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Top Quark

¢ Heaviest known elementary particle
— Large Higgs Couplings
— Special role in EWSB mechanisms

— Many NP signatures decay to tops

1995: Discovered @ the Tevatron

PRL 74, 2632 (1995) PRL 74, 2626 (1995)
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Today: thousands of events used for
precision measurements & searches
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EPTONS
Electron 'Nedlho Muon hiottrlno
Mass ~0 ~0
Q

°
Eleciron Muon
511 105.7

°
Up
Mass: 5 1500

160

Within the Standard Model
— Single or Pair Production
— Electric Charge +% ¢
— Short Lifetime 5x10->>s
* Decays before hadronization
Successful Tevatron program

New results complement those
from LHC



Top Quark Production at the Tevatron

¢ Top quarks are mainly produced in pairs

via the strong interaction g g t
S5
N OO
G, =7.46 + 0.48 - 0.67 pb pu 1]
Moch & Uwer PRD 78, 034003 (2008) /,,%
(Calculated for top mass = 172.5 GeV) ~85% t

¢ EW Single Top production

—

. . g Total inelastic
— Experimentally challenging due to large &\
W+jets background in lower jet £, fmb _
. . e . . 210 bb ;
multiplicities than pair production Z L
T~ - q “10° L ub
q t ( 16 W 6.000
b : tf 2
ol !hu‘:_l ‘f;i___ﬂ___ 10 12 » pb =1
T b g N~
s-channel t-channel 1"
- fb
-16
= 0.88+0.11 pb O — 1.98 £0.25 pb 90020 T80 160 180 200
Higgs mass (GeV)/c

Kidonakis PRD 74 114012 (2006), m=172.5GeV
Associated production tW negligible
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Top Quark Decay
e M > my +my=
dominant 2-body decay t =Wb

e Assuming unitarity of 3-generation i

CKM matrix = B(t—=Wb) ~ 100%
e I'’M=14GeVatm,=175GeV

— Top decays before top-flavored a
hadrons or tt-quarkonium bound -
states can form

tt decay modes

dilepton

all hadronic

— Top spin and kinematics is et ut Tt ud cs
transferred to the final state w’

e, . ;
R MET e v E o
N2 W MET

b-jet = - S : . b-jet
,‘l, / b-jet bjet% -jet b-jet =7 J
Vv : :
e,u je jet jet jet
D(l;lepton Lepton+jets All-hadronic
(BR~5%, low bckg) (BR~30%, moderate bckg) (BR~46%, huge bckg)
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Top Pair Production Cross Sections

CDF

July 2011

DO Run i

leptontjets + dileptons (PLB)
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HeH

H—e—

53fb"

lepton+jets (topo + b-tagged, PRD)
5.3 fb"

dileptons (topo + b-tagged, PLB)
5.3 fb"

H—e—H

1.0 fo™!
tau+lepton (b-tagged)

lepton+track (b-tagged)*

2.2 fo!

tautjets (b-tagged, PRD)

H—®0—H

o

1.0 fb™
alljets (b-tagged, PRD)

1.0fb™

N. Kidonakis and R! Vogt, PRD 78, 074005 (2008)
S. Moch and P. Uwer, PRD 78, 034003 (2008)

Lo o b o by M ||

B M. Cacciari etal., JHEP 0809, 127 (2008)

My = 175 GeV
CTEQ6.6M

10 12

8
tt + X) [pb]

6

* = preliminary

2011 result

red =

6 (pp—

Measured 1n all channels except T, T4

2010 results

blue

b-jet

t

D

: 7
=
' jet

jet

e,u

Dilepton
(BR~5%, low bckg)

All-hadronic
(BR~46%, huge bckg)

Lepton+tjets
(BR~30%, moderate bckg)
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Top Quark Mass

¢ Fundamental parameter of the SM ¢ top anti-top mass difference

— Affects predictions via radiative — Test of CPT violation
corrections — Only possible to study with tops

— Together with the W mass, places — Many systematics cancel in difference
constraints on the Higgs mass * Total systematics 0.59 GeV

Single most precise measurement CDF Il Preliminary 8.7 fb"

400 o

350 CDF Il Preliminary 400 * Data
9300 * Data (8.7 fb") 43501 [ ]tt (0 Gevre?)
3 7] Signal+Bk Sa00l | e ckaroung
$250 :kg da iy gd 3300 Lepton-ets i::l groun
£200- gaonly o250
£150 - ‘?'_;200
S : £150
w100 Leptontjets Q

50 with 2 b-tags w100

7 50
I e R N

50 -100 -50 0 »0 100 150

reco G V’
i (GeVie) AmM**® (GeV/c")

M,, =172.85=1.10GeV

Total systematics 0.84 GeV

CIDHIECIEY 1601 1O E! CDF/PUB/TOP/ 10777
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Studies of Single Top Production

» First observed in 2009 ¢ Limits on anomalous Wtb couplings
— 14y after pair production, 50x more data o 0.5 ATIITS
- - NE € * SM q ‘
¢ Probe of Wtb interaction >n 0.4 B 655 C.L_ g
¢ Cross sections sensitive to BSM 0.3- L ) =32j or | &7 5
processes 3 U
0.2-

¢ s-channel suppressed at the LHC
o,=181x% pb

World’s best s-channel x-sec
WaJets, NN Discriminant CDF |l Preliminary 7.5 b’

7 f ® CDF Data
= | I 68.3% CL
S 4} 95.5% CL
S 99.7% CL
o B SM(NNNLO)
w 3
s | = ) .
© 2 Most precise B(t — Wb) =—— tt production
% | +0.47
g 1 ‘F =2.007,,;GeV | epnys. Rev. D 85091104 (2012)
- CDF/PUB/TOP/10793

23 7 s +0.90 25

s-channel Cross Section [pb] ‘Tt = 329—0.63 x 10 S‘

Cecilia E. Gerber (UIC) — Blois2012 8



W Boson Helicity Fractions

Phys. Rev. D 85, 071106 (2012) —ig - Ty (l—ys) VbW, V-A  pspin=1/2
(2.7-5.4 fb-lof data) 2\/— t spin =1/2
ﬁ ﬁ W+ spin=1
g ﬂ E = E Suppressed by the
ﬂ ﬁ ﬂ ﬂ ﬂ ﬂ V-A coupling
b
W Left-Handed W, Longitudinal Right—l-landed
fraction Fi fraction [y, fraction Fg
- COF + DO combination Most precise SM prediction: f,=70%, f,.=0, £=30%
ot ‘  omoined e fo = 0.722+ 0.081
B \ O CDF l+jets
y | oo e [+ 0.062 (stat.) = 0.052 (syst.)].
7t fi = —0.033 & 0.046
st o 0% (£ 0.034 (stat.) = 0.031 (syst.)]
05—
U First Published Tevatron
Combination 1n Top Physics .
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Anomalous Witb Couplings

¢ Constrain Wtb vertex couplings by

£ = o ValfePL+ FFPRW;
combining information from single

9 1 10" q, Vi

i ——=b LPp + fEPR)IW + h.c.
top and W helicity analyses. 3 My JrPLt PRV,
. L __ R _ L _ rR __
SM: fl =1 fff = fk = ff =0
Scenario| only only [combination
T f W helicity |single top
w t Ik 0.62 0.89 0.30
Ve g t . IfE|? 0.14 0.07 0.05
g ; FZik 0.18 0.18 0.12
Y
N (@) « 05 (b) « 05 ()
¢> | D@,54fb" []68% C.L. <+~ | D@,54fb" []68%C.L. ¢+~ | D@,54fb" []68%C.L.
B 90% C.L. 0.4 B20% C.L. 0.4 B 90% C.L.
W 95% C.L. ; M o5% C.L. ; M 95% C.L.
® Best-fit value 0.3; @ Best-fit value 0.3; @ Best-fit value
* SM value 02; * SM value * SM value
0.1+
4 % =1: 2 3 4
L Ll )
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Spin Correlation Strength

Tevatron: qq, tt at threshold O N,,+N, -N, -N,
q t ®=°) t N, +N  +N, +N,

v
1= =l 4 , Testof SM that analyzes the entire
] . VS chain of production and decay
t e Sensitive to BSM processes

LHC: qq, tt far off threshold

t

i ‘ )/
b

Ctevatron: 0.78 ‘ &{C =0.32 ‘

NLO QCD, Nucl. Phys. B 690, 81 (2004)

charged Higgs, b’, ...
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Spin Correlations

e Use ME method and build
discriminant sensitive to the
strength of the spin correlation

S0.15F ' I ' ' ‘ ™
% [ - No spi_n corr. DO
£ | —— SM spin corr.
o
s |
0.1} l
0.05-+ "
o : MC@NLO
parton level
0.3 04 05 06

R

¢ Studied in dilepton and lepton—+jet
events & combined

Correlation Strength
C =0.66 = 0.23 (stat+syst)

NLO QCD C=0.777'52]
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Nevents

140—_ _ 1
] Data D@, L=5.3 fb
120 — tt SM spin corr.
B tt no spin corr.

100-] MM measured tt
{ == Other

{ mm Wijets

807 mmm Muitijet

0.6
R

] 00_3 —+ Data D@, L=5.4 fb"'

| = tt SM spin corr.
80 tt no spin corr.

] measured tt
1l Background

0.55 0.6
R

04 045 05

First Evidence for Spin
Correlations with 3.1 ©

Phys. Rev. Lett. 108, 032004 (2012)
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o 0.8
0.6

Search for Lorentz Invariance Violation

Lorentz invariance
violation (LIV) would
affect both top pair
production and decay

Event rates would depend
on sidereal time

[ + foSME(¢za {Cuu})]

arXiv:1203.6106, accepted by PRL

0.8
(a) D@,531" | F | (b) D@, 5.3 fb™ L luminosi :
tt / e<channel 0.6 tt / u-channel i:luminosity over sidereal phase ¢@

N

ey A TR T oo
:::+ i *ﬂ BT (e

O

-0.6 -0.6 L / £int
-0.8 -0.8
° 02 Sldereal P°h7:se / 21t 0 025 Sldereal Igh7:se / 27t1 C/'LV ~ O (ConS|Ste nt SM)
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20 years of Top Studies...

Property

Measurement

SM Prediction

Luminosity (fb—')

o4 (for M; = 172.5 GeV)
Otbq (fOl' Mt —N72'5 GeV)
o (for M, = 172.5 GeV)
Charge asymmetry
spin correlation

M,

atf'y

[Vio|

R = B(t > Wb)/B(t - Wq)

o (g9 — t) /o (pp — tF)
M, — M;

W helicity fraction
Charge

I

CDF: 7.5 £ 0.31(stat) & 0.34(syst) + 0.15(theory) pb

DO: 7.5670%3 (stat + syst + lumi) pb
CDF: 0.8+ 0.4 pb (M; = 175 GeV)
DO: 2.90 &+ 0.59 pb

CDF: 1.870-7 pb (M, = 175 GeV)

DO: 0.68%535 pb

CDEF: 0.158 + 0.074

DO0: 0.196 = 0.065

CDF: 0.72 + 0.64(stat) = 0.26(syst)
DO: 0.66 + 0.23(stat + sys)

Tev: 173.2 4+ 0.9 GeV

CDF: 0.18 + 0.08 pb

CDF: |Vip| = 0.91 + 0.11(stat + sys) £ 0.07(theory)
DO: |Vip| = 1.02+0:19

CDF: > 0.61 @ 95% CL

DO0: 0.90 +0.04

CDF: 0.073:33

CDF: —3.3 £ 1.4(stat) £ 1.0(syst) GeV
DO: 0.8 & 1.8(stat) £ 0.5(syst) GeV
Tev: fu = 0.732 +0.063(stat) + 0.052(syst)
CDF: -4/3 excluded @ 95% CL

DO: 4/3 excluded @ 92% CL

CDF: < 7.6 GeV @ 95% CL

DO: 1997082 GeV

746703 pb
2.26 +0.12 pb
1.04 +0.04 pb
0.06
0.777+0 038

0.17 +0.03 pb
1

0.18

0.7
2/3

1.26 GeV

up to 4.6
5.6
3.2
5.4
3.2
5.4
5.3
5.4
5.3
5.4
up to 5.8
6.0
3.2
5.4
0.2
5.4

5.6

3.6

up to 5.4
5.6

0.37

4.3

up to 2.3
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20 years of Top Studies...

Property Measurement SM Prediction Luminosity (fb—')
o4 (for M; = 172.5 GeV) CDF: 7.5+ 0.31(stat) & 0.34(syst) £ 0.15(theory) pb  7.46*( 5> pb up to 4.6

DO: 7.5670%3 (stat + syst + lumi) pb )
Otbq (for M; = 172.5 GeV) CDF: 0.8 +0.4 pb (M; = 175 GeV) 2.26 +£0.12 pb

5.6 \
3.2 \ Q
DO0: 2.90 £+ 0.59 pb s . .
o (for M, = 172.5 GeV) CDF: 1.8%97 pb (M, = 175 GeV) 1.04 £ 0.04 @
DO: 0.68%535 pb & -
5.3

Charge asymmetry CDF: 0.158 £ 0.074

DO: 0.196 + 0.065 5.4

spin correlation CDF: 0.72 £ 0.64(stat) & 0.26(sys g RS 5.3

DO: 0.66 + 0.23(stat + sys) 66 5.4
M, : - [ - up to 5.8

“ 0.17 £0.03 pb 6.0

P
|‘2t:| k + sys) + 0.07(theory) 1 3.2
102735 5.4
R =B(t - Wb)/B(t > Wgq) @ 95% CL 1 0.2
: 0.90+0.04 5.4
o(gg — tt)/o(pp F: 0.0710:83 0.18 1
M, — M; CDF: —3.3 £ 1.4(stat) £ 1.0(syst) GeV 0 5.6
DO: 0.8 & 1.8(stat) & 0.5(syst) GeV 3.6
Tev: fu = 0.732 +0.063(stat) + 0.052(syst) 0.7 up to 5.4
CDF: -4/3 excluded @ 95% CL 2/3 5.6
DO: 4/3 excluded @ 92% CL 0.37
| CDF: < 7.6 GeV @ 95% CL 1.26 GeV 43
DO: 1.9970% Gev up to 2.3
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One Surprise: Top FB Asymmetry

B B

0(*) F
p P
P o Y=’ a

(7

F
»tfd_p

¢ Top quarks are preferentially emitted in the direction of the incoming quark,

anti-top in the direction of the incoming anti-quark.

— No asymmetry in gg production.

¢ SM predicts small (~6.6%) asymmetry from
interference between ISR and FSR and between

LO and box diagrams

¢ BSM production mechanisms that exchange new
bosons could enhance the FB asymmetry

¢ Inclusive asymmetries measured using ~5fb-! of
Tevatron data exceed SM predictions by 1.5-20

— Larger mass and rapidity dependence than
predicted by the SM
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Forward-Backward Top Asymmetry, %

D@, 5.4fb™

CDF, 5.3fb™

Reconstruction Level

——

—e——

mg < 450 GeV

7.8+4.8

-2.2+4.3

D@, 5.4fb™

CDF, 5.3fb™

| R

m_ > 450 GeV

11.5+6.0

1
26.6+6.2
S. Frixione and B.R. Webber,
JHEP 06, 029 (2002)
1 l 1 1 1 L | 1 1 L ‘ 1

-10

0

10 20 30
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Definitions

Tevatron: p p is CP-eigenstate LHC: qq fraction only 15%
Forward-Backward Asymmetry more significant at the Tevatron
Tevatron A top LHC A top
anti-top anti-top
. .
n n
AT N(Ay>0)-N(Ay<0) A = N(A|y >O)—N(A|y|<0)
" N(Ay>0)+N(Ay <0) © N(AP[>0)+N(Ay|<0)
Ay=y,-V; Aly|=y| =]y
| A%~ 6.6%| |Ac~1%]

NLO POWHEG with EW corrections
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AFB

Arg: Parton Level Results

Inclusive result: |A§B= 162+ 4.7%|

[ —»— |+Jets Data

A.g = 0.162 + 0.047 INLO -6 6%'
[ —— NLO (QCD+EW) tt -
- A =0.066

4
4

[ o #
:\\..I....l...;||||||‘|||J||H\.m\luuu
-2 1.5 -1 -0.5 0 0.5 1 1.5 2

e Analyze 8.7fb"!
¢ NLO Powheg w/EW corrections -
for signal modeling =
83
e Correct for acceptance and © s
detector resolution — parton level
1
results can be compared directly
to theory "
0
CDF Run Il Preliminary L = 8.7 fb™! CDF Run Il Preliminary L = 8.7 fb™!
| —— I+Jets Data <E [ —— I+Jets Data
0y, = (30.6 £ 8.6)x107? 06F oy =(15.6+ 5.0)x10*
0.6~ (Correlated Uncertainties) - (Correlated Uncertainties)
[ — NLO (QCD+EW) tf 051" — NLO (QCD+EW) tt
[ o, =10.3x107 b oW 3.3x10*
0.4T 0.3

Parton Level Ay

Parton Level M, (GeV/c?)

Best fit slope to data compared to NLO
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CDF/PUB/TOP/1080%

N
T

CDF Run Il Preliminary L = 8.7 fb!

Parton Level Ay

| Data_| NLO

Ampvs  (15.6£5.0)  (3.3)
M, x104 x10
Arpvs  (30.6£8.6)  (10.3)
Ay x1072 x1072

p-value <1% (Probability of
background to fluctuate to data)

18



Conclusions

e Tevatron had a successful (Standard Model) top quark program
— Observation
— Precision Measurements
— BSM Exclusions

e Legacy results on the full
dataset are most precise or
complement LHC

¢ LHC opens a new era of high
statistics and BSM discoveries

y e
LHC /“g\%vatron
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