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We known
experimentally:

* Top quark mass
172.7 £ 2.9 GeV

* SM strong interaction
* Top quark usually dec

to W boson andd quark =

‘4||\|||“||||||||

Mass of the Top Quark (*Preliminary)

A50 phk ' H @

| Cacclalrl et al. JHEP ﬂ4ﬂ¢||- :053(20?4}, m; = ‘Il75 Gev/ic®
coo oy e b e b b by 1

Measurement I\/Imp [GeV/cz]
CDF-l di-| ] 167.4+11.4
DO-l  di-l o 168.4 £ 12.8
CDF-II di-l* —@— 165.3+ 7.3
CDF-l I+] T 1761+ 7.3
DO-1 |4 ' T 180.1+ 5.3
CDF-Il 1+j* —— 1735+ 41
DIl 1+* —— 169.5+ 4.7
(CDF-I all- ] o 186.0+ 11.5
: x?/dof = 65/7
A | cvatron Run-I/I1* -?— 1727+ 2.9
150 170 190
2
M, [GeV/cT]
DS Run Il Preliminary
dilepton (topological) 8.6 *;f :: pb
230 pb’ H - ’ )
I+jets (topological) 67 *13+16 5
230 po™’ — B
combined (topological) 74 12 pb
230 po™’ e | I
dilepton (topological) NEW 86 "2 2 pb
370 pb™ S e ' '
I+jets (vertex tag) 86 1211 by
220 pb™' H—e— e
I+jets (vertex tag) NEW gz 09209,
2362 pb' H—a— 0908
all hadronic 77 fg; f;; pb
162 phb™’ I - - ’ ’
all hadronic NEW 5.2 *_zg f::g pb
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We assume but

don't actually know:
* Charge, Spin
 Electroweak interactions

— Charged current
* Total width
* CKM matrix
— Neutral current

Really don't know:
* Coupling to Higgs?
* Modified EW coupling?
* FCNC? Susy? New physics?
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We assume but

don't actually know: Study in single top
* Charge, Spin quark production
 Electroweak interactigns

— Charged current
* Total width
* CKM matrix
— Neutral current

# N

Really don't know:
* Coupling to Higgs?
* Modified EW coupling?
* FCNC? Susy? New physics?




Key to electroweak symmetry breaking




Top Quark Electroweak
Charged Current Interaction

A"\

top quark decay
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Electroweak Production of Top at the Tevatr

s-channel

W

Reinhard Schwienhorst, Michigan State University 12



Electroweak Production of Top at the Tevatr

s-channel

O(a,) QCD corrections:

W§ s
>WL<< <



Electroweak Production of Top at the Tevatr

b

g V
_ I

9 b

fraction [%]

ey
Ty
ey
[ ]
......
Ly
e
.....
.......
wa

..3I0||| |4I0| L
jet p; threshold [GeV]




Electroweak Production of Top at the Tevatr




Electroweak Production of Top at the Tevatr

$, O(a,) QCD correc’riolns:
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Electroweak Production of Top at the Tevatr

- =b quark jet
30F-light quark jet

- wlepton L.
25D or gluon jet, i -




Tevatron Single Top Goals

Observe single top quark production
— Tevatron discovery!

Measure production cross sectioRsV,

Look for physics beyond the Standard Model
— Coupled to the heavy top quark

Study top quark spin correlations
— probe V-A
Understand as background

— Irreducible background in searches for
associated Higgs production

Reinhard Schwienhorst, Michigan State University
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Tevatron Single Top after Run |

W
q b

* Production cross section:

s-channel t-channel S+t
— NLO calculation: 0.88pb (x8%) 1.98pb (£11%
— Run | 95% CL limits, DQ: <17pb < 22pb
CDF: < 18pb <13pb < 14pb

* Other Standard Model production modfet| negligible

Reinhard Schwienhorst, Michigan State University 19
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Slngle op atLEP and Hera: FCNC

| BN BN
E= excluded by CDF
[ ] excluded by LEP

Reinhard Schwienhorst, Michigan State University — 21



Experimental Detection of

Single Top Events

Reinhard Schwienhorst, Michigan State University
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Hadron Collider Integrated Luminosity
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Coal Analysis Outline

Maximize Sensitivity

1. Event Selection
— SelectW-like events
— Maximize acceptance
— Model backgrounds

2. Event Analysis

— Find discriminating variables

— Cut/combine in multivariate analysis
3. Determine cross section

— Event counting or binned likelihood

— Separately for s-channel, t-channel,
and combined

Reinhard Schwienhorst, Michigan State University 26



Event Selection

Trigger:

— 1 electronp. > 15GeV, fj9e<1.1
— 1 muon:p, > 15GeV, j9€<2.0
Neutrino:lz. > 15GeV

Jets:

— p, > 15GeV, j9¢1<3.4, Py (et 1)> 25GeV
_2<n_ <4 n9(jet1)|<2.5

jets
— > 1 b-tagged jet
Reject mis-reconstructed events

Reinhard Schwienhorst, Michigan State University

| | light quark
— Electron +21 jets, muon +21 jets
Lepton:
b-quark

b-quark
~ b-quark

27



Background Modeling

Based on data as much as possible

W/Z+jets production .
— Estimated from MC/data )
e Distributions from MC q

* Normalization from pre-tagged sample
* Flavor fractions from NLO

Multijet events (misidentified lepton)
— Estimated from data

Top pair production
— Estimated from MC

Diboson (WZ, WW)
— Estimated from MC

Reinhard Schwienhorst, Michigan State University

W




Event Yield in 370 pB

s-channet-channe

Cut acceptance 23% 22%

b-tag efficiency 54%  38%

Signal yield 9.5 15.0

Bkgnd yield 452

Data 443

Signal/bkgnd 1:50 1:30
Pre-tagged =1 b-tag

10,000 events 367 events 76 events

——
IIIIIIIIIIIIIIIIIIIIi.;'1!!
I —=—

" D@ Run Il Preliminary, 370 pb™
100 — t-channel (x10)

- s-channel (x10)
T
o WHjets, WW, WZ
I Multijet

—e— Data

Event Yield

50 100 150 200 250
ﬂ
=2 b-tags W wj
| Wbb
B
WW/WZ
B t-channel

i

B s-channel



Event Analysis
* Advanced analysis techniques

Cut-Based Likelihoods

: \/

Decision Trees Neural Networks Matrix Elements

Reinhard Schwienhorst, Michigan State University 30



Event Analysis

* Advanced analysis techniques

Likelihoods

Decision Trees Neural Networks Matrix Elements

4‘ 2
d'o, > ¢
(AT

Reinhard Schwienhorst, Michigan State University
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Cut-based analysis

* Tight event selection Events
— Exactly 2 jets Background sum 33.8 £5.9
— Include electrons and muons t-channel 2.8+0.5
— Separate by b-tag: =1 tag and =2 tag$s_channel 15+0.72

— Cut on reconstructed top quark mass Sum Single-Top| 4.3 +0.5

140 GeV< M, < 210 GeV

Observed
CDF Run Il preliminary 42
0.24r
o 0.22 —t-channel
S 025 s-channel
E F —it
5 0.18 non-top
2 0.161
£ 0.14F _l—._l
g 0.12F —
¢ 01 [ =
£ 0.08- —
W 0.06) = 1
0.04f — _‘_|_.—’_ ]
0.02f — I | |
U : | 1 | 1 1 1 | 1 | 1 | | |
-3 -2 =1 0 1 2 3




Result

CDF Run Il Preliminary
TR TN Entries 42 =i

: : : > O
Likelithood fit to 3 162pb" 3
— er] % £ —«— Data _E
> 6 I single top _%
* untagged jet, g B tf E
t-channel j: Il non-top

3

_HT A

* s-channel, s+t 1

o

100 180 ann 28RN0 ann aARnN Ann ARN

—Cross section limits:

s-channel t-channel S+t

~ BLQSH 00005y 038 PD 1.98 pb 2.86 pb
— CDF 95% CL limits: < 14 pb <10pb < 17.8pb



Event Analysis

* Advanced analysis techniques

Cut-Based Likelihoods

Matrix Elements

Reinhard Schwienhorst, Michigan State University 34



Analysis Strategy

on

full dataset
electron m
/\ /
=1 b-tag >2 b-tags =1 b-tag
\

t-channel=1 untagged jet

Reinhard Schwienhorst, Michigan State University

>2 b-tags
\

t-channel=1 untagged jet

35



Do Dlscrlmlnatlng Variables

* Object kinematics _
— Jetp_ for different jets 0.05-

—t-channel

—tt—l+jets
* Tagged, untagged,... 0.2 T Whb
 Event kinematics :

— H (total energy)
— H_(transverse energy)

— M (invariant mass) % s0 100 150 200
T('et‘| untagged) [GeV]
- M, (ransverse mast 25 variables total i

D@ Run Il Preliminary, 230pb™

— Summing over various ; =Dae 0
objects in the event 2 40 m el
- Hets.
* Angular variables 30 = multie
— Jet-jet separation 20
— Jet pseudorapidity (t-channel) -
— Top quark spin :

- . 0 50 00 50 200
— Sphericity, aplanarity B pr(iet! yeg) [GeV]



Analysis Strategy

full dataset
electron muon
/\ / —
=1 b-tag >2 b-tags =1 b-tag > li-tags
{

' t-channel=% untagged jet

&

Event Analysis

=

Wbb tt Wbb tt

0
0
0

—tt — l+jets
pton

~tt - dile

D@ Run Il Preliminary

muon tb-tt NN output

Reinhard Schwienhorst, Michigan State University

t-channel=1 Lintagged jet
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Event Yield

Event Yield

60— o Data

40

20

40

30

20

10

Neural Network Output

D@ Run Il Preliminary, 230pb™
- =——s=-channel (x10)

- M e+l'l
- I W+jets
- -mujlti;et 21 tag

0 0.5 B 1
tb-Wbb NN output

~ D@ Run Il Preliminary, 230pb”’ —e-Data
—t-channel (x10)
M tt

M Wijets

M multijet

e+l
>1 tag

0 0.5 1
tgb-Wbb NN output

Event Yield

Event Yield

- —e—Data

- ——s-channel (x10)
80 _

- Mt

- I Wijets
60; B multijet

D@ Run Il Preliminary, 230pb™

0.5 1
thb-tt NN output

- —e—Data

60? 1t
[ Wijets
| I multijet

a0l €+
>1 tag

20

| =—t-channel (x10)

D@ Run Il Preliminary, 230pb

0.5 1
tqb-tt NN output



Analysis Strategy

full dataset
e —l-
electron m uon
/\ —_—
=1 b-tag >2 b-tags b > li-tags
{

' t-channel:zjiuntagged jet t-channel=1 lmtagged jet

{

Event Analysis

==

ol ol

Wbb tt Wbb tt

un Il Preliminary

—tt — l+jets
-tt — dilepton

muon tb-tt NN output

2d hlstograms, ttl channe
Whbb vstt filter WOT TR
! f

[—

y
binned likelihood

\/

result

Reinhard Schwienhorst, Michigan State University
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s Neural Network Result

1

° I I i D@ Run Il Prelimi , 230 pb
Dominant systematics 8 0.35 tun Il Preliminary, 230 p

_ i 02 NN and binned likelihood analysis
Jet energy scale, b-1D: 10 02 o3 < channel

----- t-channel

— Background norm: 15-20% 8 4 e
— Object ID: 5%?_' 00

* Total systematic
=1 tag=2 tags
Signal acceptance 15% 25¢
Background sum 10% 26% 0.05

L1 | | 11 | | ‘ [ | L1 |
0 2 4 6 8 10 12 14 16
cross section [pb]

III\|I\II|I\I\‘I\II;[I\I
..

Posterior P

\||\|\\|\|||
a®
n“.
"
o
.
+
o
o
0y
)
o
W
o
K
= o
»
-
-
-
o

0, <5.8/5.0 pb

0.<4.5/6.4 pb

Published in PLB 622, 265 (2005)

Reinhard Schwienhorst, Michigan State University 40



Sensitivity to non-SM Single Top

4th family (V_=0.5)

D@, 230 pb’
10 - . 95% CL @® Standard Model
i PRD66, 054024 (2002)
_ .90% CL Top-flavor (m =1 TeV)
8 . 68% CL Ztc FCNC (g, =9,)

* l» o

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

t-channel cross section [pb]
(*2)

b 2 4 6

L
8 10

s-channel cross section [pbl]

Reinhard Schwienhorst, Michigan State University



DO V,,, Coupling Limit

 Both the s-channel and t-channel cross sections &
proportional to |V,

— Combine neural networks in a 2d likelihood function
tb-Wbb

>
tb-tt alb={ _
tqb-Wbh

tqb likelihood
tqb-tt

— Need to assume SM ratio of cross sections

Reinhard Schwienhorst, Michigan State University 42



Posterior probability density

Probability density for |Y?

0.5

D@ Run Il Preliminary, 230 pb "’

— limit
---------- exp. lim.
95
Gexpected <1.7

0¥ <29

Reinhard Schwienhorst, Michigan State University




Event Analysis

* Advanced analysis techniques

Cut-Based

7

Decision Trees Neural Networks Matrix Elements

4‘ 2
d'o, > ¢
(AT

Reinhard Schwienhorst, Michigan State University

44



DO | ikelihood Analysis (370 ph)
* Using jet lifetime tagger

full

/ dataseN — Asymmetric ta_g requirements
eﬁctr\on r’r}u({, * At least one tight tag
=1 i)-tagzz ti-tags =1 i)-tagzz ti-tags Loose tagger cut for double tags
i - D@ Run Il Preliminary, 370 pb”
gzo -;—channel (x10) i construct Bﬂ:_ — t‘ChEﬂﬂEl (X1 0)
s o Vot W2 - ikelinood * s-channel (x10)
10 —— Data d imi i L -
+ 1 discriminan sl B |
00 01 02 03 04 05 06 07 08 09 1 : W+Jet8, WW, WZ
¥ sl B Multijet
2d histograms, Wbb vs tt filter _« Data

\

f'l+

binned likelihood 20

W n

result 0 01 02 03 04 05 06 07 08 09 1

Reinhard Schwienhorst, Michigan State University 45



D& leellhood Result

. % £ D@ Run Il Preliminary, 370 pb™’
Systematic uncertainties g tchannel (x10) |

— b-tag modeling: 6-17% Euo s-channel (x10) i

— Jet energy scale: 5% 10 — }Lﬂets W W
80 3 ’

— Trigger modeling: 5% 60 B Multijet

— Theory tt XS: 18% 40 —— Data

T‘é - D@ Run Il Preliminary, 370 pb™
Zoa_ —— s-channel
7] e
R t-channel
203
0.<3.3/5.0 pb = | 0% 1 sorvea < 44 P
Boal o 5.0 pb
0, <4.3/4.4 pb s F s, observed < -V P
E 01
S T [N
ol N ‘*_'\P’Nk N
0 2 4 6 8 10

Cross section (pb)
Reinhard Schwienhorst, Michigan State University 46



Summary

s-channelt-channel

NLO cross section 0.88 pb 1.98 pb

95% CL upper cross sectionts [pDb]

CDF (160pb 1) 13.6 10.1
D@ NN (230pb 1) 6.4 5.0
D@ Likelihood (370pb 1) 5.0 4.4

Reinhard Schwienhorst, Michigan State University 47



Outlook

The future is here

Reinhard Schwienhorst, Michigan State University
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significance S/ \B

- N W B N
lllIlll

Tevatron Single Top Future

s+t combined Im proveme Nnts

NN search
Cut on NN output (event counting)

* b-tagging
— More signal
* Jet energy resolution

— Better top mass
reconstruction

* No systematics
CDF Il preliminary

Prospects

Significance {1 °* Observe single top

of observation.- production in Run Il
(no systematics) — Discover new

1 physics (if it's there)

1 2 3 4 5 6 7 8 * MeasurelY|to~10%
integrated luminosity [ 1/fb ]

Reinhard Schwienhorst, Michigan State University 49
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Tevatron luminosity projection

9
* s-channel + t-channel combined 8.2 fb-!
B - _ .
* NN + cut (event counting)
71 * No systematics
6 4 = Single experiment
5 - SM single top observation _~ 5.1fb
4 - 4.1 fb!
3 -
2 - “Evidence for...”
1 —
D 1 1 1 1 1 1
9/29/03 0/29/04 9/30/05 10/1/06 10/2/07 10/2/08 10/3/09

Reinhard Schwienhorst, Michigan State University 50



Outlook

Top is the gateway quark

Reinhard Schwienhorst, Michigan State University
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LHC: proten-proton colllder at 14

QL) DT 4 “;5
PV {eh : f‘

“TET ATLAS ALICE
| Point 1 =i, Point 2

ESdl) - ¥ a7
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SM Single To Producﬂon at the LHC
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SM Single Top at the LHC

* Backgrounds are similar but different

— WH+jets is less, tt more important

+ Signal extraction is similar & T G| r)r_l“mm“m -
— b-tagging Is very important 3'4003 =301 C:HO Atijaé
— singlédoubletags fort/s-channel ¢ | " cignal+backgd |

— t/s-channel search is

I Single—top production
easiefharderthan at the Tevatron 1o

o t—charnel A

[ ] s—channel

[ I [
N -channc!
1b)
s Prelirninar, i }
= 12000 (L=307) All Monte Carl / ] ) Backgrounds
\_: onte Carlo Atla.S— o
1000 m signal+backgd i ® Wtjels+WOQ
- : 600 ¥ Top pairs -
aoo:— Single—top production _
i s—channel ] 400 _
SDO__ |:| t—channel — "
i Baockgrounds ] i
400~ ® W+QQ 7 200_ B
® W+jets
200__ ¥ Top pairs : o |
i d P50 200 300 400 500 60D 700
I 4T BT R T s =1y Ty R . Energy H, (GeV)



_LHC as a Discoveny Machine

Neutral Higgs
Dominant Higgs production Top-Higgs Yukawa
mechanism at the LHC: coupling t

3 9
H "'_H
9 g t

Discover withr =30

HeavyH™: H+<t
T~
t

Discovery possible
with @g@%ﬂ. Discover with =30

Reinhard Schwienhorst, Michigan State University 55



Top quark Yukawa coupling

Precision coupling measuremght
at a future &= collider

t

nggs boson

Intemationa Linear Collider




Conclusions

* Single top quark production is a key observatian fo
the Tevatron

* Run Il single top analysis going well
— World's best limits are from D@o_< 5.0 pho,< 4.4 pb
— Already reaching sensitivity to new physics

* Single Top is about to get really exciting in Ruin |
— Both CDF and D@ will be close to discovery nextryea

* Top quark couplings are important to understand
electroweak symmetry breaking

— Study In detall at future colliders

Reinhard Schwienhorst, Michigan State University 57



