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Why Study Single Top Production?

q t
¢ Probe of the Wtb interaction with no w*
assumption on the number of quark
families or unitarity of the CKM q b
matrix s-channel
¢ Allows for indirect measurement of _
the top quark width Osw =088 + 0.11 pb
¢ Cross sections sensitive to beyond- , .
the-SM processes
— Resonances w
e heavy W’ boson, charged Higgs b t

boson, Kaluza-Klein excited W,
technipion, etc.

— flavor-changing neutral currents t-channel

— Fourth generation of quarks

Ogy = 1.98 + 0.25 pb

Single top cross sections from Kidonakis PRD 74, 114012 (2006) for m,=172.5 GeV
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Experimentally very challenging !,:?»a
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Same final state as WH

— Backgrounds are the same

— Test of techniques to
extract small signal from a
large background

proton

antiproton

, b
antiproton <



Observation of Single Top Production
March 2009, 14 years after pair production, 50 times more data

Signal Significance Single Top Quark Cross Section December 2009
Expected Observed | R +0.88
D@ e/u+jets 2310 : 3'94-0:88 pb
|
DO ttjets 48f 3.4 ﬁg pb
Preliminary, not in combination |
CDF e/u+jets 3215 | HH 217 022 pb
|
CDF f+jets 21f7 1 50 23 pb
|
|
Tevatron Combination | 2.76 ig;;:’? pb
Preliminary
|
B B\, Hars et al, PRD 66, 054024 (2002) 70 GV
B N Kidonakis, PRD 74, 114012 (2006) Miop = ¢
Vi | = 0088 =0 N T
0 2 4 6 8
Vie| > 0.77@95%C. L. 6 (pP - th+X, tqb+X) [pb]
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Variety of Published Results

¢ Different Final States
— Electron/Muon + Jets
— Tau + jets (DO)
— MET + jets (CDF)
— Crucial for all the channels
* b-jets 1dentification

e S:B~1:20 at best

— Uncertainties in background larger

than expected signal

¢ Use MVAs
— BNN, BDT, ME, NEAT

— Both CDF and DO used a second
MVA to increase sensitivity
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MVA Outputs

‘ 2 W +2and 3 Jets,>1bTag CDF 3.2 fb™! DG Single Top 231"
- CDF Data ]
| % i Wi single Top - % Data ¢ W+jets Il
> 10° Tt o = B tb+tgbh R tt Wl
lg [IW+HF g § 600/ on beckorauny & Multijets
g 102 .w+LF § lﬁ ' S:gnal chton-
S s 400/
= g |
O 10 ] ,
£ 200/
S .
1 {
02 04 06 0.8 % 02 04 06 08 1
Super Discriminant Discriminant Output
arXiv:1101.1275
. 1bT CDF 2.1 fb~! —
2 E.w2iets o1 b Tag —COFbaa § 300(D0 Run 14.8 1" opata
£ oo METHers  mame | ol =
w - [ W4+HF E - Multijets
g 150k [ W+LF+non-w| @ 200}
o [ Il Other %
§ 100} 3 PLB 690,5 (2010)
I s
- 100
50} £ . +
0.5 1
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2D measurements (2010)
PLB 682, 363 (2010)

Phys. Rev. D82, 112005 (2010)

5 SD+MJ Combination
-— B N N
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® Simultaneous measurements of s- and t-channel cross sections.

* No standard model cross section is assumed for either of the signals.
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New 5.4fb-" DJ analyses as a
detailed example
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The Fermilab Tevatron

e proton anti-proton collider

 p ~ 4— P 07 — Until recently, only p.lace where top
1.96 Tev : quarks had been studied

¢ Data delivered ~12fb!
— Recorded ~10.5 fb'!

Tevatron
> ":"" = / Run Il Integrated Luminosity ‘ 19 April 2002 - 26 August 2011 ‘
Main Injecto\r ; 120
& Recycler I A [ L[ T [ [ | ‘ /
; 10— T7 — Delivered 7
— e mls [1169] /]
100 +— T1 —Recorded Oy s
90 — V /]
)4
*T 77
€70 awi rlo 47]»
Run | Run lla Run b £60 ///
-]
£50 //// \
Bunches in Turn 6x6 36 x 36 36 x36 3 0 //
B4
Vs (TeV) 1.8 1.96 1.96 3.0 //_‘,/
20 p7d
Peak L (cm2s) 1.6 x10% 9 x103 3 x1032 ' //_;5’/'
10
[ Ldt (pb-'/week) 3 17 50 00 T
B e e e e S
Bunch crossing (ns) 3500 396 396
-1
Interactions/ crossing 2.5 23 8 RCSUltS baSCd on NS . 5 fb
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Event Selection

proton

FINAL STATE CONTAINS:

¢ One high-p 1solated electron or muon
— pr>15GeV, n| < 1.1(e) <2.0(n)

¢ Large missing transverse energy

— H, >20GeV antproton d
e 2,3 0r4jets 4

— pr>25 GeV (jetl), > 15 GeV (other jets) proton : 4

— n| <34 "
e Total Transverse Energy and Triangular cuts

— Hy>110- 160 GeV antiproton .

— |Aop(etl, ME; )| vs ME; :
— |Ag(lepton, MEy)| vs ME; Signal acceptance
tb =(2.9+0.4)%

¢ At least one b-tagged jet tqb = (2.0 = 0.3) %

Cecilia E. Gerber (UIC) — TOP2011 13




Signal and Background Models

¢ Single top quark signals modeled

using SINGLETOP q " t
— Based on COMPHEP w n
— Reproduces NLO kinematic b t = ;
distributions g _

— PYTHIA for parton hadronization

¢ o Top pair backgrounds modeled using ALPGEN

d g — PYTHIA for parton hadronization
£ — Parton-jet matching algorithm used to avoid double-
T ~85% t counting final states

— Normalized ¢ = 7.46+0.48-0.67 pb from Moch and

g % t Uwer, PRD 78, 034003 (2008) for m,=172.5 GeV
Qé‘ — Additional uncertainties include color reconnection (1%),
& ~15% - jet fragmentation and higher order effects (1.6%-7%),
: J g

ISR/FSR (0.8%-11%), and b-jet fragmentation (2%).
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Signal and Background Models (Cont.)

¢ WHjets modeled using ALPGEN w
— PYTHIA for parton hadronization q

— MLM parton-jet matching avoids double-counting
final states

— mn(@ets), Ap(etl,jet2), An(jetl,jet2) corrected to ! Vb;_
match data
+ QCD Multijet q
— Misidentified lepton, directly from data g ;
— Kept small (~5%) with topological selection cuts ) q
q
g

e Z/Hjets modeled using ALPGEN + PYTHIA
— Normalized to NNLO given by FEWZ, with 3.3% uncertainty

¢ Dibosons modeled using PYTHIA
— Normalized to NLO given by MCFM, with 7% uncertainty

Cecilia E. Gerber (UIC) — TOP2011
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Background Normalization

¢ WHjets and multijet normalized using iterative template fits to data
BEFORE TAGGING on three sensitive variables: p(£),5; , M(W)

Ndata _NMC — Aw-l-jetsNMC +A Ndata

pretag non W+ jets W jets multijet ' multijet

o Mwijers & Anuijer are varied to maximize the product of the KS values
for the three sensitive variables.

o Uncertainties are 30%-40% for multijet, 1.8% for W' s

B

o

o

o

o
[

DO 5.4fb™" DG 5.4 fb™"

® Data
I s+t-channel
B w+bb
B Wa+ce
B W+lp
Z+jets
Diboson

Ge\g
8
8

s/10
w
o
o
o
o
|
s/10Ge

30000

S:B=1:224

20000

Yield [Event
s
o
o
o
T
Yield [Event

i 10000
B Multijets

50 100 150 200 05
Leading jet P, [GeV]

50 100 150
W Boson Transverse Mass [GeV]
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b-Jet Identification

e Separate b-jets from light-quark and gluon jets to reject most W
+jets background

¢ DO uses a neural network algorithm with seven input variables
based on impact parameter and reconstructed vertex

¢ Two operating points used in analysis:
— TIGHT (g, = 40%, £.= 9%, €, = 0.4%)

— LOOSE (g, = 50%, ¢.,= 14%, ¢,= 1.5%)

¢ Leading b-jet pr > 20 GeV Secondary vix

¢ Define two exclusive samples
— EqOneTag: 1T, no L Primary vix Pd,
— EqTwoTag: 2L 7 \ !

displaced track

¢ Db-tagging uncertainties dominated by variation in data samples
used to measure the efficiencies.

¢ Smaller contribution from MC sample dependence

Cecilia E. Gerber (UIC) — TOP2011 17



W + Heavy Flavor Normalization

¢ W/Z + heavy flavor normalized to theory (MCFM-NLO)
— 1.47 (Wbb,Wcc), 1.32 (Wcj), 1.52 (Zbb), 1.67 (Zcc)

¢ Normalization checked 1n 2 jets/0 tag sample
0 0
N = NV + e Ny,

— Ayp found to be consistent with 1

4000

¢ Uncertainties considered

| | 2tag o
— +40% single top cross section 5“1‘11(:
* £ 1% in Ay =m‘é
— = 10% on the Wc¢j theory SF
o 7% in Ay .

_ Addltlonal :l: 100 Wbb/ WCC 81 02 03 04 05 06 07 08 09 1 8102 03 04 05 06 07 08 09 1
/o btag NN output btag NN output
e £ 8% 1n Ay

— For a total uncertainty of 12%
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Systematic Uncertainties

Relative Systematic Uncertainties

Components for Normalization . .
I Components for Normalization and Shape

Integrated luminosity 6.1%

~ ; . Jet reconstruction and identification (0.04-3.7)%
tt CI:DSS section _ Q'Df Jet energy resolution (0.2-11.6)%
g.—ll;]Et-S Cross sectlcTn 3'3;& Jet energy scale (0.3-14.6)%
Bl 05(;11_1 cr(;rss St:—:-Ct]OI‘lS IE; Vertex confirmation (0.1-9.6)%
Pranc I(Iilg _T:tl_ons - 2'0(; b tagging, single-tagged (4.3-14.0)%

E-i.rton istribution functions e b tagging, double-tagged (5.8-11.2)%
(signal acceptances only) . 72

: Angular correction 0.3%
Triggers 5.0%
Instantaneous luminosity reweighting 1.0%
Primary vertex selection 1.4%
Color reconnection 1.0%
b/light jet response (0.3-1.0)%
Electron identification (2.8-3.8)% Components that most affect
Muon identification 2.1% .
Jet fragmentation and higher order effects (0.7-7.0)% the Cross section measurement
Initial-and final-state radiation (0.8-10.9)% are ShOWIl 1n ’/«ed
b-jet fragmentation 2.0%
Taggability (3.1-21.5)% . . .
I W +jets heavy-flavor correction 12.0% I Other 1mp0rtant ContrlbUtlonS

Z+jets heavy-flavor correction 12.0% are Shown 1n
W+jets normalization to data 1.8%
Multijets normalization to data (30-40)%

MC and mu]t-ijet-s statistics (02—16)% Cecilia E. Gerber (UlC) — TOP2011 19



Event yields & Background Modeling

Event yields
in 5.4/fb D2 data

D@, 5.4 fb™’

2000 _\ e Data

M tb+tgb
M W+hp

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

s-channel

Z+jet, dibosons 576 = 113

Total prediction 8492 + 987

Data 8471 = 92

1500
- mW+lp
Z+jets
Diboson
. it
M Multijets

Yield [Events/10GeV]
o o
o o
o o
—r

o

50 100 150 20C
Lepton P; [GeV]

DO, 5.4fb™

1000

Yield [Events/20GeV]
($)]
o
° T

300 400
H; [GeV]

%
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S:B=1:22 1n 1Tag
S:B=1:16 1n 2Tag

=y
(=}
(=]
o

Yield [Eventis/0.4]
($)]
o
o

0

1

D@, 5.4fb™
N

-2 0 2 4

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

Yield [Events/5GeV]

1500
1000}

500

A
< DQ, 5.4 fb

140 160 180 200 220
Top Quark Mass [GeV]
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¢ Selected to test background model in regions dominated by one

Cross Check Samples

type of background: W+jets or Top Pairs

W + JETS

e 2jets, 1 b-tagged jet

e H.( B allets) < 175 GeV o Hy(LE} alllets) > 300 GeV

Yield [Events/5GeV]

200

w—h
Q
o

D@, 5.4fb™
H; <175 GeV
1 b-tag
2 jets

N

140 160 180 200 220
Top Quark Mass [GeV]
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Top Pairs

e 4jets, 1 or 2 b-tagged jets

200

O
o

Yield [Events/5GeV]
o

150}

100}

DD, 5.4fb"
H; > 300 GeV
N 1-2 b-tags
! 4 jets

>

140 160 180 200 220
Top Quark Mass [GeV]
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Analysis Strategy

¢ Combine variables with large discriminating power into
discriminant functions that separate signal from background

— Boosted Decision Tree (BDT)
— Bayesian Neural Network (BNN)
— Neuroevolution of Augmented Topologies (NEAT)

¢ Correlation between methods ~70%, gain by combining them

Individual variables

=4 DO, 5.41b"
S 20 e Data
b ‘\..B m tb+tgb
b~ S 15 i W+jets
(=l > it
o v w 10 M Multijets
g =
. S
5 2 s
L=
= 88 085 09 095 1

Ranked B, ., ,, discriminant
Cecilia E. Gerber (UIC) — TOP2011 T e -



Yield [Events/0.02]

10"

W
o

Yield [Events/0.02]
- N
o o

8.

10°
10°
10
10
1

-(b)

T
/
) e
’
N

Multivariate Discriminant Outputs

tb discriminant

(a) D@, 5.4fb™

0 02 04 06 08 1
Ranked B, discriminant

D@, 5.4fb™"
e Data

i
1 Multijets

8 08 09 09 1
Ranked B, discriminant
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Yield [Events/0.02]

Yield [Events/0.02]

10°
10°

tqb discriminant

(c) DG, 5.4fb"

02 04 06 08 1
Ranked B, , discriminant

D@, 5.4fb™"

N
o

(d)

-
(5

-
o

(3]

85 08 09 095 1
Ranked B, , discriminant

tb+tqb discriminant

Yield [Events/0.04]

Yield [Events/0.04]

10*
10° | ...
10?
10
1
1
109 02 04 06 08 1
Ranked By, ,,,, discriminant
’ D@, 5.41b"
20_ e Data
mtb+tgb
15 Wijets
mit
10 M Multijets
5_

85 o085 09 o095 1
Ranked B, ,,,, discriminant
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Cross Section Measurement

¢ Cross Sections are measured
by building a Bayesian posterior
probability density

¢ For each analysis, the single
top cross section 1s given by the
position of the posterior density
peak, with 68% asymmetric
interval as uncertainty

Posterior Probability Density [pb~']

o o o
N w I
O AL RARRNRARRR

e
-—

o

LA ll Ill LI

Position of peak
= o(tb+tqb)

68.27% of area
=+ Ao

¢ Gaussian prior for systematic uncertainties

— Correlations of uncertainties properly taken into account

e Flat prior in signal cross sections

Cecilia E. Gerber (UIC) — TOP2011
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Linearity Tests

Use ensembles of pseudo-data to test validity of x-sec extraction method

1000~ : 900:
£1000; DOMC | £ 900 (b) DOMC | £ goo @ DO MC
£ 800" Mean: 2 800~ Mean: 2 700- Mean:
£ I 1.008 = 0.005 pb £ 700- 2.183 = 0.007 pb £ 600- 3.201 = 0.007 pb
g 600 S.D.: g o0 S.D.: 8 500- S.D.:
3, 00" 0.440 = 0.004 pb 3 200 0.688 = 0.006 pb 3 4005 0.717 = 0.006 pb
© r S 300 S 300-
S 200 S 200- G 200-
i Z 100 Z 100
% 4 5 6 7 8 b 2 4 6 8 10 12 "2 4 6 8 10 12
Measured o, [pb] Measured o, [pb] Measured o, ., [Pb]
i_ 3.5- D9 MC § g:DQ MC ﬁ_ 10?DQ MC
2 3,(3) P (b) P (c)
© 25i o} 8 E 8;
© o S- g 6F
- 2; () = r
S F et 4 © r
- 1.50 ? 3 g 4
= © = L
s & Slope: 0.988 = 0.003 2 2 Slope: 0.993 =+ 0.002 2 o Slope: 0.996 = 0.002
0.5- _#"Intercept: -0.020 = 0.005 1~ Intercept: -0.056 =0.007| £ | - Intercept: -0.089 = 0.008
% 05 115 2 25 3 35 4 1 23456 78 Y 2 4 & 8 10
Input o, [pb] Input o, [pb] Input o, [Pb]
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Measured Cross Sections

D@, 5.4 fb™ (b) D@, 5.4 fb”
Gexpected : 0-expected
=1.127%) pb =2.43")° pb
Oobserved Oobserved

=0.68", > pb =2.86 "0, pb

Posterior density
OO OO0 O

PadhwbuoN

3 4 5

00051152253354 6 7 8
tb cross section [pb tgb cross section [pb
p
D@, 5.4 fb™"
me 170 GeV 172.5 GeV 175 GeV
E GeXpected 10.62 10.38 10.36
=3 49+0.77pb tb 1'20—0.56 0-68—0.35 0-53—0.34
= ek SM 1.1210-04 1.0410-04 0.9870 03
- - ‘;";i‘;{‘;gpb tqb 2.6510:65 2.86+0-69 2.45+9-90
é e SM 2.34+012 2.267912 2.1610-12
th+tqb 3.7015-78 3.4310.73 2.5615:89
.1 . .

‘b s 3 ey SM 3.4679-16 3.3079-16 3.1415-1%

th+tqb cross section [Pb] 5 1-Xiv:1108.3091 submitted to Phys. Rev. D
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Distributions for S:B > 0.24

Yield [Events/10 GeV]

(o2}
o

60
40"
20|

ol

80 (a)

+

50
Leading b-tagged jet P, [GeV]

DO, 5.4fb™
e Data

m tb+tgb

i W+jets

i {t

M Multijets

100 150

=S
(=
T I T

Yield [Events/0.08]
N
T o T T

%

- (c)
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Yield [Events/10GeV]
»
o

%% 50

DO, 5.4fb™

100 150

W Boson Transverse Mass [GeV]

(d)
100

+

Yield [Events/5GeV]
N
T o T T T

DO, 5.4fb™"

140 160 180 200 220
Top Quark Mass [GeV]
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CKM Matrix Element Vtb

(N () ( \ +
d| | Vie Vis Voo U
§" |= Ve S Ve =|Vea Vs Vi { °

)b Vi Ve Vo, b

¢ Weak interaction eigenstates and mass eigenstates are not the
same: there 1s mixing between quarks, described by CKM matrix

e (General form of the Wtb vertex

Yolaid
Mw

= —% Vi {7“ [fEPL+ fPg| —

(ot —pv), [f2 PrL+ ffPR]}

¢ Measurement assumes SM production mechanisms

— Pure V—A and CP-conserving interaction (f;R=f,L= f,R=0)
* | strength of the left-handed Wtb coupling, is allowed to be anomalous
o |th|2+ |Vts|2 << |th|2
¢ Does not assume 3 generations or unitarity of the CKM matrix
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Measurement of |V, |

¢ Use the measurement of the tb+tgb cross section to make a direct
measurement of |V, |:

— Calculate a posterior in [V[>  of(th, tqb) < [V, |
— Measure the strength of the V-A

y

£ 5 D@, 5.4 fb™ % >{(b) D@, 5.4 fb™
: . 4

S5 /’\ 3 o |1 Va1>0.79

S 4 S _|@95%C.L.

g | g 2

60.5" 5 8 1 assuming f,L=1

o . o
b o5

.

1 15 2 0.2 04 06 0.8 1

IV, /i 1=1.02%

V{1 vV 12
tb tb

arXiv:1108.3091 submitted to Phys. Rev. D
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Model-independent t-channel Cross Section

¢ Construct a 2D posterior probability density for ® 6007 bg 5.4 b (b)
tqb vs tb cross sections E3 [ [J+10
C e . m 400+ 206
— No constraint is imposed on the relative rates of tb = b+ tgb
and tqb production = 00l th
« Extract the tqb cross section from a 1D posterior £ ?
5 _
S o

obtained by integrating over the tb axis, with no
assumption on the tb rate

0 02 04 06 08 1

) Ranked t-channel discriminant
& D@ 5.4 fb
c
o 68% C.L. > F -
8 moo,CL | 0.7 D@ 5.4 fb™!
2 4 = 95% C.L. q=) 065— o d Observed
§ © 0.5 =237 451 Pb ..
L [ V.0

5 04 O, orved significance
: ) 303 =2.90%) > pb >5SD
2 @ Measurement 8 0'2?

r [l
2 [1] PRD 74: 114012, 2006 ¥ SM ) 12 n' 0-1E / : \

" [21EPJ C49: 791, 2007 O Four generg}tlons AN .. W il

- e ez zo O Top-fiayor b 1"2 34 56 7 8

1 1 1 | 1 1 1 | 1 1 H
% 5 4 tqb cross section [pb]

enannelcross secton ™ arXiv:1105.2788 submitted to Phys Lett B
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Anomalous Witb Couplings

¢ Most general, lowest dimension Wtb vertex:

_ g —w“”qy _
£ = (L\ PL + ]1\ PR)tW (LTPL + ./,f'[*PR)tWM + h.c.

f/ I TS

Left-handed vector Right-handed vector Left-handed tensor Right-handed tensor

Ly =Vw- fLy Ry =V - Ry Lt =V frr Rr = Vi, fr,
SM: Ly =|Vw|~1and Ry = Ly = Rr =0
e Assumptions: PP VAR

g L
8 ,
g 002 [

— Production (SM & Anom.) only via W boson exchange

— [V Vs << [Vo]?

— CP-conserving Wtb vertex

— Anomalous couplings in both production and decay

(Vo)dora(cos(y, 1)

¢ Event kinematics and angular distributions

sensitive to anomalous couplings
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Analysis Strategy: Three Scenarios

¢ Pair the Lv coupling with one

non-SM coupling and assume the & @ ° D@54fb"
- ©1500 ¢ — L, tb+tqb (x5)
other two are negligible ? & oL, tb+tgb (x5)
S Ly tb+tqb
— (Lv, L1); Lv=L1t=1; Rv=Rr=0 ;1000 — :Ii\lﬂets
— e
. . T >, B Multijets
includes the interference Lyv+Lt £ 500/ e, Preliminary
— (Lv, Ry); Lv=Rv=1; Lt=Rr=0 . i e e
0 02 04 06 0.8 1
— (Lv, R1); Lv=R1=1; Rv=L1=0 BNN L, discriminant

e Use BNN. For each Scenario:
— Signal: one of L1/Rv/Rr

Build 2D posterior of
— Background includes SM Lv ¢ p

Vi fiv]? vs [V fx|?

— Obtain 1D posterior for [V, x|
by integrating over [V, fiv|?

¢ Additional systematics:
— tb (3.8%), tgb (5.3%), mixed
couplings in prod and decay (15%)
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o
(2]

2
AR
'S

%

DO 5.4fb™
® Measured Peak

[]68% C.L.
Moo c.L.
5% c.L.

Preliminary

0.20.40.60.8 1 1.21.41.61.8 2
IV, f,y

Results

o~ 4 ~_ 05
T 0 DO 5.4 fb ™! E [ D@ 5.4 fb ™
;-‘3 L ©® Measured Peak ;90 4 ® Measured Peak
T3 [J68% C.L. e [Jes% c.L.
i Bloo% c.L. 0.5 W0 c.L.
ol [es% c.L. : [Me5% c.L.
I L 0.2} L
Preliminary : Preliminary
) 0.1
L — S S e— % 02840608 1 1.21.41.61.8 2
1 2 3 3 IVl
IV, fiuf? LV

No evidence for anomalous couplings, set 95% C.L upper limits

Anomalous couplings

(Lv, L)

(Lv, Rv)

(Lv, R1)

Cross Section

Coupling |Vib-fx|?

< |21 pb
<0.13

<281 pb
<093

< 0.60 pb
< 006
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Conclusions and Plans
¢ Vibrant Single Top Program after 2009 observation

¢ With half the available luminosity analyzed:

— New cross section measurements with precision of ~20%

— Observation of t-channel production

— Measurements and limits on Vtb

* No departures from the SM observed

¢ Going after s-channel with full dataset

7
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Latest measurements and discoveries

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

http:// www-d0.fnal.gov/

Run2Physics/top/
top public web pages/
top public.html#singletop
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