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Single Top Quark Production

= Three electroweak modes for producing single top quarks

= Two have high enough rates to be observed b

t-channel: “tgb” s-channel: “tb’ “tW production”
6=2.34+0.13 pb =112+ 0.05pb 0 =0.30 £ 0.06 pb

(Too small to see at the Tevatron)

Top and antitop rates are the same as each other
‘tqb” = tqgb + tgb, “tb”=tb +1b

M, = 170 GeV, o = (N)NNLO
N. Kidonakis, PRD 74, 114012 (2006) Ann Heinson (UG Riverside)




Why Didn’t We See It Till Now?

m Predicted ~10 years before the discovery of the top quark in pair production
® t-channel: Willenbrock and Dicus, PRD 34, 155 (1986)
m s-channel: Cortese and Petronzio, PLB 253, 494 (1991)

®m Observed 14 years after the top quark discovery (CDF and DG, 1995)

m Single top (tb+tgb) has nearly half the tf cross section but S:B is 1:20 after selection
compared with 5:1 for tf — backgrounds to single top are very difficult to deal with

D@ Experiment Event Display
Single Top Quark Candidate Event, 2.3 fb™ Analysis

Run 223473 Evt 27278544 Sun Jul 23 19:21:41 2006
ET scale: 28 GeV

antiproton

m Signal is one isolated high-p;
electron or muon and missing
transverse energy from the W decay, y
2, 3, or 4 jets, and 1 or 2 b-tags b T Neutrino

(Missing transverse energy)

Ann Heinson (UC Riverside)



Dataset

D@ has 7.7 fb~! on tape — Many thanks to Fermilab’s Accelerator Division!
The observation analysis uses 2.3 fb~' of data collected from 2002 to 2007

Select events passing any reasonable trigger

Skim events containing an electron or muon = 1.2 billion events

Tevatron Runll pp 1.96 TeV

-
o

Single Top
Hadronic Tau Decay

Single Top
50 Observation

Integrated Luminosity [fb™]

30 Evidence

O = N WO A~ OO0 O N 00 ©

8.6 fb~'1 Delivered I

7.7 fb~1 Recorded

~6 fb~1 Good Data

~50 times more data
than for tf observation

2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010
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Signal Model OO B
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Total _
pp — tq+tgb

-
PRI

m Single top quark signals modeled
using SINGLETOP

m By Moscow State University

theorists, based on COMPHEP . e e
m Reproduces NLO kinematic Y oot e

distributions (ZTOP by Sullivan)
s M, =170 GeV

= s-channel scale = Mg
2
= t-channel scale = (Mtop /2)

m Decay top and Win SINGLETOP
to preserve spin information

= CTEQ6M parton distributions

= PYTHIA for parton hadronization
= EVTGEN for b decays

= TAUOLA for t decays

m Zero-bias data events overlaid to

Cross Section [pb]

o
o
I

-_—
<

2—-2
(CompHEP g 'b—tq
+ Pythia g—bb)

x (K=1.21)

2—3 B
CompHEP g'g—tgh

do/dp(b) [pb/2 GeV]
=

model multiple interactions 107
(Poisson distribution, means = 2, 5) 0 10 20 30 40 50 60
= 2.7 million MC events pr(b) [GeV]

Ann Heinson (UC Riverside)




Background Models

tt pairs, Z+jets, and diboson
backgrounds modeled using ALPGEN

m PYTHIA for parton hadronization
(m?-ordered showering model)

m Parton-jet matching algorithm used to
avoid double-counting final states

m 27 million MC events

= Multijet backgrounds modeled
to Fake an Electron using data with a non-isolated
lepton and jets

Probability for an EM Object

m Measure fake probabilities
from low-f, data

m Reshape low-p; EM data to
020 40 60 80 100 120 140 180 180 200 correct for e-y mix
Electron p; [GeV]

= 800k events after selection

Ann Heinson (UC Riverside)
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More on the W+Jets Background |

= Dominant W+jets background modeled using ALPGEN
m PYTHIA for parton hadronization (m?-ordered showering model)
m Parton-jet matching algorithm used to avoid double-counting final states
= Scaleis Q°=m*(W)+ ), m?*(parton)+ p?(parton) |

partons

m Jets in Wbb and Wcce have mass, PDF is CTEQ6L1

-
(5]
L T

+jets weighting factor

m 49 million MC events

W+jets weighting factor

Yi

[ all channels
6000 pretagged

m The ALPGEN model of W+jets events have
weight functions applied to make the distributions
wider for:  n(jet1), n(jet2), Ap(jet1,jet2),

An(jet1,jet2), n(jet3), n(jet4) ST ety

Ann Heinson (UC Riverside)
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Background Normalization

= Small MC backgrounds (tf, Z+jets, dibosons) use (N)NLO theory values
m +8%—13% uncertainty for tf includes component for top mass

m Heavy flavor fraction of W+jets is leading-log in ALPGEN, needs adjusting
to get NLO rates (similarly for Z+jets):

HF

K = ONLO _ 1 47 for W& and Whb (from MCFM)

OnLo

=1.38 for Wcj (from data)

S.r =0.95+0.13 for Wcc and Wbb (empirical correction)

m This is a 40% boost for Wbb and Wcc relative to Wjj, a large correction
m The 14% uncertainty on S, is one of the largest on the final result

m WH+ets MC and multijets data are normalized together to pretagged data
m Subtract other backgrounds first
m |terative Kolmogorov-Smirnov technique
m Separately in each of the 24 analysis channels
s Normalized using three variables: p;(lepton), ¢T, and M_(W)

Ann Heinson (UC Riverside)




Event Selection

m One isolated electron or muon
m Electron pr> 15 GeV, |n| < 1.1
m Muonp;>15GeV, |n| < 2.0

m Missing transverse energy antiproton
m ET > 20 GeV

m One b-tagged jet and at least one more jet
m 24 jets with p> 15 GeV, |n|<3.4
m Leading jet p; > 25 GeV

antiproton

m Split analysis into 24 independent channels:

m 2,34 jets; e,u; 1,2 b-tags; Run lla, Run llb

t-channel tqgb t-channel tqgb

1400

lepton 1200 - lepton
=== b from ¢ - == bfromt
== other b 1000~ = other b

= light g goo [ == lightq
600 |
400
200 |

| I BRI BT | PRI RS 0 | o be v b bai g

0 20 40 60 80 100 120 140 160 180 200 ‘s -4 -3 -2 1 0 1 2 3 4 =5
Transverse Momentum pr [GeV] Pseudorapidity x Lepton Charge nx Q
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Event Yields after b-Tagging |
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Event Yields
in 2.3 fb~! of D@ Data

e, 2,3,4-jets, 1,2-tags combined

tb + tqb 223 + 30
WH+jets 2,647 + 241
Z+jets, dibosons 340 £ 61
tf pairs 1,142 + 168
Multijets 300 £ 52
Total prediction 4,652 + 352
Data 4,519

= Signal acceptances:
s tb =(3.7+05)%
s tgb=(2.5+0.3)%

= Signal:Background:
m 1:10to 1:34

m Highest acceptance channel:
m 2-jets/1tag

Yield [events / 5 GeV]

%

D@ 2.3fb" Data ¢

| b-tagged
all channels Wijj+Wcj B

tb+tgb IR
Wbb R
Wcc

Ztjets
Dibosons Il
tt—>« M
tf — (+jets
Multijets 1

50 100 150

W Boson Transverse Mass [GeV]

2 b-tags

D@ Single Top 2.3 fb™ Signals and Backgrounds

2 jets

° 1:10

3 jets 4 jets

Ann Heinson (UC Riverside)



Systematic Uncertainties

m Total error on
tb+tgb cross
section is +22%

m Statistics-only
error is £18%

m So systematics
contribute £13%
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D@ 2.3fb"

Double-tagged

DG 2.3fb™
- 80 @ 23 — 80
S~ r B o~ £
= o[ Single-tagged = e0-
2c r 2c £
£ 3 £ 3 F
£5 £ 5 20
QO X Q X C
0 O o O £
c @ c o I
oo o m C
g3 g3
E L » & £
©§ 60 © § 60
- TR PR P P PR FETT PP PEET Feees peees| -l L
800 0.170.270370.4 0.5 06 0.7 0.8 09 1 80

Combination Output

1 1 | 1 1 1 | 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Combination Output

arger terms

b-ID tag-rate functions
(includes shape variations)

Jet energy scale
(includes shape variations)

Wijets heavy-flavor correction

Jet energy resolution
Initial- and final-state radiation

b-jet fragmentation

tf pairs theory cross section

Lepton identification
Wbb/Wee correction ratio

Primary vertex selection

Systematic Uncertainties

Ranked from Largest to Smallest Effect
on Single Top Cross Section

DG 2.3 fb1

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

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

13.7%

4.0%
(0.6-12.6)%
2.0%
12.7%
2.5%
5%
1.4%

Systematic Uncertainties

Ranked from Largest to Smallest Effect
on Single Top Cross Section

D@ 2.3 fb

Smaller terms

Monte Carlo statistics

Jet fragmentation

Branching fractions

Z+jets heavy-flavor correction

Jet reconstruction and identification
Instantaneous luminosity correction
Parton distribution functions (signal)
Z+jets theory cross sections

W+jets and multijets
normalization to data

Diboson theory cross sections
Alpgen WH+jets shape corrections
Trigger

(0.5-16.0)%

(0.74.0)%
1.5%
13.7%
1.0%
1.0%
3.0%
5.8%

(1.8-3.9)% (WHiets)
(30-54)% (multijets)

5.8%
shape only
5%

Ann Heinson (UC Riverside)
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Analysis Strategy Visualized |
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Sensitive Variables
m 97 variables used to separate signal from background ; 1

700 200 300 400 500

m Each variable has a different distribution between tb or

Hr (jets,l,v) [GeV]

X tqb and at least one background component and DB 2.3 fb"
S800" all channels 7
® Good agreement between background model and data |§ .
600
X e
400
E L
2
A =20
O Best Variables to Separate Best Variables to Separate 100 200 300 Goo eas,
Single Top from W+Jets Single Top from Top Pairs Hy(jets,l,v) [GeV]
T
x D@ 2.3 fb-' Analysis D@ 2.3 fbo~! Analysis _
1 N N ) X . 3 0.08- All channels
Object kinematics ;2 Object kinematics pT(notbest2) 5 tqb
priiet2) pTijetd) oo
x pre(jett tag-) pT(light2) 8 pantt 7 Hiets
E(light1) Event kinematics M(alljets—tagl) E I ﬁ\
. : o s
Event kinematics M(jet1,jet2) T R Zonz.
MAW) M(alljets—bestl E L .
x Hr{lepton, &, jet1 jet2) (alljets-best1) WUes o 05
H{jet1 jet2) Halljets—tag1) Cos(LightQuark Jet, Lepton)paggedtop
H(lepton,F,,alljets
| Hllepton. ) sllepton.Fallets) DG 2.3 fb”
x Jet reconstruction Width,(jet2) Malljets) 2 Fail channels
Widthn(jet2) Jet reconstruction Width,(jet4) =
Top quark reconstruction Moo(Witag1) Width,(jetd)
x AM,,,min Width,(jet2)
Miop(W,tag1.52) Angular correlations cos(Ieptonysggeqiops
Angular correlations cos(light1,lepton),i.ggediop btaggedtopcyame)
Ad(lepton,#;) Q(lepton) x n(light1) .
x Q(lepton) x n(light1) AR(jetl,jet2) Coé}Lihtéjﬁsark Jet? Le|:m:g)5

btaggedtop
R

Ann Heinson (UC Riverside)




Boosted Decision Trees

®m A decision tree applies sequential cuts to events but
does not reject ones that fail the cuts

®  Trained on two large samples — signal, and all
backgrounds combined

m  Use the best 64 variables. Adding variables does not
degrade performance — not useful ones are ignored

®m  Boosting averages the results over many trees,
improves performance by 20%

= Monotonically transform the output so every bin has at
least 40 background events

®m One set of trees in each of the 24 analysis channels

Event Yield

Event Yield

Before boosting

14

| —s-Data D@ Run Il Preliminary, 230pb’
60 —t-channel (x10)

|

L W+jets

. M multijet

% 02 04 06 08

1
tgh-Wbb DT output

L

0.4 0.6 0.
tgb-combined DT outpul

o 1
£ -1
£ [ DO 23fb -
o electro
; 08 2jets

: 1tag
E o} 500
£ —
2 06 Transformation [«1} B
'._'! : function Nl
" >
2 « 400 —
5 04 c
e " o -
[=] Minimum of 40 hackground >
[] events in each bin m

02 —

50 bins in each 300
output distribution
S S Y I I B
0 02 04 06 08 1
BDT Output, Native Binning

D@ 23fb” after transformation

Background

uuuuuu

TN T TN Lietoiend
01 02 03 04 05 06 07 08 08 1
Boosted Decision Trees Output

1 L L
01 02 03 04 0‘5 06 07 08 08
Boosted Decision Trees Output

¢ Data
M tb+tgb
Il Whbb
M wee
Wi+ Wej
B Z+jets
| =Y/}
Wl ti—>/(+jets
B Multijets

0.2 0.4

Boosted Decision Trees Output

150

100

50

B

0.6 0.8 1

60— -# Data @ Run Il Preliminary 910ph
L == t.channel e+jets
I t-channel ==1tag
rm m ==2 jels
= +jets
a0 I fake-lept|
L -

- |
t (fulltree)
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Bayesian Neural Networks |~ ..

A neural network performs a combination of input variables with
weights between nodes and thresholds at nodes

Trained on two large samples — signal, and all backgrounds ¢ %
CO m bi n ed 1] 0.2 04 0.6 08 1

Bayesian neural network output

Best 18-28 variables chosen using RuleFit. Using too many
variables degrades performance — noise is added

“‘Bayesian” means averaging over many networks using Markov
Chain MC sampling technique — no overtraining

One set of Bayesian NNs in each of the 24 analysis channels

D@ 2.3 fb™ Single Top BNN Analysis " o2 o4 o8 o8 3
RuleFit Ranking for e+2jets/1tag Channel

Bayesian neural network output

M(jet1 jet2) I
AMJ,"F","
Myop(W,tag1) I
Myop(W tag1,52) I Input
Hy(lepton, #7,jet1 jet2) I
MAW) M Z+jets
Hjet1 jet2) I WU 100
Ao(lepton, ) I o rbbeets
) Multijets
Q(lepton) x n(light1) I—— N 7
£, — XX 50
cos(light1,lepton)staggedtop NN SISK X&K
pr{jet2) I 2K ERS g
E(light1) [ =, <
pF(jet1,n) I
cos(jet1,lepton)piaggediop M
Width,(jet2) 0
cos(best1, lepton)pestiop I 0 0.2 0.4 0.6 0.8 1
Width,,jet2) I

5 02 04 08 Bayesian Neural Networks Output
Ann Heinson (UC Riverside)

¢ Data = |
M tb+qb DG 2.3fb
Il Wbb

I wee

M wjji+Wej 150

Event Yield
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M atrix E l e m e n tS Matrix Elements used to Separate

Single Top Signal from Background
D@ 2.3 fb1
2 Jets 3 Jets
ud — tb tbg ud — thg
ufz - &i G UE - to_'g
db — tu ab — tug

Matrix elements corresponds to signal and
background probabilities for each event

Every element calculated for every event . o
(data, MC) e dg > tib
ud — Wbb ud — Wbbg
sg — Weg

PDFs and jet resolution transfer functions

used ud — Wgg ug — Wugg

qq > WW

qq - WZ

g9 — gg99
qq — tt — £*vbevb
¢ Data 1 t qq — tt — ¢*vbudb qq — tt — ¢*vbudb
W t+1qb D@ 2.3fb

W wbb

I wee

W+ we

B Z+jets

- H, <175 GeV
Wl i (+jets

Il Multijets

Split samples with a cut on H; to improve
sensitivity

300

S
2
>~
et
c
[
>
11}

DG 2.3 fb"

0.4 0.6 0.8 1 H;> 175 GeV
Matrix Elements Output

0.4 0.6 0.8 1
Matrix Elements Output

Ann Heinson (UC Riverside)



Combining the Results

17

®  Combine the three analyses to improve
the expected signal significance and
cross section measurement precision

®m  This works because the three analyses
are not 100% correlated

Use a set of Bayesian Neural Networks
®m 3 inputs, 6 hidden nodes, 1 output

m  Markov Chain MC technique has 300
networks, average over the last 100

Event Yield

500

¢ Data

M b+tgb
I wbb

M wce
W+ Wej
B Z+jets
| =Y
Wl i (+jets
B Multijets

400

300

200

100

0.2 0.4

e DO 2.
= 90 75% correlatig
° =
'*§ 70 "
2
- : g
m Expected significanceis ¥ ¢
. 0 | 3-
improved by 4% over o2
best individual analysis 5o L
0
(BDT)

ME tb+tgb Xsection [pb]
O =~ N WE OO N ®© O

01 2 3 4 5 -6 7
BDT tb+tgb Xsection [pb] I

D@ 2.3 fb" '
]

150

Combination Output

D@ 2.3 fb’”

100

50

%6

0.6 0.8

60% correlatid 0.

D@ 2.3 fb"

" Pseudo
with bad
and §

N1
01 2 3 4 5 6 7
BDT tb+tgh Xsectid

ME th+tgb Xsection [pb]
o =2 N W A OO N 0 W O

012 3458678 910

57% correlation

® Pseudo-datasets
with background
and SM signal

ENN tb+tgb Xsection [pb]

Ann Heinson (UC Riverside)
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Single Top Observation — Results

Yield [Events/0.04]

Final Discriminant

D@ 2.3 fb™

Data ¢
tb+tgh H
Wijets =

.
Multijets 1

00 0.2 04 06
Ranked Co tion Outpu

Yield [Events/0.02]

Signal Region
D@ 2.3fb™"

+

'

08 08 09 095 1
Ranked Combination Output

DG 2.3 fb-' Single Top Results

Analysis Method

Single Top
Cross Section

Significance

Expected

Measured

Boosted Decision Trees
Bayesian Neural Networks
Matrix Elements

Combination

3.74 T579 pb

+1.18
4.70 g3 Pb

+0.99
3.9410.88pb

430
410
410
450

460
540
490
5.00

tb+tgb Signal / Background

S/B Ratio

D@ 2.3

-

02 04 06 08 1
Ranked Combination Output

Gmaasured S
= 3.94 +0.88 pb

o expected
+0.99

=3.50_577pb

Posterior Density [pb™]

tb+tgb Cross Section [pb]

D@ 2.3 fb"
4

2 4 6 8 10

D@ 2.3fb"

67.8M pseudodatasets
17 above measured
cross section

o o
o~

o
ES

p-value = 2.5x 107

Pseudodatasets
25 5 o o o o
N w o

o™mess = 3.94 pb

1 2 3 4 5 6
tb+ tgb Cross Section [pb]

No. of Background-Only

=

o

Observed \
L significance
; =503¢0

100

Combination
Output > 0.92

0 -2

0 2 4

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

Ranked
Combination
Output > 0.92

200 300

Top Quark Mass [GeV]

Ann Heinson (UC Riverside)



19

CKM Matrix Element V;; |

m General form of Wtb vertex:

g (Yosaid
s, =~ P+ 5P = 2 (o= o), [P + 1] |

m o(tb, tgb) o< |Vp|? .°. calculate a posterior in |Vy)|?
m Assume = SM top quark decay : Vi +Vie < Vi

= Setnon-SMterms £ =f"=f =0

= No need to assume only three quark families or CKM matrix unitarity

D@ 2.3 fb™

-
(5]

D@ 2.3 fb™

|Vl > 0.78

at 95% CL

|Viofi| =1.07 £0.12

Posterior Density

T T g T T T
Posterior Density

flat prior= 0

0 < flat prior <1

Ann Heinson (UC Riverside)
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Combination with CDF’s Result

Single Top Signal Significance .
: CKM Matrix Element V,
Cross Section Expected Observed 0

D@ (2.3 fb-') March 2009 PRL 103,092001 (2009) (m,, =170 GeV)
Vi ft| = 1.07+0.12

|V,b| >0.78 at95% CL

Vpft| = 0.91£0.13

3.94 £ 0.88 pb 450 500

th| >0.71 at95% CL

Single Top Quark Cross Section August 2009

m A Bayesian statistical analysis is D@  Lepton+jets 2.3 fb”
performed on all DG and CDF CDF Leptonsiets 327
analysis channels

3.94 1088 b

+0.56
217 —0.55 pb

CDF MET+ets 2.1 50 35 pb

" (Same method as used by D@ Tevatron Combination
Preliminary

and CDF separately) |

Il B.W. Harris et al., PRD 66, 054024 (2002)
I N. Kidonakis, PRD 74, 114012 (2006)
1

2.76 1035 pb

Miop = 170 GeV

m All systematic uncertainties and A T

their correlations are included 0 2 4 6 8
o (pp — th+X, tqb+X) [pb]

Ann Heinson (UC Riverside)
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Top Quark Properties

Not W* (W',H*?)
L

Width

21

FCNC (g—tu, g—tc)

Lifetime

q

/

t

Anomalous Wtb couplings

|

Separate
t-channel, s-channel

cross sections

!

Tau decay

CKM matrix element V,,

nn Heinson (UC Riverside)



t-Channel 7gb Measurement |

22

® Use new BDTs, BNNs, and MEs on observation dataset,
trained to find t-channel single top, then combine with BNNs

® First model-independent measurement of tgb production 9
®m Physics Letters B 682, 363 (2010)

G(pﬁetqb+X) = 314702 pb

D@ tqgb Single Top 2.3 fb™

400

T

300

Event Yield

Data ¢ th

tgb Signal IR W+jets Il
Z+jets, dibosons Il

tt

Multijets Il

15

Event Yield

10

8

Signal Region

0.85 0.9 0.95 1
t-Channel Discriminant Output

8

DG 2.3 fb™

DO’s measurement @
68% CL

90% cL I
95% cL [l

sSM %

Ztu FCNC
g,,~0.04 9,

[V, = 0.2

v

‘ 4.80 significance I

D@ tqb Single Top 2.3 fb™

Top flavor
my=1TeV

t-channel cross section [pb]

H > ¢

Top pion
m, = 250 GeV

Background
only

<

SM signal +
background

o
O

JIlIIJLIIIIIIlIIILIIIlJIJIlI
00 1 2 3 4 5

s-channel cross section [pb]

Pseudodatasets
o

- s A A
QA

(=]
)

-
o

108060 40 -20 O 20 40 60 80
-2 log. (Prob(data|S+B) / Prob(data|B))

-

Ann Heinson (UC Riverside)



tgb+tb with T Decay |

Identify hadronically decaying tau leptons:

B TYPE 1 = calorimeter cluster + 1 track

m TYPE 2 = cal cluster + 1 track + EM energy

B TYPE 3 = cal cluster + 2 or 3 tracks

New tau ID for this analysis:
® poosted decision trees, 44—70 variables

Efficient for taus in events with jets:
" 76% (TYPE 1), 69% (2), 59% (3)
for 98% background rejection

Phys. Lett. B 689, xxx (2010)

Single Top Quark Cross Section December 2009

D@ c/u+jets 237 3.94 088 pb

DG t+jets 48fb 3.4 775 pb

D@ Combination 3.84 18;32 pb

]
Bl B.\W. Harris et al., PRD 66, 054024 (2002)
B N. Kidonakis, PRD 74, 114012 (2006)

Myop = 170 GeV

o (pp — tb+X, tqb+X) [pb]

23

+ v v
' t ST
b
w+ _
b

q

Also
passes
TTYPE 2

4\

t—-Wb
W decay modes

TTYPE1

e
(1 prong
no )

T decay modes
and ID types

Events / [0.02]

w
(=3
(=]

N
(=}
o

-e- Data
L I tb+tgb—tautjets

I W/Z + jets, dibosons
= K

B Multijets

DD 4.8 fb"

00.5 0.6 0.7 0.8 0.9 1

tb+tqb Boosted Decision Tree Output
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Top Quark Width and Lifetime

= Get the top quark partial width using:
m D@’s t-channel single top cross section measurement
m D@’s branching ratio measurement from tf decay
(i.e., don’'t assume B(t—Wb) = 1)
= SM top quark partial width and t-channel cross section
® Combine using Bayesian statistical analysis

I(t— wb)

NLO
SM
NLO

T(t—>wb), = o(pﬁetqb+X)Dg X

O'(pﬁ — tgb+ X )
+30%
o 3Meb 126GV 0p (o) GEV
0.962 1% 2.15 + 1% pb R

= Convert partial width to full width

T'(t— Wb
[(t—>wb) = Bg:Wb;w = 2,05 07 7P Gev
D@

D@ 2.3fb"’
preliminary

i Expected width

I =1.38X}3:GeV  Measured width

=2.05 133 Gev

Posterior Density [GeV™]

m Convert full width to lifetime

7(t) = %(t) = (3271 t49)x 107 s

Top Quark Width T, [GeV]

Ann Heinson (UC Riverside)
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v Flavor-Changing Neutral Currents

thu ®m  Same selection as for cross section measurement, except:
® require only one b-tagged jet (from decay of top) — no 2" b present

m Bayesan neural networks used to combine ~24 kinematic variables per
ICH’:C channel from a total of 54 to separate signal from background

2
= Cross sections scale with (K'g,u / A) and (thc / A)2

u,.c t
\
xS
e g g
K we'

g DB 2.3 fb" pe

=] FCNC Kgtu/A = 0.013 TeV _

% FCNC Kgte/A = 0.057 Tev" [l thu /A < 001 3 TeV 1 — .

- _ > '

E Willjes thC /A < 0.057 TeV 1 |d—, 3 Phys. Rev. Lett. 102, 151801 68% CL
b~ > preliminary To 90% cL [
o A 0,
E B(t—gu) < 20x10™ = o5 ot
£ 200 o sM %
B(t—gc) < 39x10° | 2
z g, CDF's
;—: 100|— O'(gtU) < 0_20 pb 950‘/00ann

o(gtc) < 0.27 pb 0 40 e
0 (thc/[\)2 [1 0 Te\f’]
0 06 »

at 95% CL
FCNC BNN Output
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Single Top Quark Summary

®m  Challenging measurements
— small signal hidden in large complex background (S:B = 1:20)

m |t took 14 years since top quark pair observation to collect 50x more data and develop
the background models and analysis techniques to be able to observe single top quark
production with 5¢ significance

® Tools and techniques are now being applied to the Tevatron Higgs boson searches
and elsewhere

The data are being used to make sensitive tests of the properties of the top quark and
to search for physics beyond the SM

2.3 fb~1 of data needed for observation, 5.4 fb~' of data will soon be analyzed,
expect 10 fb~1 by October 2011, with discussion ongoing to run for 3 more years

A golden period for the physics of the top quark!

Single Top Quark Cross Section December 2009 D 23fb"

D@’s measurement @

68% CL

20% cL [l

95% cL Il
sm K

Ztu FCNC v
g,,=004g;

D@ e/u+jets 23" 3.94 1088 pb

DG t+jets 487" | 34 *20 pb

D@ Combination i 3.84 ig;g?, pb

|
Il B.W. Harris et al., PRD 66, 054024 (2002)
I N. Kidonakis, PRD 74, 114012 (2006)

1

t-channel cross section [pb]

m =170 GeV Top pion
top m,=250 Gev ™

[ [ B
0 2 4 6 8 Ll

6 (PP — th+X, tgb+X) [pb] 2 s 5

s-channel cross section [pb]
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f‘: Wtb Anomalous Couplings |

® Combined t-channel single top quark measurement with D@’s

W helicity measurement in top pair decays

© 5|

Witb coupling

VO

Vector form factors

Yo lluid

. QF )

Tensor form factors

= If f£=1,thenat95% CL, |FA[" <101, |f[ <0.28, and [F| <0.23

2

= Phys. Rev. Lett. 102, 092002 (2009)

Right-handed vector coupling |f,"|’

0
0 1 2 3 4
Left-handed vector coupling |f,"|’

DG 1 fb™
2

D@’s measurement @
68% CL
90% cL Il
95% cL [l

sM %

Left-handed tensor coupling |f,"|”

DG 1 fb"
2

D@’s measurement @
68% CL
90% cL [l
95% cL Il

sm %

1 2 3 4

Left-handed vector coupling |f,"|’

Right-handed tensor coupling |,"|’

DG 1 fb”
2

D@’s measurement @
68% CL
90% cL Il
95% cL Il

sM %

1 2 3 4
Left-handed vector coupling |f,"|”
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Charged Higgs Resonance |~ .

® First search for heavy H* decaying to top
m s-channel tb resonance, use 2-jets, 1,2 b-tags q b
® Binned likelihood calculation in M(W,jet1,jet2,)

Charged Higgs Branching Fractions

1E

SHY s

Three two-Higgs-doublet models (2HDM) studied
® Type | — only one doublet couples to fermions
® Type Il — one doublet couples to up-type fermions,
the other to down-type fermions

10 l
i S i AHr S HW

102

Branching Fraction (2HDM I1)

= Type Ill — both doublets couple to fermions woecavine T Sbe
| mH*) =200 Ge\g_.-“’ "4'
= Upper limits set close to predicted Xsecs T g
— 195 == .
= Small region excluded for 2HDM Type-I H* 2 :"“'_“ded:g"’"ZI'*D_M_TVPet' "
between 180 and 184 GeV with 20 <tan B<70 |2 s FITssoeen oo
=
® Phys. Rev. Lett. 102, 191802 (2009) 185 R
NS
180 m&gik\\\\\\\\\\\\\\\\m
D@ 0.9 fb™

10 20 30 40 50 60 70

D@ 0.9 fb 95% CL Upper Li Upper Limit on
—_ 2HDM Type-ll H* Pr -1 & -lll H* Production
__10of- Data —e— .g_ 10° ﬁ_ E
E r th+gb [ | = - D@ 0.9 b = E Type-l o(qq’ —H*—tb) D@ 0.9fb!
o 80F i 2 el 8 e[ ttanp=30)
% 3 Wajets 00 T 3 1 | Type-| ==
Multijets I - Expected limit F o ype-l ==
k-] + i + + B Expected limits Type-lll 23t
& 60 H* (180 GeV) x50 —— T w0p (all tan ) I 1w}
i N H* (240 GeV) x50 =--- E’ - E g
A H* (300 GeV) x50 o x - % . —
% 40 |- -~ 1F Observed limit ~ 1 Observed limits
s I T (all tan B) = F
r ) N e _, Typedll
20 T 10" tneory ofggHest) R A NG (g5 —H*—tb)
i g | tanp=o1) - S N €=9)
I ‘6’10-2JJ11..111..11..|.1.1.“1.. ;10'2..,1..1|...|1..1.H PR
200 300 00 a00 T e 160 180 200 220 240 260 280 300 320 160 180 200 220 240 260 280 300 320
M(W,jet1,jet2) [GeV] H* mass [GeV] H* mass [GeV]
R
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Heavy W' Resonance |

m Search for s-channel tb resonance
» |eft-handed W, with SM couplings
(including interference with SM W in signal model)
= right-handed Wjthat decays to vand q@° (M(vg) < M(W;))
= right-handed Wi that decaysonly to q@~  (M(vg) > M(W;))
® Phys. Rev. Lett. 100, 211803 (2008)

\ D@ rrL 0.9 fb™ DO prL 0.9 fb™'
% 10 Data -e- ) =—&— Observed limit
o g W1 700 GeV == Z ] «wemus Expected limit
o 2 I W 800 GeV — I:-'-: —ai— SM+W'NLO (M, < M)
Sf 10°F Single top = 1 with W/W' interference
F tt -
'2 [ Wajets = o
g 10 E Multijets |l o
F X
wo | X
r .
11 e g
1 { D PR —-_ = L
F (=%
s 2
10-1 © o0 T . T
0 200 400 600 800 1000 600 700 800 900

WL M(W,j1,j2) [GeV]

W mass [GeV]

DO PrL 0.9 fb DO PRL 0.9 fb™

3 =
% 10°F Data -e E —8— Observed limit
(6] | WpR700 GeV = = g3 «amess Expected limit
e w':aoo GeV — <) —%— Wi NLO (M, > My}
N10%F Single top T —a— W NLO (M, <M,)
" i tt = no W/W' interference
‘ + Wijets 1l E 2
[R5 Multijets [l o
> E -
w F X
r s ]
TE 1
F [
2
K [= I v . )
1079 200 400 600 800 1000 600 700 800 900

Wi  M(W,j1,j2) [GeV] Wgmass [GeV]
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Top Quarks |

First observed in 1995 by DY and CDF

Spin 1/2 fermion, charge +2¢e/3
m Weak-isospin partner of the bottom quark
~40x heavier than its partner

Mass =173.1 £ 1.3 GeV

Heaviest known fundamental particle

Vud Vus Vub
VCKM = Vcd Vcs Vcb
Vie Vis Vi

# RESULTS %

1- TOP GUARK: R, 100
2-Z BOSON: 4),200
3-W PosaN: EGucco
Y- BoTM QUM ! 4 300

= Decays almost 100% of the time to Wb

Lifetime = 0.5 x 1024 seconds

m Top quark decays before it hadronizes
m We are studying a naked quark

Ann Heinson (UC Riverside)



Electroweak Symmetry Breaking | 32

m The top quark is intimately linked with EWSB
= Higgs-top Yukawa coupling:

9, =2 my/VEV =2 173.1 GeV/246 GeV ~1

m ... so Higgs will couple to the top quark rather than anything else
=  Dominant production mode is therefore gg—H

EEN
o
——

o
—

o)
2
c
o
)
Q
D
7p]
n
0
(o)
.
(&)

[ Vs =1.96 TeV
0.01 L 1 L L 1 1 "
100 120 140 160 180 200
Higgs Boson Mass [GeV]

www.particlezoo.net ) ) )
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Top Pairs at the Tevatron |

= Top produced mostly in tf f
pairs (strong coupling) ¥ "05000]
Onnlo = 7.4 £ 0.6 pb gooooo—— [
: = Many top quark properties g -1
antproton measured with these events B

My, = 173 GeV, o =NNLO
S. Moch and P. Uwer, PRD 78, 034003 (2008)
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Motivation

Study Wtb coupling in top production
m  Measure |V} directly
m Test unitarity of CKM matrix
=  Anomalous Witb couplings

Cross sections sensitive to new physics

m s-channel: resonances (heavy W'boson, charged Higgs boson, Kaluza-
Klein excited Wk, technipion, top flavor X, etc.), flavor-changing neutral

currents (t—Z/y/g— ¢/ u couplings)
m Fourth generation of quarks

Polarized top quarks — spin correlations in decay products
Measure top quark partial decay width and lifetime
CP violation (same rate for top and antitop?)

u,c

g

Similar (but easier) search than for WH associated Higgs production
m Backgrounds the same — must be able to model them successfully
m Test of techniques to extract a small signal from a large background

Ann Heinson (UC Riverside)
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The DO Experiment |

Thick hermetic calorimeter:
= Excellent jet reconstruction
= Excellent ¢T resolution
= No punch-through

2 T central solenoid and
1.8 T outer toroids:
= Two muon p; measurements

T 1 1T T [ T T T T 1 T 1

Preshower

Solenoid o 5 10

§— Fiber Tracker —~ ————

Silicon Tragker = ——eed | e
—— P —

High resolution tracking
Low mass system
Close to beam-pipe

= Low photon emission

= Excellent vertex resolution

Ann Heinson (UC Riverside)



D@’s Search History

| Searches, upper limits l

PRD 63, 031101  (2000)
PLB 517, 282 (2001)

PLB 622, 265 (2005)

PRD 75, 092007  (2007)

>30 Evidence

PRL 98, 181802  (2007)

PRD 78, 012005 (2008)

| 50 Observation l

PRL 103, 092001 (2009)

TOPCITE = 50+
Neural networks (28 variables) TOPCITE = 50+

NNs (25 variables) TOPCITE = 50+
Bayesian likelihoods
Long write-up

Boosted decision trees (49 variables)
Bayesian neural networks (25 variables)
Matrix elements TOPCITE = 100+
Bayesian likelihoods

Long write-up TOPCITE = 50+

Boosted decision trees (64 variables)
Bayesian NNs (18-28 variables)

Matrix elements TOPCITE = 50+
Bayesian-NN combination

Bayesian likelihoods

Ann Heinson (UC Riverside)




Event Reconstruction

MC events are processed
through a GEANT model
of the D@ detector

Data and MC events are
reconstructed to identify
jets, EM objects, muons

[ meas
. D@ Run lib — E;T=25GeV
i --- Ef** =50 GeV
Reone = 0.5 e EF® =100 GeV
y+et --- EP**=200GeV | |
-=- ET**=400GeV | -

Jets’ energies are
corrected back to particle
level, with ~1.3%
uncertainty

Jet Energy Scale correction

m Monte Carlo events need further reweighting to reproduce data

= Weights are applied to each MC event to correct the efficiencies and
distributions: e

m Primary vertex, electron, and muon IDs 1

m Jet energies are shifted, smeared,
and some are removed i

m Missing transverse energy is adjusted 0 Nl il
m Taggability and b-tagging probabilities
m Instantaneous luminosity distributions

Scale Factor

095

e

Electron p, [GeV]

Ann Heinson (UC Riverside)
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Event Selection — Fake Removal

m Multijets background is created when:

m a jet is misidentified as an electron, or
= a muon from a b decay travels wide of its jet or the jet is not found

m Difficult to model accurately and get the heavy-flavor jet fractions correct
m Strategy — remove as much multijet background as reasonably possible

D@ 2.3 fb" 3 % D@ 23fb" 3
N e g
T oS & 7L B Hr>120 GeV | [y 0 prs Before 1|5 10 oo
N (74) s L @ electron the cut g electron
o 2 2000/ 2 1000" 2jets 3 2jets
QQ K% — r pretagged T . T
o R\Z S [ Run llb e o
K\ ) & 10001 electron > 500 s
@O K’b{\ r 2 jets
Q‘@\’b\ 0900 200 300 400 500 50 100 150 50 100 150
\0 Hy(lepton,E,alljets) [GeV] W Boson Transverse Mass [GeV] W Boson Transverse Mass [GeV]

D 2.3fb™
3.0 ' “~ 30F “F 30f
i w w F
=2} o o H
E 25 E 25 £ 25
E 2.0 E 2.0 E 2.0
= = =
© 15 c 15 = 1.5
i 10 Elezci'rotn i 10 Elezct_rc;n 5" 108 Elezclfetz;z
jets jets - J
=3 =3 =3 H
< 05 . < 05 < 05(
an " -
0 n" o L 0 . A I PP IR B | 0 i
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Missing Transverse Energy [GeV] Missing Transverse Energy [GeV] Missing Transverse Energy [GeV]
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Event Yields Before H-Tagging |

39

m Signal acceptances: th = 5.9%, tgb = 5.6%
m S:B ratio for thb+tqgb = 1:260

= Need to improve S:B to have a hope of
seeing a signal — select only events with
b-jets in them

D@ Single Top 2.3 fb™ Signals and Backgrounds

2 jets 3 jets 4 jets

o

o B wbb Z+jets
B tqp B wce | Dibosons
=Y e wej B Multijets
B - Hjets [0 Wjj

Event Yields
in 2.3 fb~! of DG Data
e,d, 2,3,4-jets, pretag
tb + tgb 444
WHjets 98,444
Z+jets, dibosons 8,631
tf pairs 1,895
Multijets 5,798
Total background 114,777
Data 114,777

Yield [Events/4GeV]

o
o
o
o

Wbbh
Wee
Wjj+Wcj B
Ztjets
Dibosons Il
tf
Multijets IR

" D@ 2.3fb™ bata ¢

all channels
pretagged

100 150 200
pjet1) [GeV]

Ann Heinson (UC Riverside)
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| G

b-Jet Identification |-§ [ e _%m g i
: "8 M A\:'

r /p | _“
m Separate b-jets from light-quark and gluon K
jets to reject most W+jets background | SN ,

,"\\"

® D@ uses a neural network algorithm

® 9 input variables based on impact
parameter and reconstructed vertex

Displaced

m Single-tag operating point (TIGHT): cks
m p-jet efficiency = 47% Secondary
m c-jet efficiency = 10% iy
m |ight-jet effic. =0.5% ’

Lr.y /l,"
i’
/

Primary
Vertex

® Double-tag uses LOOSE tags:
= 58% (b), 17% (c), 1.8% ()

e
o
=2
'S

u,d,s,g Jets

b Jets E
- (Fake b-tags)

r 0.7 E
" I (Real b-tags) u

E (Real b-tags)
06

0.5 EFE—

0.4

NN Tagger Efficiency
NN Tagger Efficiency
NN Tagger Efficiency

® Tagger applied to MC 0.3 = ® Tagger applied to MC
== TRF applied to MC F = TRF applied to MC

=== TRF after scaling to match tagger on data 0.2 [~ e TRF after scaling to match tagger on data

bl I ! L I 1 1 1 I P P PP I I PP PP PP B PP P 1 .
20 30 40 50 60 70 80 90 100 0 02 04 06 08 1 1.2 14 16 18 2 22 24 60 80 100 120

Transverse Momentum [GeV] Detector Pseudorapidity Il Transverse Momentum [GeV]

S SH ©H SN S S & § 8§ © ™™
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Checking the Background Model | 41

ANGULAR CORRELATIONS

pow—

g gt
v e
tirhe

| H o

EVENT KINEMATICS

Cross-check samples

with mostly W+light-ets,
mostly W+jets,
and mostly top pairs

10000

tt-Pairs Cro‘s-Check Sample

s %0 D@ 2.3 Data ¢
(V] L th+tgh
e goL Hr> 300 Gev Non-t Il
- [ 1,2 b-tags e
.2 L 4jets tf - t+jets W
o - Multijets Il
i 40 +

o i

o i

s 20

00 50 100

W Boson Transverse Mass [GeV]

. .
= v,
i o ¢u0
E BT P £y chane] BT RE0 £, chanmel]
H n{ T n.\m“ ; e
o o
H | |

Background model
must match data for
hundreds of variables
in 24 independent
analysis channels

:::::

150

0(; 50

W Boson Transverse Mass [GeV]

Pretagged Cross-Check Sample

- D@ 2.3 fb™ Data ¢
- Wbb
Wcec H
Wjj+Wcj
channels Z+jets
Dibosons Il
tf
Multijets IR

100 150

0 50 100 150

Y+Jets Cross-Check Sample

2.3 fb—1 Data ¢

th+tgb I
Wbb
Wee

Wjj+Wcj

Non-W Il

Multijets I

W Boson Transverse Mass [GeV]
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Measuring a Cross Section |

Signal Region

B
=)

d=S+B=0AL+B=oca+ Y1150,

i [Events/0.02]

Final Discriminant

DG 2.3 fb”

Predicted number of data events
Predicted number of signal events

Cross section

Signal acceptance
Integrated luminosity
Effective luminosity

SN

[wy]
.
|

[0}

o

o
///#///,

N
o
O

Predicted number of background events

Yield [Events/0.04]

[
o
o

Ranked Combination Output
= No. of events in each background component

DG 2.3 fb"

1 1
0.9 0.95

Prob(D|d) = Prob(D|o,a,b) = [[.Z

o
-
TTT

Position of peak

e
w
TTITTIT T[T

D = Observed number of data events
b = Vector of background components

P
P

LS
TTTT [T T I 1T

Posterior Probability Density(o|D) o
[, Ji, Prob(Dlo,a,b) Prior(a,b) Prior(c) da db

Posterior Probability Density [pb™]

= o(tb+tgb)

68.27% of area
=t Ac

.4...6 ‘8

Q Qa0 a9 a9 a9 qQ qQ Q Q

Nbkgds = 13 (ttll, ttlj, Wbb, Wce, Wcj, Wjj, Zbb, Zcc, Zjj, WW, WZ,
Nbins = 24 analysis channels x 50 bins per channel = 1,200 bins

Signal cross section prior is non-negative and flat

Single Top Cross Section [pb]

ZZ, multijets),

Cross section obtained from peak position of Bayesian posterior probability density
Shape and normalization systematic uncertainties treated as nuisance parameters

Correlations between uncertainties are properly accounted for

Ann Heinson (UC Riverside)
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Pseudo-Data and Linearity Tests

To verify that the calculation methods work as expected, we
test them using several sets (“ensembles”) of pseudo-data

-
=

Boosted
[ Decision Trees

Wonderful tool to test the analyses!

D@

Slope = 0.994 £ 0.003

Each pseudo-dataset is like one DG experiment with 2.3 b’
of “data,” up to 63 million pseudo-datasets per ensemble

Input tb+tgb Cross Section [pb]
——

Measured tb+tgb Cross Section [pb]

Select subsets of events from total pool of MC events

m Randomly sample a Poisson distribution to simulate statistical
fluctuations

m Background yields fluctuated according to uncertainties to
reproduce correlations between components from normalization

10— Bayesian
[ Neural Networks

D@

ed tb+tgb Cross Section [pb]

Slope = 0.993 + 0.003
Intercept = 0.032 £ 0.018

DQ 2-3fb_1 .‘_"‘4I2HI}4 H!‘S 8 10

Input tb+tqb Cross Section [pb]

Measur

BNN Combination

.
o
o
o

Measured Xsec
=3.48 £ 0.02 pb

_ Matrix Elements
Input Xsec [

=3.46 pb

Pseudo-Datasets

8,000 pseudo-datasets
with SM signal

and background

and all uncertainties

D@

Q Qa9 aqaqaqa g g g Q Q

Measured th+tgb Cross Section [pb]

Slope =1.017 * 0.006
Intercept = -0.009 £ 0.032

PN TS R BN SR BT

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

Xsec measured using
boosted decision trees

3 4 5 6 7 8 9

10

tb + tgb Cross Section [pb]

Measured tb+tgb Cross Section [pb]

. Slope = 0.986 £ 0.003
Intercept = -0.126 £ 0.018

—————

Input th+tqb Cross Section [pb]
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