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Single Top Quark Production
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Event Selection

proton

antiproton

antiproton

m One isolated electron or muon
= pr>20GeV (CDF), >15(e), 18(n) GeV (DY)
= |n| < 1.6 (CDF), >1.1(e), 2.0(n) (DY)

m Missing transverse energy
s F;>25 GeV (CDF)
s #:>15GeV (DQ)

m Two, three, four jets, one or two b-tagged
= pr>20GeV (CDF) > 25,20, 15 GeV (DQ)
m |n|<2.8 (CDF), < 2.5, 34,34 (DY)

m Backgrounds are mainly W+jets and ff,
also Z+jets, dibosons, and multijets
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Event YiEldS W Transverse Mass

»5 . CDF Run Il Preliminary _ 2.215" CDF Run Il Preliminary 2.2 fb"
CDF preliminary 2.2 fb™ § ol electron+r;;1eotg 4 g :Z electron+r;?;r;
1,2 b-tags 2-jets 3-jets 5150» 1b-tag g 2 b-tags
[] s-channel tb 41 14 §100» 5
B t-channeltgb 62 18
[ W+light-jets 340 102 I
[[] W+charm 395 109 K % W) ’ . RS
B W-+bottom 462 141
I:’ Z+jetS 27 11 CDF Run Il Preliminary 2.2 f5' . 30 CDF Ruqll Preliminary 2.2fb'
l:’ Dibosons 63 50 % 30? electron+r;1;1eotg ] § - electron+r;;1;:
W 146 339 s Rl | o
B Multijets 60 21 ?«; 4°§ 8 :
Total prediction 1,595 777 20¢ st
¥ Data 1,635 712 o= 5 7o P O s prs s

m (W) my(W)
m Signal:background ranges
from 1:9 (2-jets/2-tags)
to 1:25 (3-jets/1-tag)
(1:180 before tagging)

D@ PrD 0.9 fb™ D@ prRD 0.9 fb™

N
X electron+muon

2,3,4 jets
1,2 b-tags

N
NS electron+muon
2,3,4 jets
1,2 b-tags

n
o
o

—_
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Yield [Events/0.3]
2

Signal Acceptances
CDF
s-channel tb | 2.8%
t-channel tgb | 1.8%

Yield [Events/10GeV]
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M DO’s th+tgb Analysis and Results

m First evidence (>30) for single top quark production, December 2006

= Three types of discriminants separate tb+tgb signal from background

t' = Boosted decision trees — 49 variables: object and event kinematics, angular correlations
m Bayesian neural networks — average over 100 networks, 18-25 input variables per channel
t m Matrix elements — include many Feynman diagrams for signals and backgrounds
Decision Trees Bayesian Neural Networks
T g o g . = Excess of data over
= - * S 10 :
S s-channel th S background observed
;:'; t-channel tgb = ‘qé;
> 10 tt > . " . gn
t = Wiets 1 = m Combined significance
o Multijets [l °
s = m 2.3 o (expected)
t m 3.6 o (observed)
1006 07 08 09 1 b6 07 08 09 1
t th+tqb DT Output th+tqb BNN Output m Cross section from
Matrix Elements for tb Matrix Elements for tqb 0.9 fb_1 Of data
g DB 0.9 fb S 80 DG 0.9 fo m 4.7+1.3pb
g g = Phys. Rev. Lett. 98,
t S = 181802 (2007)
Q —
> >
= Phys. Rev. D (accepted)
t 86 07 08 o009 1 ) 07 08 09 1
tb ME Discriminant tqb ME Discriminant
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CDFK’s tb+tqgb Analyses and Results

m Large dataset analyzed — 2.2 fb—1

m Three types of discriminants separate tb+tgb signal from background
m Likelihood functions — combine 7 (10) variables in 2- (3-) jet channels
m Neural networks — 11-18 inputs per network for each channel
= Matrix elements — many Feynman diagrams, with b-tagging information included

Likelihood Functions Neural Networks Matrix Elements ® Dat
- : - - T T ata
” CDF e:eliminary " g[;f:b[i:eliminary » 300 CDF Ezeliminary ] D s-channel tb
€ 2.2fb £ 200 . € 22fb
2 electron+muon 0 2 250 ] [l t-channel tob
I 2 et u>.| electron+muon u>.| electron+muon . .
1 b_’:’; ; 150 2+3 jets o 2+3 jets D W-light-jets
t-channel 1+2 b-tags ‘ 1+2 b-tags . W-+charm
s+t channels s+t channels
100 150§ [l W-+bottom
100 [] Z+jets
,,,, 50 solf [] Dibosons
_ ST eyt B
| H ) - e Fn " — )
0 0.2 0.4 0.6 0.8 1 0-1 -0.5 0 0.5 1 0 0.2 0.4 0.6 0.8 1 . Multijets

Likelihood Neural Network Output Matrix Element Discriminant

tb+tqgb Results CDF preliminary 2.2 fb-1
LF NN ME
Expected significance 340 44 ¢ 450
Observed significance 200 320 340
: +0.9 +0.9 +0.8

Cross section 1.8 ggpPb | 2.0 45pb | 2.2 ;7 pb sz UG Eigenddel
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New CDF tb+tqgb Analysis

m Boosted decision trees for signal-background

separation

m Result consistent with previous three measurements

BDT - 2 jets, 1 tag

® CDF preliminary
€80Ff 22fp™" |
(0]
>
L

60

40 |

20

0
-1 -0.5 0 0.5 1

Boosted Decision Tree Output

BDT - 3 jets, 1 tag

CDF preliminary |

0 |
-1 -0.5 0 0.5 1
Boosted Decision Tree Output

BDT - 2 jets, 2 tags

o 12 | CDF preliminary
c
[
>
m
8 -
6 L
4
2
0
-1 -0.5 0 0.5 1
Boosted Decision Tree Output
BDT - 3 jets, 2 tags
20+ CDF preliminary
2.2 fp™

I

-0.5 0 0.5 1
Boosted Decision Tree Output

® Data
[ s-channel tb ] W+charm
B t-channel tgb [Jl] W+bottom

[] w+light-jets [] Z+jets

B t

[] Dibosons [l Multijets

m 22, 29, 21 input variables
for 2-, 3-, 4-jets events

m Most sensitive method

m Significance
m 4.6 o (expected)
m 2.8 o (observed)

m Cross section
+0.8
= 1.9 ,- pb
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Combining the Results

m CDF combine first three measurements with a neural network, optimized using
neuro-evolution of augmenting topologies (NEAT)
m Expected significance improves: 4.5c (ME-only), 4.7c (BLUE combination of LF, NN, ME),

5.1c (NEAT combination of LF, NN, ME).

Measured significance = 3.7c

m DG combine measurements using best linear unbiased estimate (BLUE) method

€N120
[

@ 100f
w r

80 |

40
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0

60 |

After evolution:

cocoee

All Channels

I

CDF preliminary
2.2fb™

0 0.1 02 03 04 05 06 07 08 09 1
NEAT Neural Network Output

Input node
Bias node
Hidden node
Output node

NEAT Network

CDF and D@ tb+tqgb Cross Section

® Data

[] s-channel tb
B tchannel tqb
[[] W+light-jets
[] W+charm
B W-+bottom
[] Z+ets

[[] Dibosons
B tt - dileptons
B t > lep+ets
B Muttijets

CDF Decision Trees | +0.8
2210  Fe 19 57 Pb
I
CDF Matrix Elements | +0.8
22" | 22 45, pb
I
CDF Neural Networks | +0.9
22" | Fog 20 g PP
I
CDF Likelihood Funcs. ! +0.9
221" Bas 18 g PP
I
n A |
CDF. Cpmbmatlon : 22 +0.7 pb
preliminary | -0.7
D@ Decision Trees ! +14
0.9 fo" | 49 14 PP
D@ Matrix Elements ' +16
0.9 o : 48 14 Pb
. |
D@ Bayesian NNs +16
0.9 : 44 1, Pb
I
D@ Combination | +1.3
PRD : 47 43 Pb
I
I
I N. Kidonakis, PRD 74, 114 (2006) Miop = 175 GeV
Z. Sullivan, PREJI 70, 114042 (2004)
| |

0 5 10
o (pp — tb+X, tqb+X) [pb]
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Separate Measurements of b and tgb

= D@ decision tree analysis DO Decision Trees

Separate tb and tqgb Measurements
m Boosted decision trees trained in 2-, 6
3-, 4-jets, 1,2 b-tags channels for tb :
and tqb separately

m 49 input variables
m SM cross section assumed for

single top process not being measured
= Phys. Rev. Lett. 98, 181802 (2007)

5F DG 09" @
B PRL 98, 181802 (2007)

1
4 W ] Standard Model @
r PRD 66, 054024 (2002)

3 Top-flavor (m,=1TeV) 4

C - Ztc FCNC (9,.=9,) A
4th family (Vo= 0.5) m
o c * Top-pion (m, =250 GeV) %
- PRD 63, 014018 (2001)

t-channel tqb cross section [pb]

s-channel o(tb) =1.0 £0.9 pb
—- +1.8
t-channel o(tgb)=4.2 _°, pb

s-channel tb cross section [pb]

s-Channel tb Search

® Dat
= CDF likelihood function — tb-only 200 ooF wommary | | | @ schanet s
= Search 1.9 fb-' of data in the g2 e
+li -jets
2-jets, 2-tag channel 20 sestonsiet | 1 | o wecham
= M(/vb), M(bb), Hr(all), EF E;Vfbtottom
. . . . +)els
pr(bb), pr(jet1), kinematic fit - .
= Small excess of data over background K
[l Muttiets

o(tb) < 2.8 pb at 95% CL Likelihood
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More Measurements of b and 1gb

= D@ tb+tqb decision trees 2-d fit
DG pPrD 0.9 fb™

= Allow tb and tgb cross sections to float = 10
[ Data
= Fit cross sections simultaneously ] Z 1o -
B c
= arXiv.org:0803.0739, accepted in PRD e ; ;\7 =
s-channel o(tb) = 0.9 pb E
t-channel o(tqb) = 3.8 pb N
S 1
m CDF neural networks 2-d fit - NEW %0123 45678910

s-channel tb cross section [pb]

m Search 2.2 b~ of data in the 2-, 3-jets

1-, 2-tag channels
CDF preliminary 2.2 fb™'

m Fit to tb and tgb templates 5
Data @
s-channel o(tb) =1.6 32 pb 20

3 0 a

t-channel o(tqb) = 0.8 *0-7 pb

0.5 ] \ Pl Wbb+Wcc

o_ -
0.5 0.5 ] | my 1
) 0 1 2 3 4 5
N 5tut

: -1 T T T -1 T T T .
05 1 -1 05 0 05 1 1 05 0 05 1 s-channel tb cross section [pb]

105 0
t-channel NN Output t-channel NN Output t-channel NN Output

t-channel tgb cross section [pb]
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CKM Matrix Element V,

m General form of Wtb vertex:

Uy = =55 (o) { % [FEPe + £5P) = T (o= o), L7 P+ £52Pa) |

m o(th, tgb) x |Vy|2 = calculate a posterior in | V|2

m Assume = SM top quark decay: V2 + V2 <« V2
= Pure V-A: fE=0
r . ¢L _ ¢R _
= CPconservation: f5' = f;" =0

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

DO PRL,PRD 0.9 fb™ 4 CDF preliminary 2.2 fb™

>f ZE
C r 2 >
gL |Vy|>0.68 gt |Vio| 2 0.66
SF sL .
2 at 95% CL g = <a;195/°_0|_<
® E 0 < flat prior < 1 B[ 0 < flat prior <1
o o I
o e
q t 3
Vio =
w+ 2
0 0.2 0.4 0.6 0.8 1 q" b 0 0.2 0.4 0.6 0.8 1
|th|2 |th|2
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Flavor-Changing Neutral Currents

= D@ analysis, same selection as for single top, except:
m require only one b-tagged jet (from decay of the top) — no second b present

m Use neural network to combine 10 kinematic variables

4 4
= Cross sections scale with (thu/ A) and (thC/ A)

q t u,c t g9 t u,c t

Q]
ol
Q
Q
Q
!
ol
I

230 pb™” Kgu!A < 0.037 TeV™' D@ prL 230 pb™

Data -

-1
FCNC (x10) — thC /A < 015 TeV

SM to+tgb [ at 95% CL 95% L Il
= 90% CL |
Weets [ ' 68% CL
Multijets [ Factors of 11 and 3 better

than 2006 HERA limits

<
.
o
~
[2]
-
(=
(]
>
w

T T T T AREARNRARRERRRRNI

**w o[} PRL 99, 191802 (2007) " ey T
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Heavy W' Resonances

= D@ and CDF search for s-channel tb resonance
= left-handed W, with SM couplings

(DG includes interference with SM W in signal model)

= right-handed Wjthat decays to {vand q@~ (M(vg) < M(W}))

= right-handed Wj, that decays only to qq~  (M(vg) > M(W;))

I

q

T

, DO pRL_0.9 fb™ DO PRL 0.9 fb”' DO PRL 0.9 b
% 10 Data - E —®— Observed limit ) —@— Observed limit L
(0} r W 700 GeV ] «me Expected limit 2 <o Expected limit
=) I W{ 800 GeV =— ) —%— Wi NLO (M, >M,,) @ —t— SM+W'NLO (M, < My,,)
- 107 3 Single top Il 1 == Wi NLO (M, M) "F with W/W' interference
» F St m - no W/W!' interference 2
£ r Wijets 1l s s
O 10k Multijets 1l o o
@ | & X
B ; ';
1k T 1
g g g
w5 o ol : , . 6 ol : : ;
0 200 400 600 800 1000 800 900 800 900
W M(W,j1,j2) [GeV] Wgpmass [GeV] W, mass [GeV]
arXiv.org:0803.3256 (accepted in PRL)
-1 - -1
. o DO pPrL 0.9 fb —— ~ CDF preliminary 1.9 fb -> 731GeV (DD)
() W}R700 GeV ﬁ 0.5 EZ,":ZZZ:E:U > 800 GeV (CDF prelim.)
8 1 02 = wlnsgooleetzv ; = — SM W' M(v) > M(W)
E 1N - ht W oni
; . 3- T 04 —g?whmiijm
— | Wi+jet - = ft and Right W's
5 10k Multi}:t: | § 0.3 P\' 739 GeV (DQ)
i x b= > 800 GeV (CDF prelim.)
1 -; 0.2? -
E T 0.1} ; i i
- [~
'1 g b VT >768 GeV (DD)
10 0 200 400 600 800 1000 R 700 750 800 850 900 950 > 825 Gev (CDF prelim)
Wr  M(W,j1,j2) [GeV] W' mass [GeV]
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Charged Higgs Resonance

m D@ analysis - first search for heavy H* decaying to top

m Search for s-channel tb resonance, use 2-jets, 1,2 b-tags
» Binned likelihood calculation in M(W,jet1,jet2,)

m 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

= Type Il — both doublets couple to fermions

m Upper limits set close to predicted cross sections

m Small region excluded for 2HDM Type-l H* between
180 and 184 GeV with 23 <tan <70

m NEW - Results to be submitted for publication soon

Yield [Events/20 GeV]

D@ preliminary 0.9 fb™

Data
tb+tqb
ft

_
[=}
o

@®
o
T T

Wijets

Multijets

H* (180 GeV) x 50
H* (240 GeV) x50 =---

H* (300 GeV) x 50

S D
o (=}
T T T T

n
(=}
T T

200 300 400 500 600 700
M(W,jet1,jet2) [GeV]

6 (PP — H*) x B(H*  tb) [pb]

95% CL Upper Limit on
2HDM Type-Il H* Production

"E Theory o(qg—H*—tb)

D@ preliminary
0.9fb™

Expected limit

L ~_ltanp)

Observed limit
(all tan B)

E (tan B =0.1)

PRI PRI RTINS NAHII BRI SRR B,

240 260 280 300 320

H* mass [GeV]

180 200 220

o (pp — H*) x B(H* — tb) [pb]

e

Branching Fraction (2HDM II)

o
Q

- -
= o o
o N @

T T T

-
y

2l 1
160 180 200

T

Charged Higgs Branching Fractions

1
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SHY 5w

S,

N
\ ‘
S,

§ W H* > HOW

<
N

HDECAY$.200
[ M(H*) =200 GeV &

NI T L

95% CL Upper Limit on
2HDM Types-| & -lll H* Production

D@ preliminary
0.9fb”

Type-l ==

E Type- o(qd—H*—tb)
| (tanB=30)

Expected limits

S

Observed limits

Type-lil
.t.r(qﬁ'—> H*—tb)
......... €=5)

P I P
240 260 280

H* mass [GeV]

L L L |
220
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Summary: Single Top Quark
Physics at the Tevatron

m Challenging measurements — small signal hidden in large complex background

m  Seven multivariate techniques applied to separate signal from background
m D@’s combined analysis has 3.60 significance, published in PRL and PRD

D@ 0(pﬁ—>tb+X,tqb+X) = 47+1.3 pb

m CDF’s combined analysis has 3.70 significance, uses 2.2 fb~' of data

CDF o(pp —tb+X,tgb+X) = 2.2+0.7 pb

m Four studies so far: |V,,|, FCNC production, W'—tb, and H*—tb resonances

m More data and studies in the pipeline, stay tuned!

iy
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—_—
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D@’s 0.9 fb~' single top analysis

Projected exclusion contours based on

Standard Model
PRD66, 054024 (2002)

Top-flavor (m,=1TeV)
Ztc FCNC (94.=9;)
4th family (Vis=0.5)

Top-pion (m,= 250 GeV)
PRD63, 014018 (2001)

10 CL with 0.9 fb™
1o CL with 6.8 fb™'

s-channel tb cross section [pb]

Significance ¢

o = N W OO N ®©® © O
BRRR T 1

O

e

Projected significance based on
CDF’s 2.2 fb™" single top analysis

T ~
o

CDF measurement

Median projection
_;  l1oon projection
3.2fb +20 on projection

Median a priori expectation
| |

1 2 3 4 5 6 7 8 9 10
Integrated Luminosity [fb~"]
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