+0.15-0.07(stat+sys) 0.18 1
M, - My, DO: 3.8 + 3.7 GeV 0 1
o(tt—=ll)/o(tt—L+jets) DO: 0.86 *0-19 , . (stat+syst) 1 1
o(tt—tl)/o(tt—l + l+jets) DO: 0.97 032 ., (stat+syst) 1 1
Ottpar+jets (@M=172.5 GeV) CDF: 1.6 + 0.2 (stat) + 0.5 (syst) 1.79+0.16 -0.31 pb 4.1
CTtop CDF: 52.5um @ 95%C.L. 1010 um 0.3
Top width CDF: <13.1 GeV @ 95%C.L. 1.5 GeV 1
BR(t->Wb)/BR(t->Wq) CDF: >0.61 @ 95% C.L. 1 0.2

DO: 0.97 +0-09 , .o (stat+syst) 0.9
W-boson Helicity CDF: Fy=0.62 + 0.11 F,=-0.04 + 0.05 Fo=0.7 2

DO: F,=0.490+0.13 F,=-0.110+0.059(stat)+0.052 (syst) F,=0 2.7
Charge CDF: 4e/3 excluded with 87% C.L. 2/3 1.5

DO: 4e/3 excluded at 92% C.L. 0.37
Spin correlations CDF: K = 0.32 + 0.55 - 0.78, -0.46 < K < 0.87 @ 68%C.L. 0.78  goy 002 2.8

DO: k =-0.17 *0-65 ;. (stat + syst) 4.2
Charge asymmetry CDF: 0.19 + 0.07(stat) + 0.02(syst) % 0.05 +- 0.015 3.2

DO: 12 + 8 (stat) £ 1 (syst) % 0.9
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Top Quark Production
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Analysis Strategies

. . O = N observed ~ N background
* Counting Experiment [ Luminosity di - e
— Establish event selection and estimate background
* Template Analysis
- Fit 1D signal + background distribution to data
* Matrix Element »
— Use tree level matrix elements to classify o P ———
signal and background like events = [ |
| :,jk b
* Neural Networks, Decision Trees = T
- Machine learning algorithm to classify signal : A
and background events based on many input -2 Evaluate discrimiants

features mapped to a 1D distribution "JE in control samples

= T
c CDF Run I eIimi‘nary,L=3.2‘fb'1

R R R R AR R R AR AR RS Pretagged Cross-Checlf Sample
N . Z 1 j ] I -1
§ Signal === | Multivariate tgc.hmques con. DB 2.31b / Db
S 4 are more sensitive but weem | g
§ . all channels Wjj+wcj B o
§ require careful 10000F _ Ztjets @ 1
4“ Background = validation work to L 5,
N Z Z . ultijets 'g g
\ . evaluate systematics. 5000 g’
: Example: single top ’ 10?
SRR a %

Discrimin

PIC 2009 - Kobe, Japan Bernd Stelzer, Simon Fraser University 16

% 02 04 o6 08 1 107
ant Boosted Decision Trees Output

-05 0 0.5 1
BDT2jit




Dilepton Channel

Pretag Top Candidates With Njet > 1

180
1603_ CDF Il Preliminary 4.5 fb™
o data 1
140: | Entries 314 |
[ - DATA
1201 _ 7 ]
| | []0;=7 .4 pb ]
100F  —@— __|Fakes 1
[ ' zz ]
80F B wz ]
60 o ww ]
DY— 't
4of CIDY— I |
20f Purity: 70% 1

r N BN B
o 1|2 3 4 5 6 7 8 9
Control | Signal regior] jet multiplicity

<

CDF Il Preliminary 4.5 fb™

data
Entries 119 -
-®- DATA ]
[]0;= 7.4 pb -
| |Fakes
B zz ;
Wz f
B ww ]
DY— t'1t
Clpy= 1T

Purity > 95% 1

1

0 50 100 150 200 250
transverse missing energy, GeV

CDF (4.5 fb'', m= 172.5 GeV), pre-tagged, :
0,=6.6+0.6(stat)+0.4(syst)+0.4(lumi) pb

CDF (4.5 fb'l, m= 172.5 GeV), b-tagged:
0,=7.3+0.7(stat)+0.4(syst)+0.4(lumi)pb

High purity sample, good test of signal model
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Lepton + Jets Channel

Events

Control | Signal region

<

800

o -1
N_i.e!-‘l >3 CDF Il Preliminary 4.6 fb

CDF Run Il Preliminary L = 4.3 fb"'

B data (7348 evts)

[l pata - top
Wor B w+jets
[l single Top - QcD

‘ PBw+He
Bw+Lr
.Non-W
Wz+iets

Di-boson

"y .

IIIIIIIIIIIIIIII

01 02 03 04 05 06 07 08 09 1
1 Jet 2 Jets 3 Jets 4 Jets =5 Jets NN output

e Measure top using b-tagging or using topological Neural Network

e Luminosity is the largest uncertainty in both measurements
- Reduced by normalizing to Z cross section g -=R® (jZ’eOry
tt

CDF (4.3 fb'', m:= 172.5 GeV), b-tagged: CDF (4.6 fb'', m:= 172.5 GeV), topo NN:
o,=7.1+0.3(stat)+0.6(syst)+0.1(norm)pb 0,=7.6+0.4(stat)+0.3(syst)+0.1(norm) pb
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All Hadronic Channel

S 400 i . 1| * Measurement in background dominated
S DO data, 1 fb .
S i W+ Signal sample - enormous multijet background
‘§3OO + Background - Data driven background model
GJ -
200 [  Topological Neural Network to purify the
i w sample (and measure properties)
100 B CDF Run Il Preliminary (2.9 ib™)
I T 2 22tags eventsm™
||+|| Summer(09 + b Data
%.0 02 04 06 08 1.0 ¥ [ + B Fitted 1
L Y s Fitted Bkg
DO (1 fb', m= 175 GeV): %t KiNdof = 202722
O, = 6.9 + 1.3(stat) £ 1.4(sys) = 0.4(lumi) pb F Prob=0.569
CDF (2.9 fb!, m,= 172.5 GeV): 1of +
o,= 7.2 + 0.5(stat) £ 1.4(syst) + 0.4(lumi) pb 5 Iiﬂ
100 150 200 250 m{“’{Gj%
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experiments and with theory

e All channels limited by systematic uncertainties
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9

8
o(pp — tt) (pb)
Combination has precision of 6.5%!

- Tevatron combination underway -

7
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Finding Single Top Quarks
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Single Top Quarks

e Predicted in ~1985 EWK single top quark production
~ t-channel: Willenbrock and Dicus, PRD 34, 155 (1986) 9’ q
- s-channel: Cortese and Petronzio, PLB 253, 494 (1991)
W vtb
b
e Not an easy measurement
- Small cross section J t-channel b s-channel N~
- Less striking 51gnatur.e compared to to.p Palrs =2.05+0.22 pb Oy = 0.95 + 0.08 pb
- Large backgrounds with large uncertainties PRD 66, 054024 (2002) Myo,=172.5 GeV/c?
5000 CDF Run Il Preliminary, L=3.2fb"
e Direct access to CKM element |V | . »1b-tag e
L4000 | Wicham [

I W+bottom
[ Non-W
W z+jets
[l Diboson
it 1
-¥-CDF Data .
24+ Sys Uncert |

e Need advanced techniques + b tagging § [~
to separate dwarf signal from background qu)ﬁooo
— Likelihood Function T |
— Neural Networks '
— Decision Trees
— Matrix Elements
— Neuro Evolution

W+1ljet W+2jets W+3jets W+4jets

; ,;-,W‘f;a s
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Single Top

CDF and DO reported observation|  coF Preliminary Single Top Summary Consistency among resulfs
. . ForM_ =175 GeV/ . . .
of single top quark production | __ 7" o using different techniques
on March 4th 2009 g e | 1508 A o 231
. March 2009
Phys. Rev. Lett. 103, 092001 N K |
Phys. Rev. Lett. 103, 092002 Neu L o 1.8+£0.6 Decision Trees 3.74 575 pb
Mat?g)szflf’r)nem 25+ 8:2 Bayesian NNs —e— 4.70 ié_‘ég pb
- Sensitivity Like(liar.lgcf)z?’fundion _B 6 8:? Matrix Elemt:ants 4.30 :?_'38 pb
oosted Decision Tree 0.7 |
CDF 3.2fb" >5.9sd  5.0sd | s BLUE Combination 416 2084 pb
Combination (Lepton+Jets) 0.6 I
DO 2.3 fb! 4.5 sd 5.0 sd G2 o BNN Combination 3.94 £0.88 pb
T Z3 |
Combination (All Channels) 06 mmmm N. Kidonais, PRD 74, 14012 (2006) my,, = 170 GeV
(3.2 | | 0.5 : i ‘ Ly
CDF & DO -5 0 5 0 5 10
) Single Top Production Cross Section (pb o (pp — th+X, tqb+ b
50 Observation! gle op (PP) (pp gb+X) [pb]
CDF Single Top DG Single Top 2.3 fb"
- : - i Data ¢ W+jets
500v ';Id:t;c;r:el 10* } 10 S/B At 5 L § ‘ tbf tgb -\ tt 1l
4000 signal region B N\ 600 -8« on background Y Multijets Il
(7] Y Wecharm | ] r N
< I +bottom 103 . s ) % Sjgnal Region
0 S/B~1/20| |mverw { :
(23000 o 400
o m 107 ] — .
=t -’-CDFDM 0.7 03 09 1
22000 | s
] + 200
Oy000
! 0
0 I 0 02 04 06 08 1 0 02 04 06 08 1
+1je +2jets +3jets +4jets . . . .
CDF Combination Output DO Combination Output
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Tevatron Combination and |V, |

Single Top Quark Cross Section

* Combination of CDF and DO results

August 2009

CDF Lepton+jets 3.2 fb™
CDF MET+jets 2.1 10"
D@ Lepton+jets 2.3 fb™

Tevatron Combination

]
I
I
I
|
I
|
I
I
I
|
I
I
I
Preliminary :

Il B.W. Harris et al., PRD 66, 054024 (2002)

e

2.17 2328 pb
50 55 pb
3.94 *388 by

2.76 2032 pb

b) Pure (V-A) coupling

W+

N. Kidonakis, PRD 74, 114012 (2006) My = 170 GeV
| | I R R T |
0 2 4 6 8
o (pp = th+X, tgb+X) [pb]
Vi
° ~ 2
O-Single Top vtb
Assume: b

a) |Visl, Vgl << IVy!| (from top BR measure)

y

- Tevatron Preliminary, August 2009

O, = 2.76'y2 pb
Summer09:§

Poster;or Densit
o -t

o
o

o
FY

0.2

III||IIII IIIIIII|IIII|II ek
t})0.511.522.533. 4 45 5

single top cross section [pb]

Tevatron (3.2 fb"):
0,,+=2.76 *0-38 .- (stat+syst) pb

Tevatron (3.2 fb")
|V, | =0.91 £ 0.08 (stat+syst)
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Single Top - Channel by Channel

New physics scenario can affect

* Extract t-channel and s-channel
contribution to single top signal

F —lepton

5 0. F-'b from top
F--light quark
_o5F " spectator b i

(b)

.......

. . 0 2 4
single top channels differently n
- s-channel sensitive to new resonances ) DG 2.3 b’
o e c @® Measured Peak
- t-channel sensitive to FCNC 2 * SM
L & y ZuFCNC
Summer09<] § 9,,=004g,
DO (2.3 fb™"): 3 X IV, =02
= Top-fl
6,=3.14 + 0.94 - 0.81(all) pb 5 A moiTev
. . bt - Top Pion
Strong evidence with 4.8 sd! m=250CeV
[ ]es%c.L.
= 400 © . B 902 c.L.
S (a) DO 2.3 fb" c . )
g I D Date ! ] 9s%c.L.
2 Mt-channel 1
S s-channel -
= W Wajets - t-channel discriminant
E, .tt . % 1 1 1 1 | | ; 1 1 | | |3 1 1 1 1 A 1 | | | |5 1 | 1
> M Multijets s-channel cross section [pb]
! t
W+
—>
02 04 06 O - -2 2 4
Ranked t-channel Output Q(lepton) x n(light quark jet) g
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Top Quark Mass
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Top Quark Mass

e Top quark mass is a fundamental
parameter of the Standard Model

* Since my,, is very large, quantum
loops involving top quarks are
important when calculating precision
observables (sin6,?, R,, my, ...)

e Measuring the W boson mass and top
quark mass precisely allows for
prediction of the mass of the Higgs
boson and constrain new physics

H t
Wd;hw W<:>W
b

AM,, o InM,

AM,, o M2

top

{ —LEP1 and SLD
80.5 —LEP2 and Tevatron (prel.)

68% CL

475 200
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Top Quark Mass

Measured in 3 channels:

-
0

geey)

Fraction gf Events/|
-l -
N [+/]
| T

- Dilepton (kinematics underconstraint)
- Lepton+jets
- All-hadronic

e
-t
Iy
|

Rl < ; m* templates, > 2 tags events (AJES = 0.0)

Bl M., = 160

B Mo, = 170
M,, = 180
M,, = 190

—— P(m™ |M__AJES)

Experimental Challenges 008
- Measure jets not partons o04
- Jet-parton assignment °'°j;_l

- QCD radiation

Jet energy scale uncertainty dominates (~3%)

m,,, (GeV/c?)

- Can be reduced Via in SitU ql "‘: F CDF Run Il Prelimlnary (3.2 fb™)
+ s °F M .. —- Data
measurement from W mass w — (g W [ s-Prtiat, - 172 o
2 % 60} B okgd
4 =37 p g SF
o ' “ I a0 +
Techniques | e * ]
- Top reconstruction templates [ = b 200
- Matrix Element Technique - e,
‘ . ’ . W % 50 60 80 90 100 110 120
- Indirect top cross-section vs mass e T Mass (GeVi/c’)
- “Subset of information” Lepton p,, b-tag
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Most Precise from Single Channel

Matrix Element Technique in Lepton + Jets
* Event likelihood based on differential cross section, parameterized in m,,, and JES
* Use Transfer Functions to model detector effects

P (i, JES) = — [ LDID) Sy ) P T (2, JES) dg (y)
1t O

lql ” q2 I comb
D@ Run lIb Preliminary, L=2.6 fb™ CDF Run Il Preliminary 4.3 fb"
N F - —
W . sf leptons+jets with prior b M
B 0 12
1.051 ﬂ‘%‘ £ Summer09<
1.042— 0.8
1.03F ne=
- 04F
1.02— -
- 0.2
1.01 -
- 9= —A(nL)=-0.5
1;— A InL=2.0 0.2 A(|I"I L)=-2.0
0.99- pinbese 04 — AN L) =45
:lIIIIII|III|III|IIIIIII .0‘6_IIIIIIIIIIIIIIIIIIII‘IIIIIIIIIIlllllllllllll
0.988 170 172 174 176 178 180 167 168 169 170 171 172 173 174 175 136
M,,, (GeV) m, (GeV/c’)

DO (3.6 fb'"): CDF (4.3 fb"):
173.7+0.8(stat)0.8(JES)+1.4(syst) GeV 172.6+0.9(stat)+0.7(JES)+1.1(syst) GeV
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Tevatron Results

Mass of the Top Quark (*Preliminary)

CDF-I di-l

DO-! di|
'CDF-Il di-|
'DO-I di-
CDF-I I4]
DO-! 4]
‘CDF-Il 14
D01l 14
CDF-l all-
‘CDF-Il allj
"CDF-I trk

Tevatron March'09
hep-ex/0903.2503

167.4+10.3+4.9
L
168.4£12.3+ 3.6
R

171.2+27+29
N

174.7+29+24

R
176.1£5.1£ 5.3
R —
180.1+3.9+ 3.6
.

172.1£ 0.9+ 1.3
e

173.7+ 08+ 1.6

@

186.0£10.0£ 5.7
e e

174.8+1.7+£1.9

R —

175.3+6.2+ 3.0

-0~

173.1£ 0.6+ 1.1

(stat.) + (syst.
¥2/dof = 6.3/10.0 (79%)

Tevatron (Winter 09):
m,=173.1 £ 0.6(stat) + 1.1(syst) GeV

150 160

arXiv:0903.2503

170 180 190 200
my,, (GeV/c?)

Results from different channels
are consistent

Different techniques to measure m,,
produce consistent results

Ongoing work on improving systematic
uncertainties (CDF+D0+theory community)

—Are all sources of uncertainty covered?
—Is there overlap?

v2/ndof 6.3/10 = 79 % probable
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Top Quark Mass - Projecting the Future

A M (total) GeV/c?

-—
=]

—

CDF example

i CDF Top Mass Uncertainty

(all channels combined)

1fb" 2fb"' 4fb" 8fb"

R S A

¥

v CDF Results

¥  RunllaLJ goal (TDR 1996)

Scale A(stat) /L, Fix A(syst)
(assumes no improvements)

,,,,,,,,,, Scale A(total) /\L

- (improvements required)

N I N I | | IIIIIII|

10° 10*

Integrated Luminosity (pb™)

Lepton + Jets 4.3 fb""

Systematic Source Am,,, [GeV]

Calibration

MC generator

QCD Radiation

Residual jet energy scale
b-jet energy scale

Lepton py

Multiple hadron interactions
PDFs

Background

Color reconnection

0.1
0.5
0.4
0.5
0.4
0.2
0.1
0.2
0.5
0.3

Tl |1

;

Magnitude of systematic uncertainties are comparable.
op quark mass precision for single measurement approaches 1 GeV

PIC 2009 - Kobe, Japan
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Top Quark Decay

~yTOF—DDEE 1%




W Boson Helicity in Top Quark Decay

* Standard Model predicts purely left handed t-W-b coupling

. = left-handed

* Directly probe t-W-b vertex *®0'8. veer longitudinal
. |2 .

at h]gh QZ % § 0.6 - _:;g;t;:;‘t;)ded

* [n SM, the helicity of W boson:
- longitudinal fraction f,~70%
- left-handed fraction f. ~30% 0.2
- right-handed fraction f,~0%

* Can use cos6* to measure f,, f,, f. cos 0

I* V{/Z 12 I
.................. - neg. direc- 0. ). neg. direc-
b <€ ** tion of top | * b < ** tion of top
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W-boson Helicity Fractions

Entries/0.1

Entries/0.1

Entries/0.2

60_ D@ Run Il preliminary
- Lepton+jets channel —e— D@ data, 1.2 b (a)
—— Signal + background
- Wob SM Signal + background
40 [ Background
20+
-1 -0.5 0 0.5 1
coso*
120r
C D@ Run Il preliminary
100 :_ Lepton+jets channel —e— pgdata, 1.2 b (b)
- . —— Signal + background
80 + W—ji SM Signal + background
L., | [ Background
60F e
40¢ ; .
C ' 1
% 02 04 06 0.8 1
60¢
E D@ Run Il preliminary
50E Dilepton channel —— D@ data, 1.71"  (€)
E —— Signal + background
0- SM Signal + background
[ Background

R
coso*

Measure f, and f, simultaneously
= Model independent

DO LeptonJets + Dilepton (2.7 fb-1)

f, =0.49 = 0.11 (stat) = 0.09 (syst)
f, = 0.11 = 0.06 (stat) = 0.05 (syst)

PRL 100 062004 (2008)

CDF Lepton+lJets (2.0 fb-1, m:= 172.5 GeV):
f, = 0.65 = 0.19 (stat) = 0.03 (syst)
f, =-0.03 = 0.07 (stat) = 0.03 (syst)

PLB 674 p160 (2009)

Consistent with the Standard Model
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Bernd Stelzer, Simon Fraser University 34




Top Quark Properties

roTOF—0DIFE




Top Anti-top Mass Difference

e Mass difference would imply CPT-violation
e Measured in lepton + jets events (ME technique)

§ ool 1S DO 10

165 170 175 180 165 170 175 180

m, [GeV] m, [GeV]
SummerQ09
First fime measured for a “bare quark” DO (1 fb™'):
Consistent with SM expectations Am=3.8 + 3.7 GeV

, statistics limited
arXiv:0906.1172

PIC 2009 - Kobe, Japan Bernd Stelzer, Simon Fraser University 36



Top Quark Spin-Spin Correlations

e Top spins are correlated only if top lifetime is short enough
- Spin-spin correlation is observable in the top quark decay products

t v optimal ax

2

O 5>+ d

- =
t

D Run II preliminary (4 fb)

«
§
5 70—

G e o sy UMMESS~ __NAD+NAD-NTH-NTD)
o = Dhoon N D+ NG+ N D +NA D

40

SM predicts £ =0.78  Nucl.Phys.B690, 81 (2004)

30

202— CDF (2.8 fb'l): DO (4 fb-1):
10;_ K =0.32 +0.55 0.78 K =_O. 17 +0.64_0.53
0—:1 =08 6—0.6 04 02 0 02 04 06 08 1 Off-diOgOﬂCﬂ axXis Beam axis

cos(6,)cos(0,)

First CDF and DO Runll result, agreement with SM within 1o (CDF), 20 (DQ)
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Top Quark Spin Polarization

2 r

« Single top offers a source of ~100 %
polarized top quarks

» Extract single top under left handed (V-A)
and right handed (V+A) production hypothesis

CDF Run Il Preliminary, L=3.2fb"!
95% CL
B 68% CL
* CDF II Data

» Data prefers (V-A) production

CDF Run Il Preliminary, L=3.2fb"

GR - GL _1 O+1.5
- *~-0.0
O, +0;
06 08 | 12 14 16 18
ls\'ﬂ;\

CDF Run Il Preliminary, L=3.2fb"

B s-channel(V-A)

]
o
N
o
1

10

cos0>0 ETT 2 (VHA) (V-A) -
- ZSE’?@ % 0.035 ’:;J_’
o (V-A) = (" -

B schamnel(V+A]
t-chamel(V+A)

cosf<0 =

i

01 02 03 04 os os 0.7 os'bs"1
2j likelihood function (cos>0)

cos(6y,)

5
-1 08 -06 -04 -02 o 02 04 06 08 1

0 01 02 03 04 05 06 07 0O
9j likelihood function (cos<0)
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Top Quarks as a Window to New Physics

T O4—DIZLBETLIVPEDIFE




Search for Narrow Resonance in M,

Events/25GeV

q

Resonance production of tt is predicted by ‘

several new physics models

- Top color assisted technicolor with leptophobic Z* ]

- Randall Sundrum KK-gluons, colorons, etc..

DO (3.6 fb™1):
, >820 GeV/c2 at 95% CL
Search for bumps in M,
- Assume narrow width (1.3%), dominated by resolution CDF (2.8 fb'):
>805 GeV/c2at 95% CL

Lep-l-on-l-JeTS A” HOdronlc CDF Run Il preliminary, L=2.8fb"
o0 ® DO, L=3.6fb" —=Data 2 By [mccD

- I + Prelim. |:|Z’(650GeV) g I - SM 1t
00:_ 3 L Iy % 1025—_ ________ - CDF fiata, N§V=2086

: Wiets -
80:— Other MC B
60 I Multijet .
40—
201 \
%7300 400 600 800 1000 1200 '

M, [GeV]

300 400 500 600 700 800 a00 1000

M, [GeV/c)]

PIC 2009 - Kobe, Japan

Bernd Stelzer, Simon Fraser University 40




Forward Backward Asymmetry

BACKWARD FORWARD q b q
- y had
q r-
a = )
F-B* [ «— Q-tag
|4

e New physics could give rise to a . econstructed Top Rapidity

2 F T T I BN

asymmetry (2’ ,axisluons,.. g 200 s events|
y y ( ’ g ’ ) 180F Afb —+— :,séﬁgusktg =

* NLO QCD: Afb=o'05 + 0°01 5 % 1602_ CDF II Preliminary *; |:|BIZg76 events —i
140? L=3.2fb" —+— 167 events ?

120 —

CDF (3.2 fb1): ok AS E
Aq,=0.193 + 0.065 (stat) + 0.024 (syst) 80 =
60 —— E

DO (1.0 fb"): ne meeES L

A 9t=0.12 : 0.08 (stat) + 0.01 (syst) I T e e
PRL 100, 062004 (2008) -Q; Vhad
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Search for Heavy t°

* Heavy t production
- suggested in 4th generation models, little
Higgs, 2HD models, Beautiful mirrows etc.
« Search for t't" in Lepton + Jets
CDF Run 2 (2.8 fb™)
g iL Preliminary 1
~ t'—Wq, > 4 jets ]
'g : HT VS Mreco T T v T T T T
) CDF Run 2 (2.8 fb)
10 L ..
o Preliminary
B 102f
0.1+ observed 3
F : «— M(t)=300 GeV
. - 107F
theoretical prediction ]
Bonciani et al. '
1 R 1 s ! N t | ¢+ observed
200 300 400 500 qQ0F| ¢
' 2 ; top
t' mass (GeV/c?) : Wjets
CDF (2.8 fb" 101
( ) ) 0 100 200 300 400 500
M(t") > 311 GeV/c? at 95% C.L. Mreco (GeV)
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Search for Charged Higgs in Top Decay

* |f kinematically allowed, t— H*b happens in SUSY

* Charged Higgs decay: H* —c¢s or H* — tv
—Branching ratios depend on tanB

* Observable:

Altered rates in final states: L+jets to Dilepton tz) T+X

s {my+=80 GeV Dg, L=1.0 fb’
2 B(H' - 7v)=1 1
Z10°7 ¢ Data 5 7 p
1. SM — i Brt - H'b)=0.0 -l:-l: : DG, L=1.0 fb '
—— {i Br(t > H'b)=0.6 T -
background - 1 —=— Expected 95% CL limit
= N’
102 : m 06| —e— Observed 95% CL limit
E § ]
0.4-
; ]
1
10 ]
I+jets 1 tag |+jet52tag dilepton 1:+Iepton | — - _ -
decrease 80 100 120 140 160
‘ ‘ ‘ tmcrease M, [GeV]

arXiv:0908.1811
Bernd Stelzer, Simon Fraser University 43
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Stop Quarks in the Top Sample?

Events/20 GeV

* Could top quark SUSY partner (stop)
hide in the top quark samples?

* Assume: 1. xV is the LSP
2. mg, 5 my
3. Mg+ <mg, — My

Reconstructed Stop Mass, B-Tagged Channel

: M—1 55 GeV CDF Run Il Preliminary (2.7 fb™) - data
25 M, =125.8 GeV
. NL.,-43 9 GeV I stor (DILBR=0.16)
20 ‘ - Top (M=172.5 GeV)
| Stop Z + Heavy Flavor R
' >
15 ~ Z + Light Flavor R
, G
10: . Dibosons H
. Fakes
.
0 100 150 200 250 300 350

t Mass (GeV)

b

Observed 95% CL

® o
(=T, |

BR(Y,

,._j“ w m(7,}=125.8 GeVic®

>){:)VI)=0.50

CDF Run I Prellmmary (2.7 fb™)

BR(t —)x b) 1

140

150

160 170 180 190
m(t,) GeV/c?
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Stop Quarks in the Top Sample?

PIC 2009 - Kobe, Japan

b
* Could top quark SUSY partner (stop) q " X,
. . 1 ~ /\/ +
hide in the top quark samples? _ \wyl
( _ ~.
=% b \v
[ ) o ""0 - - \
Assume: 1. %) is the LSP q t </xo
2. mg, 5 mi ¢ v Xi ¥ <o [
i i X 1
3. Mg+ <Mz — M L ow_ g B BG w
1 X1 X1 v
7 / vy
R Ret?orFst.rugte'd Stqp Ma;sf BA-Ta.iggecri C‘harnn'el ‘‘‘‘‘‘ ) Observed 95% CL
8 | M=155Gev  COffuntiPreimnen @7l o QOE e CDF Run Il Preliminary (2.7 fb™)
S 25 M =125.8 GeV ) E~"BR T V=10 "\ m(;zf)=125.3 GeV/c?
g M=439 GeV Il sc» OLBR=016) S BR{,~7 b)=1
E 202 ‘ - Top (M=172.5 GeV) SOE— 0
_ = 20t 0N
-stop Z + Heavy Flavor v 757 BRIx,—xvI)=0.50
' S
15 ~ Z + Light Flavor § 70
i ‘ % 65
10: | . Dibosons €
! 60 24t =0 =
. Fakes . BR (,31—>,g1\ 1)=0.25
5‘ 50
o: T
140 150 160 170 180 190
100 150 '{2;2 . (Go 3;')0 300 350 m(f) GeVic?
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Top Quark Physics at the LHC

LHCIZHFBRYTOF+—0DYFE




Large Hadron Collider

10" greem LI T 10’
4 r Te\":ﬁlmn LEHC 10’
10° E i : 10°
10° g‘ 10’
10° g‘ ' 10" .
0 f 10 g
10k & >1s/20) T
% 10" F Ow 10' :
- E o, &
o 10'F , 10" 3
= 6, (E"> 100 GeV) 2
' E 10" 5
10 F 10°
10 E o, 10°
10” ;- G|e((E|M> s/4) 10"
107 Origne(M,, = 150 GeV) 107
ECM = [/ TeV lnltla“y 10 F (M, =500 GeV) 10°
=10 TeV in summer 2010 ? T 0
- 14 TeV in 2011 ? s ()
ox  ~830pb 145« Tevatron) Expect 200 pb-' by end of 2010.
Osingle top™ 315 pb
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Top Cross Section at LHC

g » f q b b w
5 NP
g >&QM< t >,\V,V\+p<v‘§]/f producﬁém
g "00000 - ’ '
— q t
9 OO ’rchonnel s-channel g;ﬁt
ol AR AR T - SASSRAANAPANAASALASELARLAC:
= 800 MC NLO i - .
© - ] 200-_— t—channel a
7005 147Tev — 10 TeV: | o [ Watchanno :
600__ Ot N\ factor 2.3 B % [ s 3—channel ]
- {1 €150 —
500;_ oy  factor 1.4 . g [ .
400)- T bl 3
300 4 8 :
100} SR T :
4‘_.4-!_. 4 - - Jél 1 1101 1 11121 | 1141 1_ q- 2 n = —l_'ia'T | 1101 11‘1[21 1 1141 l—
S [TeV] E..(TeV)
. NS |le .
Top pairs Single Top
Z. Sullivan, arXiv: hep-ph 0408049 (2004).
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Top Quark Physics in Early LHC Data

CMS

BV +jets

Rediscover top quarks with ~ 10 pb™'
Possibly first in dilepton channel

MDY -<:

[ Single t

Ao, = 15% (stat) + 10% (syst) + 10% (lumi)

Top quarks are an excellent testbed
- Understand lepton ID (incl. taus) °

- Efficiency of b-tagging

BDY - ee,

" _at 10 TeV@maco

Hp

mww, Wz, 22

op

Cli—notil

)7 08 -06 -04 -02 0 02 04 06 08

i R BT BN B B | nlg 1 +w Alv |—10%
CERN-OPEN-2008-20 (2008) ~' °“P* tb

- Jet energy scale 0 1 2 3 >4
CMS PAS TOP-09-002 jots
"\ o ATLAS 1fb at 14 TeV )
ST E T @ o3 Single Top at the LHC
E o] —'= —e—t-channel E el o
’é;— . Wt-channel j/-t-channel most sensitive channel
2000} = o 1 *Requires b-tagging + MVA
1500 4 *See Patrick Ryan, MSU (poster)
3 1 | A|Vgl= 12% (stat + syst + theo)
500— .
) .
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Boosted Tops

N -
~+ ]
” -
[FRTTFIETY FIAT YR RYTY FRTA AT

* Searches for resonant top pair
production at very high mass
will suffer from “jet merging” 35
because of highly boosted top quarks -

Efficiency (%)
o
wn

W
T III LA III IIIIII Illll IIIIII IIIIII Il IIIIII Illll H

* Traditional top reconstruction works : :
up to ~0.75 - 1 TeV 080536810651 26018 T4 1o
* Efficiency drops rapidly IS

* New development: , | HCAL Deposits = _
Tagging of boosted top jets

- -
- -

ECAL Deposits—

= CMS: - 46% efficiency, ~ 2% fake SUERSIEES
rate for p;(top) = 600 GeV Y

Using constraints on top/W mass
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Conclusions

d

e The discovery of the top quark opened up a rich field in HEP

e A broad top physics program is underway at the Tevatron
So far, the data seems consistent with the SM

Tevatron expects to double data sets if running through 2011

e Single top quarks have been observed!
Most precise direct determination of V,, to date

e The precision on the top quark mass has reached 0.75 %

e With the LHC, an enormous top quark factory is beginning
operations - continue to explore the truth about the top...
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Further Information

Top Physics Results from the Tevatron

http://www-cdf.fnal.gov/physics/new/top/top.html

w http://www-d0.fnal.gov/Run2Physics/WWW/results/top.htm

Top Physics Projections for the LHC

https://twiki.cern.ch/twiki/bin/view/Atlas/ TopPublicResults

ne>r=»

S,/
| https://twiki.cern.ch/twiki/bin/view/CMS/PhysicsResults#TOP physics

PIC 2009 - Kobe, Japan Bernd Stelzer, Simon Fraser University 52



Thank You!
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