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Electroweak symmetry breaking

Gauge boson coupling to Higgs field
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SM single top quark production
Associated
production

Tevatron:
LHC: O =326 pb
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Fermilab single top history
Publication history .

. Search: PRD 65, 091102 (2002)
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_Evidence:  PRD 78, 012005 (2008)
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Wib: PRL 102, 092002 (2009)
.H*: (PRL) arXiv:0807.0859

Single Top Signal Significance

; CKM Matrix Element V,,
Cross Section Expected Observed

- Observation:  (PRL) arXiv:0903.08350

V| = 180 4

| ' ' V| >0.68 ate5% cL

Vyft| = 0.88 313

th| >0.66 at95% CL
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Background processes
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Analysis outline

Trigger Single top
selection event
kinematics

b-quark
tagging

tb 0

tgb N

ti— 11 BN

tft — I+jets 1l

wob Il

wee IR

wej I

wj B0
Z+jets

Dibosons 1

Multijets 1l

.t

Combination Multivariate techniques
BDT BNN ME
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Analysis samples

— Divide into 24 analysis channels plus cross-check samples
* By b-tag multiplicity (1, 2), jet multiplicity (2, 3, 4),
data taking period (before/after upgrade), lepton (e, W)
* Pre-tag sample for W-light quark jets and QCD

* Cross-check sample enriched in WHjet events
* Cross-check sample enriched in top pair events

— Check data/background agreement for all variables and
multivariate filters in all samples

Data ¢
Wbb

Wcec R
Wjj+Wej B

Z+jets

Dibosons W
tf |
Multijets Il

10000~ D@ 2.3 fb™

| pretagged
~ all channels

Yield [events / 3 GeV]
()]
o
o
=

O0 50 100 150
W Boson Transverse Mass [GeV]
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Yield [events / 10 GeV]

W+Jets Cross-Check Sample

L - Data ¢
- D@ 2.31b i b
[ Hy<175GeV ||//VVbb -
— 1 b-tag e .
i 2 jetS W_I_]"' WC_I [
i Non-W
r Multijets Il
0 50 100 150

W Boson Transverse Mass [GeV]

Yield [events / 10 GeV]

0" D@ 2.3 b" Data ¢
L tb+tgh I

" Hr>300 GeV Non-t Il
60 1,2 b-tags  tt-um
L 4jets tt > (+jets
Multijets IR

40-

20

tt-Pairs Cross-Check Sample

OO 50 100 150

W Boson Transverse Mass [GeV]
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Important discriminating variables
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D@ 2.3 fb™

-1 . 0 0.5
Cos(LightQuark Jet, Lepton)

all channels

1
btaggedtop

DG 2.3 fb™

| all channels

200"

-2 0 2 4
Q(lepton) x n(light-quark jet)
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Important discriminating variables

000 W tb+tgb
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[

400j

Yield
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- Considered ~200 variables total for multivariate filters
e Chose 18-64 variables for each filter, depending on method and channel 4
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From cut-based analysis to decision tree
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From cut-based analysis to decision tree
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From cut-based analysis to decision tree

H =312 — Cuts produce branches

. . — Terminal leaf: calculate

Fail purity = N¢/(N¢+Np)

from MC signals and

backgrounds

P — Each data event is assigned the

pUrity purity value of the leaf 1t falls
into

— Typical trees: hundreds of leafs

Pass

M >160 n=1.2
P/ N\ F F
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Boosted decision tree

— Boosting:
Average over many trees, each
built by iteratively increasing
weight of mis-classified events
— Typically 20-100 boosting
cycles

Reinhard Schwienhorst, Michigan State University 23



Boosted decision tree distributions

Event Yield

Event Yield

Pretagged Cross-Check Sample

DG 2.3 fb”

Data ¢
Wbbh R

Wecec
Wjj+Wcj

Z+jets

Dibosons Il
tt
Multijets Il

150001

all channels

100001

5000

%

02 04 06 08 1
Boosted Decision Trees Output

W+Jets Cross-Check Sample

- Data ¢

DG 23fb" D0 L

300 Hy<175Gev ~ Wbb W
1 b-tag - Wec IR

2 jets Wjj+WC [ |

200 Non-W

Multijets I

0.2
Boosted Decision Trees Output

04 06 08 1

Cross checks

t-Pairs Cross-Check Sample

k")
T.) —1
2 D@ 2.3 fb Data
£100- tb+tqgb M
g H;>300GeV  Non-t I
w 1,2 b-tags tt—4¢ |
djets ti—l+jets M
50 + Multijets IR

0
0 0.2 04 06 08 1
Boosted Decision Trees Output

Full data sample

Event Yield

0.2

. e D@ 2.3 fb™

Bl tb+iqb
Il wWbb

B Wcc

B W+ Wcj
Bl Z+jets
| /]
Wl ti—>/+jets
Bl Multijets

150

100

50

86

0.4 0.6 0.8

Boosted Decision Trees Outpu
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Bayesian neural networks

Single network Bayesian neural networks
Integrate

over possible
network
parameters

— NN with three layers, 24 input nodes, E b
40 hidden nodes n:
— Bayesian Idea: i
* Determine the posterior probability - i
for each weight at each node
* Sample from this posterior 0_1;
* Here: Average over 100 networks ;

0:IIII|IiII[IIII]IIlllllli|IllI|IIII|IIII|III 3
0 0.2 0.4 0.6 0.8 1

Bayesian neural network output
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Bayesian neural network distributions

Event Yield

Event Yield

tt-Pairs Cross-Check Sample
Pretagged Cross-Check Sample 5
g 80~ D@ 2.3fb” Data
_ Data e L
L DQ 2.3fb ! Wbb H T ot tb+tqgh
8000 © 60 Hy>300GeV  Non-t I
I Wee m > L T N on-
i all channels Wii+Wei R w 1,2 btags _ ti->4 M
- ”Z+'ets] 40l djets  ti->(+jets M
6000~ Dibos:)ns - + Multijets Il
i tt 20l
40001 Multijets Il
2000+ %02 04 06 08 1
i Bayesian Neural Networks Output
of
0 02 04 06 038 1
Bayesian Neural Networks Output FU.H data Sample
W+Jets Cross-Check Sample E ¢ Data -1
;_: Bl tb+iqb DO 2.3fb
- Data ¢ I Wbb
D@ 23" R L = i
2001 Hy<175Gev ~ Whb W > B wjj+We 150
1 b-tag  Ween > Bl Z+jets
2 jets M:\jljo+n|fVVcV = L Wt U
Multiiots BB Bl i /+jets 100
100L ! B Multijets
50

% 02 04 06 08 1

Bayesian Neural Networks Output

0.6

Cross checks 0

0 0.2 0.4 0.6 0.8

Bayesian Neural Networks Output
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Matrix element analysis

Parton level
matrix elements Signal discriminant

integrate
over _ P (sig)

: : I=
):j; measurement P(sig)+P(bkg)

uncertainties

* Signal and background probability for each event 1s
calculated from differential cross section
1

PS;'gna.’()?) = Edag()_() gs — [ dJS()?)
— Integration over final state momenta
* And over reconstructed momenta, transfer function

* Include ME for s-channel, t-channel, top pairs, diboson,
W+2jets, W+3jets (including gluons)

* Determine weights in two HT regions

Reinhard Schwienhorst, Michigan State University 27



Matrix element distributions

W+Jets Cross-Check Sample tt-Pairs Cross-Check Sample

DO 2.3 fb™ DG 2.3 fb™

Data ¢

tb+tqgh W

Hr <175 GeV Wwbb IR H:> 300 GeV Non-t I
1 b-tag Wcec [ 1,2 b-tags tt—>4¢ 1

2 jets Wjj+Wc - 3jets tiol+jets I

Non-\w IR i Multijets I
Multijets 1IN L

Data ¢
tb+tgh

Event Yield
N
o
o
Event Yield

Cross checks

04 06 038 1 ° . 04 06 08 1

¢ Data -1
B b +tgb DG 2.3 fb
Il wbb

M wce

B wjj +Wcj

B Z+jets

F H.< 175 GeV

Full data —p e T €
Il Multijets

sample

D@ 2.3 fb”

L=,
2
>
)
c
Q
>
L

H,> 175 GeV

Event Yield

0.4 0.6 0.8 : 0.4 0.6 0.8 1
Matrix Elements Output Matrix Elements Outpu
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Systematic uncertainties

Systematic Uncertainties

Ranked from Largest to Smallest Effect
on Single Top Cross Section

Dg 2.3 fb1

Larger terms

b-1D tag-rate functions
(includes shape variations)

Jet energy scale
(includes shape variations)

W+jets heavy-flavor correction
Integrated luminosity

Jet energy resolution

Initial- and final-state radiation
b-jet fragmentation

tf pairs theory cross section
Lepton identification
Wbb/Wcc correction ratio

Primary vertex selection

(2.1-7.0)% (1-tag)
(9.0-11.4)% (2-tags)

(1.1-13.1)% (signal)
(0.1-2.1)% (bkgd)

13.7%
6.1%
4.0%

(0.6-12.6)%
2.0%

12.7%

2.5%
5%
1.4%

Relative Uncertainty [%]
on Total Background

DG 2.3 fb”

Single-tagged

(e)]
o
T[T

%

o)
o
T[T

I N NS N S N A T N R
010203040506 070809 1
Combination Output

o_
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Multivariate Analyses

D@ 2.3 fb-' Single Top Results

Significance
Expected | Measured

Single Top
Analysis Method Cross Section
Boosted Decision Trees 3.74 fg:gg pb
Bayesian Neural Networks 4.70 ig:;g pb
Matrix Elements 4.30 190 pb

430 460
410 540
410 490

Reinhard Schwienhorst, Michigan State University
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— Gain because each method provides unique separation

Combination: Another BNN

e

|I\I\
1 2 3 4 5 6 7 8 9 1

-1 -1
o DG 2.3 fb o Dg 2.3 fb

Q . — .

Q. gL 74% correlation 2 9t 60% correlation

c = = 2

S 8 : ] = c 8 E

A 2 T -

o r (&) r

N 6 o 6F

x i & 0

g 2,

¥4 g4

Q9 u + r

=2 3 c 2 3 E

- 20" Pseudo-datasets 2 Pseudo-datasets

Z 1 C m with background Ll 1 E with background

m = and SM signal = E and SM signal
O_ hl\\ll\\I‘\\I\‘I\\Il\lll‘ll\lllll\l\l\\ 0: .l KHIJIIJIIIJ\IJJ\'JlllJlIJl\llllllJll

2 3 4 5 6 7 8 9 10

BDT tb+tgb Xsection [pb] BDT tb+tqgb Xsection [pb]

— Simple BNN, only 3 inputs: BDT, BNN, ME

W+Jets Cross-Check Sample

0.2 0.4 0.6 0.8 1

Combination Output

tt-Pairs Cross-Check Sample

©
S i » Data ¢ | B 80F P
2 DG 2.3 fb th+tqb M ;__, D@ 2.3 fb Data ¢
S 200~ Hr<175Gev ~ Wbb M| o, | tb+tqb M
> 1 b-tag Wecl | & Hy>300GeV  Non-t I
Mo 2 jets Wj+wem | > 1,2btags  ti->( M
Non-W 40 4jets ti—!l+jets I
Multijets Il Multijets I
100}~
I 201
o

0.2 0.4 0.6 0.8 1
Combination Output
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Combination distribution

* Combine 24 channels, Signal Region
50 bins per channel, ~t P
sort bins by s/b S DG 2.3 fb
S 40
&
o
Final Discriminant T
S . DG 2.3fb" 2 + !
o | " —
» 600 >
= - Data ¢
o tb+tqb M
L 400 W+jett?_ : 98 085 09 095 1
x=. Multijets Ranked Combination Output
3
- 200_
of

0 0.2 04 0.6 0.8 1
Ranked Combination Output
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Is there a signal?

-1
S/B Ratio " - DO 2.3 fb
o — y "q:: 1601 ¢ Data
3 | D@ 2.3 fb 3 140 ~. signal+Background *
%1 ' 5 g 120:— == Background MLM
8 ﬁ' 100 M
= Sum bins E 80F 4{
© : -
c right-to-left 5 -
-‘%’ (&) 60: +
/ 40
g 0.5 / 20} ﬁ#@‘l/ (tb+tqb) = 3.94 pb
-~ - e o qo) = 3.94 p
:IQ- ‘I‘/I 0 ﬁ|\|||||\||\||||||\|||\||||||\|||\|||
= 9% 02 04 06 o8 1 0 5 10 15 20 25 30 35 40
Ranked Combination Output Cumulative Single Top Signal
DG 2.3 fb” DG 2.3 fb™ DG 2.3 fb™”’
% 60; all channels % 20 all channels % _ all channels
= . BNNcomb > 0.8 = - BNNcomb > 0.9 = - BNNcomb > 0.95
: 15- 10
40 - I
10" [
207 52 5_

0

-1 -0.5 0 0.5 1
Cos(LightQuark Jet, Lepton)btaggedtop

Q1 .05 0 0.5
Cos(LightQuark Jet, Lepton)btaggedtop

0

-1 -0.5 0 0.5
Cos(Light Quark Jet, Lepton)btaggledtop



L
o

Yield [Events/0.8]
= S

Kinematics in the signal region

High Signal Region - Q@ xn

D@ 2.3fb”

Ranked
— Combination
Output > 0.92

4 2 0

Q(lepton) x n(light-quark jet)

High Signal Region — my,,

w
o
|

N
o

@
Yield [Events/30GeV]
=

2 1 0700
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D@ 2.3 fb

Ranked
Combination
Output > 0.92

200 300
Top Quark Mass [GeV]
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Posterior Density [pb™]

Statistical analysis

* Bayesian statistical analysis
P(s|D) = P(D|s)*P(s)

— Posterior gives measured cross section and uncertainty

0.5

0.4

0.3

0.2

0.1

IIlFlIIIIlIIIIliIIIlII!I

o=

D@ 2.3 fb”

measured
(0)

= 3.94 +0.88 pb

expected

= 3.50 07, pb

2 4 6 8 10
tb+tgb Cross Section [pb]

D@ 2.3fb" March 2009
i
Decision Trees 3.74 iSj?S pb

Bayesian NNs —e—i 4.70 *1d% pb

Matrix Elem:ents 4.30 1933 pb

BLUE Combination 4.16 +0.84 pb

BNN Combination 3.94 +0.88 pb
|

L_I\} Kidonakis, PRD 74, #14012 (2006) my,, = 170 GeV
‘ | L 1 | ‘

| 0 - 5 10| |
o (pp — th+X, tqb+X) [pb]

PRL 103, 092001 (2009)
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Measured tb+tqb Cross Section [pb]

Significance

* Significance (p-value) and linearity and many tests
through extensive ensemble testing

— Ensembles of pseudo-data at various signal cross sections

7]
(— # L] L]
1o-  BNN Combination 9 407 D@ Combination
- E 106 67.8M pseudo-datasets (background-only)
8 % 17 above measured cross section
i - 5
L 1 _
I .§ °4 p-value = 2.5 x 107
i 8 10 Observed significance
o Dg | & 10 =5.03 0
B |
L e 102
2; Slope =1.017 + 0.006 PR
- Intercept = —0.009 + 0.032 o 10
Input tb+tgb Cross Section [pb] 2 0 1 2 3 4 5 6

tb + tqb Cross Section [pb]
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CKM matrix element |V,

CKM Matrix

/ _
S — Vc d Vc:s Vc:b

S
Ve SRR AN

* Measurement: |Vy, ><le|

fa N (v v v V[ d)

— Assume top decays to b

g

(th > Vtsa th) % 1.5

Q -

* No constraint on # of generations 5§
(TN

 Then assume f ! =1 g0

DG 2.3 fb™

flat prior > 0

|Viofi| = 1.07 £ 0.12

— lower limit on Vy, 05,
— At the 95% C.L.: JNALIBENER -
o5 1 15 2 25 3
\ 2%k
Reinhard Schwienhorst, Michigan State University 37



* Analyses based on 3.2 fb-!
* Top mass 175GeV

CDF Preliminary Single Top Summary

For M, =1

S-Channel

Likelihoothunction
(3.21°")

‘ 1.5+ 32

75 GeV/c?

Neural Nefwork
(3.2f")

Matrix Ele;'nent
(3.217")

Likelihood Function
(3.21")

Boosted Decision Tree
(3.2f0°)

Combination (Lepton+Jets)
(3.2f")

MET+Jets,
(2.1fb")

Combination (All Channels)

(3.2 |

-5 0

ingle Top Production Cross Section (pb)

* Include M|

H'T+Jets channel

* 5 multivariate methods,
separate s-channel search

Reinhard Schwienhorst, Michigan State University
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Tevatron Combination

Single Top Quark Cross Section August 2009

DG Leptontjets 2.3 3.94 iggg pb
CDF Lepton+jets 3.2 fb™

CDF MET+jets 2.1fb

Tevatron Combination 2.76 iS;ﬁ? pb

Preliminary

I
Bl B.\W. Harris et al., PRD 66, 054024 (2002)

B N. Kidonakis, PRD 74, 114012 (2006)
|

[ | el o, 1 |

My, = 170 GeV

0 2 4 6 8
o (pp — tb+X, tgb+X) [pb]

Reinhard Schwienhorst, Michigan State University
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Searches for new physics in single top

* Searches for
new heavy boson W'

'
q 4 t

o 1.5{DB 0.9 6"  PRL 100, 211803 (2008)
= =

LI

. —w»— Observed limit (M > M)
P b 0.5- —a— Observed limit (M < M,,)

q """"" standard model
no W/W’ interference
— CDF prelim result, 1.9fb-1: 600 700 800 900
M > 800 GeV and M > 825 GeV _ W’ mass [GeV]
* Similar: D@ Susy H™ search % 0.003- pg230py &95%CL
: = i E90% CL
* Flavor-changing ~ | —68% CL
2
neutral currents: Shate
q q 0.001——

u quark or t 01 002 003 004
C quark (Kg / A)2 [Tev -2]


http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/journal_papers/phys_rev_lett_100_211803_2008_singletop-wprime-tb.pdf

Single top polarization — anomalous coupling

o Left-vector (f*,, =1 in SM), right-vector (f})), b
left-tensor (f+,), right-tensor (f},) top
L = —fb’}‘ul b(f] Pr + fl PR)tHiL_ W
g ;10" q, g, R —
_ b P Pr)tW h.c.
By 2P PR W, A hee

* Single top 1s sensitive to magnitude (PRL 101, 221801 (2008))
* ttbar to ratios of couplings (W helicity, PRL 100, 062004 (2008))
Best sensitivity through combmatlon (PRL 102 092002 (2009))

([
i 27 Do Preliminary - D@ Preliminary P ; D@ Preliminary
® Measured Peak

2
—|le|2 <0.72" 1,5_—|fL 2<0.30 - 15/ 1R, Des%c.L.
i W0% C.L.
Mo95% C.L.

|fR,]2 < 0.19
¥ .

b 1 2 4
i

712

1

0.5-




First evidence for t-channel production

* Train MV A filters for t-channel

* Measure t-channel and s-channel
simultaneously

— Remove s/t constraint
— G(t) =3.14 -0.81+0.94 pb

* Expected/observed significance:

t-channel cross section [pb]

D@ 2.3 pb™
@ Measured Peak
¥ SMm
v Ztu FCNC
gzw=0'04gz
* IV =02
Top Flavor
A mx21TeV
Top Pion
B nc250Gev

[ Jes%c.L.
B s0% c.L.
B 95% c.L.

:l | L1 | I I | ‘ | I | | | L1 1 | I 1 1 | ‘ I 1 1
3.7/4.8 SD % 1 2 3 a4 5
s-channel cross section [pb]
o 400~ -1 -1
a DO 23fb b DO 23fb —
g ' @) . Data 15 (®) = | (@ DO, 2.3 fb”
-g M t-channel £ 107
g s-channel E
) BWsjets | 10 >
% Mt $ 5
> B Multijets
%" 2 2 4

0.85

02 04 06 08 1 8s
Ranked t-channel Output
Reinhard Schwienhorst, Michigan State University

0.9 0.95 1

Q(lepton) x n(light-quark jet)
Ranked t-channel Output ¢\ ;104 ¢, PLB, arXiv.org 09074259
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Single tOD at the LHC
x’%

i

: A - .-_'
.- & = — N
{ "‘ A ' R
1"“'-‘.’5*-‘ Ad /4--.L«-.._ Sl o~ Ty

s-channel: 10.7 pb8 t-channel: 247 pb associated
production: 68 pb

ObSEvE thrce STglc top pProdiciionmodes sepatatcly;

=ehannelseasy, 0 -channel and assoc. prod: harder 0

ObSEiveE new, phys1cs (;f cay e see)
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* Backgrounds similar to Tevatronﬂ}— t-cnanne :

= W+ channel

— WHjets less important

| mmm S—Channel

=y
n
-

— tt is dominant background

* t-channel observation early

— In ~200 pb-! at 10 TeV
— Sufficient # of events for cut-based

cross-section o[pb]
o

n
!
T T 1

analysis T e s S SRR '12'%4;1;1;}
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* s-channel and Wt with ~30 fb™" 5 = Adlas, 1ib1 -
2500/ n Bl \Wt-channel

— Separate by b-tag and jet : o
multiplicity “F :

— Earlier observation requires W (channel :
multivariate techniques BN surement E
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Reinhard Schwienhorst, Michigan £ Multivariate filter output



@%F LHC: new physics 1n single top

ATLAS

* Dedicated searches for specific signatures

— Resonances: New heavy boson W', heavy charged Higgs
— FCNC 1nteractions via gluon, photon, Z

— Anomalous couplings T Tait, C.-P.yuan, Phys.Rev. D63 (2001) 0140018

[ Measure SM CrOSS E}4:Z EIIII||||||IOIIIllg(l:ll\dlal||||||||||||||||||||||I|_|I-|I|c|;|:
° ° ° % R _— Ztc=1 —
sections 1n detail g " :
- FOI' 3 pI'OCGSSGS 340 i_ % 4% generation, _i
= 120 [ |V.|=0.55, |V,|=0.835 ]
Separately L& 200 E (extreme values aITowed w/o the CKM uniEarity assumption)
— Compare their I E
. 280 — _
rat1os g
260 — A
240 - X Top-flavor + Top-pion E
- M.=1TeV M. .=450 GEEV
220 - sen20=0.05 t.-C, mixing) ~ 20%
200 Pl NG o o o Lo L

0 5 10 15 20 25 30 35 40 45 50
o, (pb) s-channel

Reinhard Schwienhorst, Michigan State University 45



Conclusions/Outlook

The Tevatron experiments are getting to know the top

quark very

Both experiments have observed single top quark

production

well

Tevatron dataset now over 5 fb™
* Separate s-channel from t-channel
* Look for new physics

LHC:

* Precision measurements 1n single top
* Look for new physics connected to heavy top

quark

Reinhard Schwienhorst, Michigan State University
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