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Is the Top Quark Trying To Tell Us Something?

The top quark is very
Why?

heavy! m, =172.6 = 1.4 GeV/c?

Higgs Yukawa coupling ~1

Why are other quarks so light?

Alternative Higgs model — t-tbar condensate?

One of the main ingredients
of the radiative corrections

to my is the top loop

Is there more out there

we cannot yet see?

200
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150
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As of October 1998, the best current measurements

show the mass of the top quark = 174.3GeV/Z, £5.1 GeV/.
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Motivation for Searching for Single Top

Production rate is proportional to |V, |?
a) b)

u

o =(0.88=0.11)|V,] pb
o, =(1.98£0.25)|V,|* pb

B.W. Harris et al., Phys. Rev. D66, 054024 (2002).

Z. Sullivan, Phys. Rev. D70, 114012(2004)

Compatible Results;

Campbell/Ellis/Tramontano, Phys. Rev. D70, 094012 (2004). g tb
N. Kidonakis, Phys. Rev. D74, 114012 (2006).

t-channel production s-channel production

- g PONO"O‘0~ t
+b— +1 7
g W Associated production
Vi (small, ~ 0.3 pb)

b — 1% -- neglected here.
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Status of the CKM Matrix

From the PDG review 2006 (Ceccucci, Ligeti, Sakai)

"Tu. d Vs /Tu.b
Verm = VEVE = | Vea Vs Vap
Via Vis Vi
VekMm =
0.97383 1000053 0.22721 90010 (3.961099) x 1073
0.227110°00 10 0.97296 0 000as  (42.2110-29) x 1073
(8.14703%) x 1073 (41.617922) x 1073 | 0.99910070 000053

Rigid SM prediction —
Measurement of |V, | is a solid test of
assumptions

* Magnitudes only
 3x3 Unitarity enforced
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What Can Affect |V, |?

« 3x3 Unitarity is not true if the matrix is 4x4 (or more..)

Vi Ve Vip Vix?

us

Va Ve Voo Vex?

(6\

Ve Ve Vo Vi?

VCKM —

ts

V.2 V.2 V.2 V. 2

* Vector t' quark is also a possibility

J. Alwall et. al., “Is |V, |~1?"
Eur. Phys. J. C49 791-801 (2007).

Interesting constraints from precision EW measurements.
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It’s Not Looking Good For a Fourth Generation, However!

Higgs production via gluon-gluon rsEER TR
fusion proceeds mostly via a top loop f
in a 3-gen model, and gets a boost from
heavier quarks if they exist.
f
ISR

Propagators and vertex mass dependencies
cancel in the triangle diagram.

CDF Run Il Preliminary j Ldt=1.9fb"

EW-fit +36 % ' | — )
My = 87_27 GeV 6102 Observed ]
e R S e e s Median Expect ]
Tarch 2008 m, . =180 GeV .g - i 16 ]
6 o= = -
| : Acl, = i
5 — 0.02758+0.00035 _ o
1 '.l === 0. 02745:0.00012 o
4 s incl. low Q@2 data . o~ L S T RS
o :
| N Generation
LS -
3 _ %\\xr\k\m\
n | ISE
_ - _ e e S S ST
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—— i . . n
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m,, [GeV]
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Physics Motivations for Seeking Single Top

* Interesting signal -- s and t-channel rates are

differently sensitive to new interactions i o StundandModel
Tor » Top-Flavor

5 (mi:chV) =

. . = Z-t-c FCNC .

* (Can search for FCNC'’s involving top quarks o *5 - ume)

C th Fami ]

\% 4 F * * (V(s=().5;/ E

. . 2 - H* B

« Single top quarks are ~100% polarized Lg al: T og=2500ev7

in the SM a G :

. . . . . Y™ 25 —]

« Can test this with angular distributions N * :

of decay products L E

1 E\ 11 ‘ 111 1 ‘ 1 1 1 l | I I ‘ 1 1 1 l 1 1 J:

0 0.5 1 1.5 2 2.5 3

Can test CP-violation -- single t vs. single tbar
J J o, (pb)

A check of the b PDF of the proton T. Taitand C. P. Yuan,

Phys.Rev.D63:014018 (2001)

Can search for heavy W' bosons (L or R-handed),
contributing to s- and t-channel production modes
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Technical Motivations for Seeking Single Top

« Single top is a background to WH—Ivbb
Measurements are preferable to MC predictions

* |ts backgrounds are backgrounds to WH—lvbb
(WH+jets, ttbar, QCD, dibosons)

* We need to observe it on our way to observing a
light Higgs boson

* |t has a larger cross section than WH—Ivbb
(order of magnitude)

« The kinematic signature is more distinct than WH—Ivbb

* It's a great testing ground for making a
discovery using advanced signal/background
separation techniques
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Event Yield

D@ Evidence for Single Top in December 2006

DG Runll

0.9fb"'
Boosted tbatqb M

ecision trees im

W+jets I
Multijets ™

*10 uncertainty -
on background

best-fit
signal

| P R
0.6 0.7 0.8 0.9 1
tb+tgb Decision Tree Output

PRL 98 18102 (2007),
PRD article available at
arXiv:0803.0739 [hep-ex]

D@ Run Il + = preliminary 0.9 fb~!
Decision Trees E —e— 4.9 j: pb
Matrix EIements*E 4.8 ji pb
Bayesian NNs* E — 4.4 ji pb
Combination* ! 4773 pb
Observed Excess: 3.60
Expected significance: 2.30
AN A R
0 5 10 15

o (pp — th+X, tqb+X) [pb]

First direct measurement of V,,:
0.68 <|Vy|<1 @ 95%CL or

V| = 1.3 £0.2
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Events/0.025

CDF’s Evidence with 1.5 fb1

CDF Run Il Prellmlnary L=1. 5fb‘

CDF Run Il Prellmmary L 1.51 "

e Data 1] Wbb I:I W+LF et

B s-channel [ ttbar ] Nonw . .Z'Tli: . .
@ tchannel [ Wc+Wcc [ Z+jets,Diboson 250 3.10 evidence! ; ik ]
[1 Syst. Error ..3 mistags 1
@ 200 ok ]
> .
Ll ]
L 150 | . ]
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Llchan

O..=27+1.2pb

Expected sensitivity: 2.90
Observed significance: 2.70

Tom Junk, CDF Single Top,

Event Probability Discriminant

O..=3.0+1.2pb

Expected sensitivity: 3.00
Observed significance: 3.1c
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Improvements Made Since Lepton-Photon ‘07
Thanks to CDF and the Accelerator Division!

More Data! Tevatron has been running very well.

LPO7: 1.5 fb-" analyzed

Now: 2.2 fb1analyzed

Neural Network analysis updated

Additional muon acceptance on Missing-E;+jets trigger
12% more signal acceptance

1-Btag and 2-Btag samples analyzed separately

W+3 jet channels analyzed and combined with W+2 jet

channels

Improved discriminants

Innovative combination techniques developed

Tom Junk, CDF Single Top, March 28, 2008
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Delivered and Collected
Integrated Luminosity
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2.2 fb1 of data with all
subdetectors used.
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Analysis Roadmap

Signal Model

Background Model

/

A\

Likelihood Matrix

Function Element Network

Neural

\ \

/

Super-
Discriminant
\

CDF Data

Cross Section
Measurement Averaging

Interpretationl
» Discovery potential
» Observed signficance

* |V extraction

* Cross Section Measurement

Nearly 100%
overlap in selected
events

Optimization
choices guided
by best expected
performance

Blind!

Tom Junk, CDF Single Top, March 28, 2008

14



oQ

Single Top Production Mechanisms

“s-Channel”
U d g
W
t
|
b b

“NLO Contributions to t-Channel Production”

Tom Junk, CDF Single Top, March 28, 2008
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Single Top Signal Model

« Pythia model inadequate -- Pythia’s
single top quarks are unpolarized

« Use MADEVENT + PYTHIA for showering
MADEVENT: JHEP 0709:028 (2007) arXiv:0706.2334

« W-b fusion and W-g fusion processes generated separately
and matched in b p; to match NLO differential prediction

B.W. Harris et al., Phys. Rev. D66:054024 (2002).
Thanks Z. Sullivan for ZTOP

Tom Junk, CDF Single Top, March 28, 2008
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Event Signatures

P

Top Pair Production with decay

Into Lepton + 4 Jets final state

are very striking signatures! m

q o Jet3
W (S 5
. , q S
g t ;

Single top Production with decay
Into L'epton + 2 Jets finat state

Isess distinct! ¢ s

Ve,Vu

B. Stelzer, Dec. 2006 W+C

Tom Junk, CDF Single Top, March 28, 2008
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Event Selection

Main Triggers: Electron or muon with p> 18 GeV

A lepton (e or ) with p>20 GeV, |n|<1.6
Two jets or three jets
« Jet E; > 20 GeV
* Ml < 2.8 (much wider angular acceptance than
other CDF analyses!)
At least one displaced vertex b-tag
MET > 25 GeV
Vetoes:
 Dilepton (rejects Z—# and some ttbar)
« Cosmics
« Conversions
« Anti-QCD veto -- triangle cuts

Tom Junk, CDF Single Top, March 28, 2008
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CDF Components

Muon Chamhe

=

e

pseudorapidity: n=-In[tan(6/2)]

19
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Finding More Muons in CDF

Muon coverage used for LP07  Gains from Missing-E +jets triggered events
6

- 360
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~~ al i
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® | -
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— 3 $ 180/
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Ll

Additional requirement:

o AR:>1.0
~30% gain in muon acceptance, ”

~20% gain in total signal acceptance (incl. electrons)

Tom Junk, CDF Single Top, March 28, 2008
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B-Tagging at CDF

LOO single-sided silicon +

. K 2- un relimina
5-layer double-sided silicon+ Secondary Vertex
2-layer ISL Impact 1.5}

. . par.ame-‘-er. | JET 65.4 GeV
resolution o b MUON(CVUP) 203 eV
for hi9h'PT ;.9’0-5- """"""" SNy}

"4‘_” =8.1mm

tracks ~18um

or H

B-tagging relies on e \k\my
displaced vertex  SUSUUSRUNTSURN | D

S;?Vtx Tag Efficiency for Top b-Jets reconstruction ) ' X (cm) '

D.E%— B Loose Sec‘u’tx:

0-5; BB Tight SecVix | Example

04} i Mistag rates candidate

0.3¢ 1 typically event

| ~1% for

0.1F ] . .

: { light-flavor jets

O 02040608 1 121416 18 2 2.2
Jet Eta
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A Neural-Net B-tagging Tool

CDF Run Il Preliminary, L=2.2 fb™

E 160 _ * Data B Wbb - W4LF

Identified secondary-vertex tags 8 R e B erwes [ 2o Diboscn
have a significant charm and § 140 | Syst. Error

: S & i
mistag contamination. 120 [ .
= Train a NN to separate b, c, LF 100 |
in the vertex-tagged samples. 80 |
Some of the Inputs: 60

Displaced vertex mass 40

# tracks in displaced vertex o

Decay flight distance and significance 20 4

|dentified leptons in and near jets

Secondary vertex fit x2 1 -08-06-0402 0 02 04 06 08 1

Jet E; NN B-tag

Tom Junk, CDF Single Top, March 28, 2008 22



Background Modeling

9
(1CLe1ele)

Tom Junk, CDF Single Top, March 28, 2008
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Background Estimate I: W+Heavy-Flavor Jets

» General Strategy
» Use ALPGEN predictions of kinematic distributions
 We Mistrust ALPGEN rates:
« Scale ALPGEN to pre-tagged W+jets
« HF fraction in ALPGEN is also too low.
« Use Displaced Vertex Mass and NN b-tag output
distributions in W+1-jet events
* Fit the b, charm and LF components
* Apply a factor of 1.4+0.4 on ALPGEN'’s HF fractions, Wbb and Wcc

CDF Run Il Preliminary, L=1.5 fb™’ CDF Run Il Preliminary, L=1.5 fb™’
600 F . | |
I —— Bottomn :4:
i Charm
150 | —— Light HE
' - — BG Sum
400 i + Data
100 + +
200 |- +
i 50
| i3
00 1 2 3 4 0 L= : : .
SecVtx Mass [GeV/d] 2 -0.5 0 0.5 1

Neural Network Output
Tom Junk, CDF Single Top, March 28, 2008 24



Background Estimate ll: W+Light-Flavor Jets

« ALPGEN W+LF used to predict kinematic distributions
« Fake b-tag fractions measured in inclusive multijet

data samples using negative-tag rates (asymmetry corrected)

 Parameterized as a function of

Niris jets ET,jet’ |njetl’ Norimary-vertices SumET(event)a
Z

primarv
SecVix Mistag Rate SecVtx Mistag Rate
0.06 — . . . 0.06 — : : : ——
0_05:_ ] 0.05:— [ ] Léose SecVix
: ] r BB Tight SecVix ]
0.041 ] 0.04f :
0.03f ] 0.03}
0.02} 0.02}
0_01:_ B Loose SecVix ] 0_015_
i B Tight SecVix i ]
)] I I I I I 1 I I L oL I I I 1 I I I I L 1
20 40 60 80 100 120 140 160 180 200 0 02040608 1 121416 18 2 22
Jet Et (GeV) Jet Eta

» Apply fake b-tag fraction to W+LF MC
« Alternate kinematic model: use the untagged, selected
data, with fake-tag probabilities applied
« Trades MC mismodeling for contamination

Tom Junk, CDF Single Top, March 28, 2008

We use
the “tight”
(blue)
tag.
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Background Estimate Illl: Non- W
(“QCD”) (“Multijets”) 000
(“Instrumental”) ’ g

« Monte Carlo models of inclusive jet+MET production
are not precise enough
» Use data samples to model kinematics of non-W events
 Two independent samples:
Electron candidates which fail some selection requirements
* Loosen up the MET cut and fit the MET distribution.
« Apply same anti-QCD cuts used in the selection -- reduces
QCD by a factor of 3.
« Use kinematic model to extrapolate the Non-W fit
into the signal sample
 Assign a 40% uncertainty on non-W rate

Tom Junk, CDF Single Top, March 28, 2008 26



Background Estimate Ill: Non-W (“QCD”)

CDF Run Il Preliminary, L=2.2 fb"

CDF Run Il Preliminary, L=2.2 fb"’

100

¥+
1000 - ¥ gty Signal Region
4 %
= = Muons
500 | L2
-
W+jets ¥
> g
0 L I
0 20 40 60 80
Missing Transverse Energy [GeV]
80 CDF Run Il Preliminary, L=2.2 fb"’
i -~ CDF Il Data| |
. I [ non-W |
e 60} |.k Muons | w+bottom
g HE™ [] W+charm
"(']'J] | ' [ Mistags
< 40 [C]EWK/Top
e, I T S N
2
C |
S 20

100
Missing Transverse Energy [GeV]
Tom Junk, CDF Single Top, March 28, 2008

50

No B-tag
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20
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§ R

’.
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50
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----- SUM
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Background Estimate IV: MC-Based Backgrounds

e Diboson: WW +W/Z + ZZ

 top-pair production
 {+jets and dilepton assigned own systematic errors

« Z+jets background estimated with ALPGEN Z+np
samples with W+HF scale factors applied
(small background)

Tom Junk, CDF Single Top, March 28, 2008 28



Background Estimate Summary

2-Jet Event Yields 3-Jet Event Yields

t o WOP schamel 412259 schamel  135x19

t-channel 62.1 + 9.1 t-channel 18.3 + 2.7
Single top 103.3 + 15.0 Single top 318+ 4.6
Diboson 63.2 £+ 6.3 Diboson 215+ 22
2-jet Background W+bottom 4616 +139.1 W +bottom  141.1  42.6
composition Wecham 39501218 Wecham  1088%335
W + light 339.8 + 56.1 W + light 101.8 £ 16.9

3-jet sample has NonW  595:238 Nonw 21385

Total bckgd  1491.8 + 268.6 Total bckad  744.8 + 91.3
more ttbar o o g
ota ota
1595.1 + 269.0
prediction prediction 7766 £ 914

Tom Junk, CDF Single Top, March 28, 2008



3000

'gvents
o
3

Candidate

Signal and Background By Jet Count

CDF Run Il Preliminary, L=2.2fb"

1000 |

S<<O—b,syst

All detectors
[l s-channel
[ t-channel
Wlight
W+charm
I v+bottom
Non-W
B z+jets
Il Diboson
Bt

¥ CDF Data

~+Sys Uncert ||

W+ 1 jet

Tom Junk, CDF Single Top, March 28, 2008

W+2jets W+3jets W+4jets

Counting selected
events won't allow
us to see single top.

S/\/E

IS an inadequate
estimate of
sensitivity

We need a more
pure sample

of signal! Let’s
leverage its
features.
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Reconstruction Ambiguities

« Ambiguities in the 2-jet channel

« Which jet is the b from top decay?
t-channel signal — only one b in the detector (usually, but sometimes
the other one’s there) pick the b-tagged jet. Gets it right 95% of the
time.
s-channel signal — Use a linear combination of the Ay? (kinematic fit)
and Qxn,. Gets the b right 81% of the time.

* Quadratic ambiguity in solving for p,,. Pick smaller |p, |. Gets it right
75% of the time (including cases where both pz,v solutions are the same)

» More choices for b-jets in the 3-jet channel
Likelihood and Neural Network analyses: Assign a single

reconstruction choice for each event
Matrix element analysis: Integrate over possible reconstructions

Tom Junk, CDF Single Top, March 28, 2008
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Consequences of Imprecise Jet Measurement

« Lepton energy resolution is quite good Oy = 14%/\JE, ®1.5%

for central electrons (using the electromagnetic calorimeter), and

o(p,)/ p: =0.0017 ¢/ GeV

for muons (using tracking chamber).

« B-jet energy is much more poorly measured. Core resolutions

around 10%, but with long tails

» >50% of b-jets have neutrinos, sometimes
more than one, and sometimes very

energetic.
« Badly measured b-jet energy
impacts Missing-E; measurement

« Matrix Element analysis takes
a different approach than LF and
NN analyses -- integrates instead
of fits

24 o N
184 e
Fully 1S - e s
simulated g}
MC b-jets §| -~
i

140
120

Measured =, e 120
b-jet E (GeV) b-quark E
(GeV)

Tom Junk, CDF Single Top, March 28, 2008
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pb / (5 GeV)

A Powerful Separation Variable -- Invariant Mass

T 'llTlITITYITYTYIIIII
4

W+2Jets 1Tag  CDF Il Preliminary 2.2 fb”

0.03 — 7 ..g 300 Ets'_:ingle top
I g D Wbb+Wct S
I | L i B Wc [
0.02 — O =gl_i§tags 'g
. A —4 = Iposon -
[ : Reality sets s 200 . Oztjets |
- § . wm— T —
: | in: MET and 2 '  data g
0.01 — — 0 1 M B °
Hk\i jet resolution, O 100} E
: wrong jet =

0.00 - ‘sLl B -193.(. l ';5101 ' léolo' ~ 250 aSSignment, APO —————
e - 0 150 200 250
. wrong p, , choice
Well, maybe'a little B M, , [GeV/c’]
too pOWGI’fUL signal peak c W+2Jets 1Tag__ CDF Il Preliminary 2.2 fb”
E= =
C.P. Yuan 8 0.2 :
Phys. Rev. D41, 42 (1990) - o i - £
- ——
. | g =
No experimental resolution 0.1 = -
effects taken into account. ' = :
— | ¢
: =t

fo0 150 200 250

Tom Junk, CDF Single Top, Marc M, o [GeVic’]



Q Xn from proton , d This jet goes forwards
o t \
Excellent t-channel >
signal/background separator _
Yuan, 1990. g b
from antiproton
% 0.06 0.06 CDF Run Il Preliminary, L=2.2 fb™
< 0.05 0.05 Emz " e Data B wbb | W4LF |
'€ 0.04 0.04 o B s-channel [ ttbar | NonW
D » 100 - W tch I We+W B Z+jets,Dib
0.03 0.03 E I channe [+ cc Sylst-SEn!o:)SDrl_
0.02 0.02 Z
0.01 0.01
0 -2 0 2 0 -2 0 2
Q*ﬂ Q*n
§ 0.06 O t-cl;‘an
< — s-chan
< 0.05 — %
5 0.04 i 1L — wbb
- W
0.03 r'JJ h mci:s((t:a)\gs
0.02 o 1
0.01 . T,
07 2 o 2
Q™

Tom Junk, CDF Single Top, March 28, 2008
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. 2.0 P
COSO) other jet IN TOp Decay Frame " Background ]
15F -
‘::’ - Single top
* Relies on top polarization (we are trying R ]
to observe single top, assuming SM s | :
properties. To measure polarization, we'd "L H
have to have a more inclusive selection) . . | E
« Shape affected by lepton isolation requirement Y0 s 00 05 Lo
cos !

-- high s/b region next to a cut!
Stelzer, Sullivan, Willenbrock

Phys.Rev.D58:094021,1998.

d
I* - 4
u VV*+ c \_N+2Jets 1Tag CDF |l Preliminary 2.2 fb " W+2Jets 1Tag __ CDF Il Preliminary 2.2 fb!
2 0.08 = u

(= £ w g
t-channel b g %% - + £
Q - ) - - ﬁ
o 0.04f § T 50 3
| : 8 | :
Optimal spin basis: 0.02} 2 S

G. Mahlon and S. Parke, Um0 05 1 o w05 o0 05 1

PhyS Rev. D55, 7249 (1997) cos(elep,light)top r.f. cOs(elep,light)top r.f.
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Event Fraction

Exploiting Background Signatures

« Example: m; -- Wbb and Wcc background tend to have
lower m; on average (gluon splitting to bb/cc is peaked
towards low invariant mass)

I+ w: It
u N
% Vi -

Vi
) W*N— b d - b
Single T0||33 (s) %< b

W+2Jets 1Tag __ CDF Il Preliminary 2.2 fb™ W+2Jets 1Tag  CDF Il Preliminary 2.2 fb”
i = single top ﬂ - B single top
I | tt 5 i Ottt
I Wbb+Wce| § N C Wbb+Wct
0.3} — We 5 Ii 200_ W We
—Mistags | & 2 H Disoon
i — Diboson | 3 1] [ Z+jets
0.2f zrjets | 2 ° = acp
- L QCD ° O i « data
: _ s S 100}
0.1F = £ O [
I =]
i -|§=-=- c
o I Y R—— el M| 'LH'—M o 1 | I T |
0 50 100 150 200 0 50 100 150 200
M., [GeV/c’] M., [GeVic’]

Tom Junk, CDF Single Top, March 28, 2008
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Analysis I: LEP-Style Likelihood Discriminant

« Bayesian-motivated combination of information

of several input variables.

Two- and Three-Jet bins analyzed separately

Does not take advantage of correlations between

variables -- all separation information is in projected
templates

Available as an option in TMVA, R

Need to choose a b from top decay, and also a p, , solution

P = ff‘j‘;k
Novar . .

S o= L2 i

i=variable index
k=sample index (signal, Wbb, W+charm, W+LF, ttbar)

m=sum over samples
ji= template histogram bin

Tom Junk, CDF Single Top, March 28, 2008 37



Likelihood Input Variables and Discriminant

Predicted shapes

©
2-jet bin input variables: %
':E’ 10 10 -1
* H; 2
10
* COS‘elepton, other jet : -2
¢ Qxn | 10
. M, 0 02040608 1 0 0.204 0.6 08 1
+ 10g(ME, ) from MADGRAPH Lichan Lichan
(Stelzer and Willenbrock) g 1 — ts%f;‘zm
« ANN b-tag output =10 — it
* x?(t-channel) (replaces m,) = . - wg&)
2 mistags
10
- s, P | |
3-jet variables similar 0 0204 0608 1
L

tchan

Tom Junk, CDF Single Top, March 28, 2008 38



Events/2.2 fb™

Checking the Control Samples

. » CDF Run Il Preliminary, L=2.2 o
CDF Run Il Preliminary, L=2.2 fb - -
5 :'.D_ r ® Data B Wbb W+LF
10" = - Data N wbb W4LF o~ . M schannel W ttbar NonW
E I s-channel W ttbar NonW = N 30 t-channel Wc+Wcec [ Z+jets,Diboson
L t-channel Wec+Wecc M Z+jets,Diboson g ;ﬁ_' 107 Syst. Error
10 4 E Syst. Error a g n
E n E B
)
o 10
w
Iv)
o
o
o
1 10
)
o
&
1
10
- l‘.]2 01 02 03 04 05 06 0.7 0.8 09 1
10 v /DOF=35.6947/32
0 010203 04 05 06 07 08 09 1 /

KS test: 0.609 L

t

b-tagged, signal blinded

L,

No b-tags

Blind studies slicing and dicing control samples
+,- leptons

.= Nigptons T:-Nj1 2, high-H/low-H,, high MET/low MET
electrons and muons separately
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Likelihood Functions Trained to Identify Each Background

CDF Run Il Preliminary, L=2.2 b

B Wbb W+LF

-

e e Data

2 600 B s-channel W ttbar NonW ]
5 @ t-channel Wc+Wcc B Z+jets,Diboson
u>.| Syst. Error

500

400 W b b
300 .

200 |

100 |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
xYDOF=5.99395/10

KS test: 0.546 Lwbb

CDF Run Il Preliminary, L=2.2 fo!

-
Q' e Data B Wbb W+LF
@ B s-channel WM ttbar NonwW
51000 B t-channel | We+Wee M Z+jets,Diboson |
>
a Syst. Error

800 .

600 W+LF

400

200 e ]

v
—
_—rTT—e ) ° Y Py

d | | | ISP SRR i S A
0 01 0.2 0.3 04 0.5 0.6 07 0.8 09 1
+*/DOF=7.06681/10
KS test: 0.747

Lmistag

Events/0.1

Events/0.1

CDF Run Il Preliminary, L=2.2 b

e Data B Wbb W+LF
M s-channel [ ttbar NonW
600 M t-channel Wc+Wcc [ Z+jets,Diboson |
Syst. Error
500
400
300 ]
200
100 5
0 01 02 03 04 05 0.6 0.7 08 09 1
+*/DOF=7.58389/10
KS test: 0.875 Lwee
CDF Run Il Preliminary, L=2.2 b
® Data B wbb W+LF
B s-channel M ttbar NonW
3 @ t-channel Wc+Wecc M Z+jets,Diboson
10 Syst. Error
102
10
1
-1
10

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
xY/DOF=8.73942/10

KS test: 0.171 Libar

Tom Junk, CDF Single Top, March 28, 2008

Invert the roles
of signal and
background
templates to
get new
discriminants
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Event Fraction

Analysis ll: Neural Network Discriminants

* NeuroBayes is used to separate signal from background
« Separate networks trained on four samples:
« 2jets, 1 B-tag : Trained on t-channel signal
« 2jets, 2 B-tags : Trained on s-channel signal
 3jets, 1 B-tag : Trained on t-channel signal
« 3jets, 2 b-tags : Ttrained on f-channel signal
» Variable list similar to LF's -- 10-15 variables per channel

Templates normalized to unit area

W+3Jets 2Tag  CDF |l Preliminary 2.2 "

W+2Jets 2Tag  CDF Il Preliminary 2.2 fb’

Tom Junk, CDF Single Top, March 28, 2008

W+2Jets 1Tag__CDF Il Preliminary 2.2 fb” e (,qi3dets1Tag COF Il Preliminary 2.2 fo” c s
0.15F — single top s L 2 -
H tt = © [ 5} o
1 b+Wce o o L | o = o] 0.2 o
: _w:b Wee % E _ ;E 0.1_ _I: = i s
01 e E [lFC E [ = 2
Z+jets =z g 0.05 h ;g [ Ig== | = I S [ — _D_I b
: aco T H o W g1 8
" 5 A ™ 0.05F =| B 5
0.05f =, s - ; [ [ : g
[ -] 8 i 3 I I s
L . c | j [ J | | — O
c I I 1 = L I
= = . L ! — L 1 1 0 L L L
vos 005 i W03 "0 o5 1 E E— 1 05 0 05 1
1 0.5 0 0.5
NN Output NN O ' ) NN Output
utput NN Output P
41



Neural Net Checks in Control Samples

4 Sum CDF Il Preliminary 2.2 fb” 3 Sum CDF Il Preliminary 2.2 fb”
10°E A single top 10 [ single top
Ot Clte
3 CIwbb+Wee| w CIWbb+Wee|
10 I Wc kS I We T
I mistags -g 1 02 I mistags .g
l. [ Diboson - [ Diboson -
102 [IZ+HF jets | B Al [JZ+HF jets | 3
[ QcD N % + [QcD N
- @ T ©
4,4 data £ 10 ; £
10 S S
c c
&) Q
1 = 1 s
|

-1I_”I-0I.5””0” I0.5 1 _-i””n:'"'n ' 0.5 1
2-jet, 1-tag NN NNout  3-jet, 1-tag NN NNout
with untagged data with untagged data
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Analysis lll: Maftrix-Element Discriminant

« Calculate probability density of an event resulting from a
given process

Phase space factor:
Integrate over unknown
or poorly measured

quantities Parton distribution functions
1 » () (q,)
P(plﬂﬂp;'l]?p;;):_Jdpjldpj2dpjz¢4‘M(pz{u)‘ 1 =) jet(EjetaEparz)
O comb | ql || % |
Inputs: st Elermene Transfer functions:

Account for

lepton and jet 4-vectors - Different for each process. e e
no other information Leading order, obtained from etector errects in
needed! MadGraph measurement of jet

energy

* The input variables are the same for all matrix elements
— adding a new matrix element requires more
calculation but does not use any different information
from the data

Tom Junk, CDF Single Top, March 28, 2008 43



Matrix elements used

Tom Junk, CDF Single Top, March 28, 2008
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Additional 2-jet Matrix Elements

tt-bar

~ Special gluon transfer
functions developed.

Tom Junk, CDF Single Top, March 28, 2008
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Constructing the Discriminant

* Matrix elements know only about 4-vectors, not
about b-tagging quantities.

* Need to include information from signal and background
matrix elements.

b- P let
EPD = singletop
b.Psingletop +b.(PWbl; +Pﬂ-)+(1_b)°(PWcE +PWCj +Png)

b is the NN B-tag output

* Not every process has a matrix element (non-\W for
example), so this is not a probability, just a good
separation variable, use in template fits like other variables

Tom Junk, CDF Single Top, March 28, 2008



Matrix Element Analysis Blind Checks

Events with no B-tag,2-jet bin 4-jet bin check of ttbar

modeling
CDF Run Il Preliminary, L=2.2 fo' B e
T T T T & -1 [ls-channel
i g‘ﬂl‘ﬂight CDF Run Il Preliminary, L=2.2 fb [i-channe!
L W+charm [ T T T T i
4000 W vstoton 120 [ -
- | E:o.n'W i [llW-+bottom
E [ +iets » 100 i DNoln-W
[lDibosen L Wz
%)3000 __ [ [ ac) .illiut:on
L = Da => 3
o | e |5 80 s
— I 1o [1)] ]
52000 3 T 1§
- — - 10 'D 4 m
2 i 1= ° 18
s | -
1000 8 O 18
|5 ]S
e 5
0 15 o
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
KS: 3.2% . e .
Chi2/DoF- 44.7/40: 26.8% epditag Event Probability Discriminant
Tom Junk, CDF Single Top, March 28, 2008 47



Systematic Uncertainty |Rate Shape
Jet Energy Scale 0...16% v
Initial State Radiation 0..11% v
Final State Radiation 0...15% v
Parton Distribution Functions 2..3% v
Monte Carlo Generator 1...5%

Event Detection Efficiency 0...9%
Luminosity 6%

Neural Net B-tagger v
Mistag Model v
Q2 scale in ALPGEN MC v
Input variable mismodeling v
Wbb+Wcc normalization 30%

Wc normalization 30%

Mistag normalization 17...29%

ttbar normalization & m,, 23% v

Tom Junk, CDF Single Top, March 28, 2008

Also:

MC Stats

In each

bin
iIndependently
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Events/2.2 fb™

Input Variable Modeling Uncertainties

600

400

200 |

100

500 |

300 |

CDF Run Il Preliminary, L=2.2 fb™

* Data B Wbb W+LF
" I s-channel W ttbar NonW _
- [ t-channel Wc+Wce M Z+jets,Diboson
Syst. Error
B ‘I\

_ A B

- g e ’Lﬁ.

[ Y | ]

- A L

+BRN W
¥ ;

N s \

I ) s

- 0.!‘ »

L ;P" -.'; . B

:_ ’q.'.‘.'.' -.ﬁ_'.&.-o

e —————— | hC
-3 -2 -1 0 1 2

l]-2

1) Beam ’
splash?
2) Jet energy

scale in plug?

eleq o} pajeds ojie) Ajuopy

2 fb!

2000

Events/2

1500

1000

500

2500 -

CDF Run Il Preliminary, L=2.2 fb™

* Data B Wbb W+LF
M s-channel M ttbar NonW 7
[ t-channel Wc+Wcc [ Z+jets,Diboson
Syst. Error
Rl |
'v_ L2
=
—-'- —
- _7‘.
-l asl cerd| | o 1
05 1 15 2 25 3 35 4 45 5

ALPGEN+Pythia
mismodeling

MC predictions reweighted to match the data as
the systematic alternative sample.

Tom Junk, CDF Single Top, March 28, 2008

eleq o} pajeds ojien AJuopy
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Just Some of the Other Distributions Checked
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Systematic Shape Uncertainties

A total of
370 shape
uncertainties
evaluated!

Most are quite
small

Each template,
each source
of shape error,
each channel
(#tags, #jets,
extra muons)

Two exmples from the ME analysis

b-like

Single_top

Relatve diffarance

Jet Energy Scale 2 et 1 tag

Default

=lo

-0

JES,
Signal

0 0.2 0.4 0.6 0.8 1
Event Probability Discriminant

Relative difference

03

0z g

01 F

01 F

02§

03

|

MC modeling jet n 2 jet 1 tag

Default

Systematic

Nj2,wbb

0

0.2 0.4 0.6 0.8
Event Probability Discriminant

1

02 0.4 06 0.8

Tom Junk, CDF Single Top, March 28, 2008
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ALPGEN Wbb Template Shape Uncertainty
Due to Renormalization/Factorization Scale

Vary Q? scale by  o.07 comit NN analysis
a factor of POER ot :
2 in each ooaf| :
direction %%% \“'W»M__ ;
% 0.5 0 05
NNout
0.3 Q*=0.5 - default - @’ = 2.0 - detault
0.2 ""’1’ # J 0. .m..J[ ]l
0.1 0.1
NN S TN, (11
. +++ H+HH+ I #J( * S : HJrPrJr ﬂH H{J{ﬂH #H HH
0.2 0. Jf
03— 05 1 %5 05 1
NNout NNout

Tom Junk, CDF Single Top, March 28, 2008
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Combination I: Super-Discriminant

« Combine all analyses into one by using ME, NN, LF discriminants
as inputs to a neural net. Just like having a fourth analysis; same
procedures to extract physics quantities as a single analysis.

 NEAT (“Neuro-Evolution of Augmenting Topologies”)
is designed to optimize the expected p-value (discovery
significance). Most NN’s optimize something else
(classificiation error -- weights wrong kinds of information)
Back-Propagation is impossible. Instead candidate networks compete
against each other.

« Automatically optimizes
* Network topology -- number of nodes and their connections
* Inter-node weights
* Output histogram binning (expected p-value has MC stats
accounted for in each bin)
« Systematic errors included in optimization procedure

» Channels are divided up at least as finely as any ingredient analysis
(2 jets + 3 jets) x (1 tag + 2 tags) x (2 Lepton Categories) = 8 Channels

Tom Junk, CDF Single Top, March 28, 2008
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Network Topology Optimization

Initial Configuration: After evolution:

C00®

Tom Junk, CDF Single Top, March 28, 2008

Input Node

Bias Node

Hidden Node

Output Node
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Hypothesis Testing: p-Values

p-value = probability of upward fluctuation of
background to the data or something more “signal-like”
Outcomes ranked as signal-like using -2InQ

Signal-Like Outcomes

Background-Like Outcomes

C —— Signal + Background
10%
= 2x100M Background only

10"
10°L

1051

- Pseudoexperiments

Median s+b outcome

Expected p-v

lllllllllllllllll\

-120-100 -80 -60 -40 -20 0 20 40 60

-2InQ

P(datals+ b, é)

0- :
P(data | b,0)

O=nuisance Neyman-Pearson
Lemma: Q is the

parameters uniformly most powerful t

Fit for W+LF and W+HF
scale factors. Fluctuate all
nuisance parameters in
pseudoexperiments
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Measured Cross Section

gl N - 4
o oMM R O O W
T

Ry

Cross Section Measurements

« Bayesian Technique selected
 Flat prior in signal cross section o,
* Integrate out rate and shape uncertainties
« Check biases with pseudoexperiments with
systematics fluctuated.
* my,,=175 GeV assumed.

! T | T | T
- W 68% Confidence Interval
95% Confidence Interval
® Median
— Bu=Pou

I"

I
L

1 | ] | 1 1 1
0 02040608 1 12 14 16 18 2
Input Cross Section B

Measured cross section ()

Tom Junk, CDF Single Top, March 28, 2008

N~

No biases seen in cross-section fit technique.

[ 95% Confidence Interval

68% Conﬁdence Intérval

1 2 3 4
Input cross section (B)

Measured cross section (f})

N
n

15D|sc

«  Median

[ I 95% Confidence Interval

onfidence Interval

——— PB(Measured) = }(True)

Ser.

\\Ill\\‘I\\‘III‘\\I'\II'\\\'II\
0 02 04 06 08 1 12 14 16 1.8 2
Input cross section (B)
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Combination Ill: AlB

AlIB = Asymmetric Iterative BLUE “Best
Linear
Unbiased
Estimator”

« Designed to handle complex situations with
asymmetric uncertainties with correct
pull distributions. Iterate to get correct expected
errors on inputs.

« Draw pseudoexperiments from fully simulated MC.
Important result: shows how correlated single analyses are

Original BLUE: L. Lyons,
NIM A270 110 (1988)

Y% ME-NN 60.8% LF-NN 74.1%
LF-ME 58.9% - 3% - 1%
| h_corrME_LF (0.589) | h_corrME_LF [ h_corrME_NN (0.608) | h_corrME_NN | h_corrNN_LF (0.741) | h_corrNN_LF
ooooooooooo Entries 20000 Entries 20000
w 3 r 7] A w 3 r Meanx 1.005 = 3 r Meanx  1.006
= - Meany  1.005 = - Meany 1.005 = F Meany 1.005
2.5 _’_ RMS x 0.3184 2.5 "_ RMSx 0.2731 2.5 - RMS x 0.3184
“E RMSy 0.2433 e RMSy 02433 “F RMSy 02731
2F 2F 2k
1.5F 1.5F 1.5F
i 1E i
0.5F 0.5 0.5
of o of
-0.5F 0.5 -0.5
_1-....l....l....l....l....l....l...-l---- _1-....l....l....l....l....l....l....l.... _1:....l....l....l....l....l....I....l....
14 05 0 05 1 15 2 25 3 -1 05 0 05 1 15 2 25 3 -1 05 0 05 1 15 2 25 3
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Unblinding

We worked very hard to get our expected sensitivity up --
wanted to have a good chance at observation.

Decided to remain blind until we had at least 4.8c of expected
sensitivity. Did not have that with 1.9 fb-! of analyzed data
in December 2007.

Decided to include 0.3 fb-! of data up to the 2007 shutdown.

But

Silicon cooling incident disabled the East half of our innermost
layer, and the East half of our two outermost layers for this data
(it's all fixed now).

Intense program to calibrate B-tagging in the last batch of data,
process it and include in the analysis. It looked good!

Got 5.10 of expected sensitivity -- Proceed to unblind!

Tom Junk, CDF Single Top, March 28, 2008 58



Likelihood Analysis Unblinded Data

CDF Run Il Preliminary, 2.2 fb™

...................

CDF Run Il Preliminary, 2.2 fb"

2 3 B s-channel )
c 10 = )
g’ ] t-channel 1 o 10 [ s-channel
L [ JwcCcc/wce 1 > [ t-channel
I ttbar w [ WealWo
Wbb [ ttbar
E W+LF L_JWbb
10 B W+LF
[ z+jets I z+jets
I Diboson [ Diboson
10

10

L

tchan 2jet L

tchan 3jet

SM predictions shown -- no fitting is done.

Slight deficit seen in the signal region

Tom Junk, CDF Single Top, March 28, 2008
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Candidate Events

Candidate Events

NN Output Distributions by Channel
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Neural Network Discriminant Unblinded Data

W+2/3 Jets CDF Il Preliminary 2.2 fb”’
50

40

N
=
|°| 1

30
20
10

8

100;

Candidate Events
&
(-

MC normalized to SM prediction

1 -0.5 0 0.5 1
NN Output
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Matrix-Element Analysis Unblinded Data

CDF Run || Preliminary, L=2.2 fo" ="
| | | | | | | | | | | | | | | | l|:|1::-I||-ae
300 E:is:gs
®
c 250 ]
QD
-
W 200 ]
g |
S 150 | iz
2 | H
@ 100 0.7 075 08 085 09 095 1 12
O | K
50 | Iz
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Event Probability Discriminant
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Pseudoexperiments

p-Value Results by Analysis

_ P(datals+b,0)
P(data | b,6)

CDF Run Il Preliminary, 2.2 b’ Q

= signal + background

5 F
10 E = background only

Median p-value 3.38 Sigma

10° |
; Observed p-value 1.97 Sigma
10° E
10°
10° g o CDF Il Preliminary 2.2 fb™
10 ; 9 10 9 = with single-top @ SM rate
B c 10 no single-top
b D 40PL  Bu: 0.00000529 = 440
- I £ B 0.00060790 — 3.2
o ) ‘ ) | ) ) ) L 'E 1 07
2InQ %
O 4
-g 1 03
@ 10
o 11‘);
LF: 2.00 obs . J

150 100 -50 0 50 100 150

3.40 median 2InQ

expected
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10°

-
o
™

—
D-L

—
OM

Pseudo-Experiments
=) 2

—

Tom Junk, CDF Single Top, March 28, 2008

CDF Run Il Preliminary, L=2.2 fb!
iMedién p-value: 36-06 (4.5 nl) ID B
;Obser\red p-value: 0.0003 (3.4 o)

100 50 0 50
Test Statistic [-2In(Q)]

ME: 3.40 observed
4.50 expected

63



Super-Discriminant Results

2-jet, 3-jet

data summed,

all lepton
categories
and Ny
summed.

Events

4 [ S-Channel
CDF Run Il Preliminary, L=2.2 fp |55 =
(Dilepton)
B I tt (Non-Dilepton)
_ All channels W+bb
160— = W+ct
N T0E Mistags
140 — it
B We
B 5 Zz
120— 5 I Non-W
B 5 —— Data
100 3 =
B B 0.95 1
g0 'H &
- G - S
60 | 1T ...._.-..-._. E
L + 4 any T o
- ]
40i l-l..-l I E
c T
201 s
B o
L L o
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Super-Discriminant Significance,

Cross Section and |V,

Observed p-value: 3.7c

Expected: 5.10

CDF Run Il Preliminary, L= 2.2 fb”

CDF Run Il Preliminary, L = 2.2 fo”

- Expected p-value =5.1¢

Signal + Background
E Observed p-value =3.7 ¢ —— Background only

Median

E?rlm
o
N

-
(=]
G

-
o
w

| Observed

-
(=]
)

-
o

—

Posterior Probability Density

_ o 0.7
2 OSingle Top — 2-2.0.7 PP

— p

N\

N

y-

— | 1 1 6 1 1 1 a 1 1 1
Single Top Cross Section [pb]

77, = 0.88 £ 0.14 (exp.) = 0.07 (theory)

CDF Run Il Preliminary, L = 2.2 fb'1

* NEAT gives us 13% better

performance in the expected significance
with respect to the best analysis.
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Cross Section Measurements

CDF Run Il Preliminary, L=2.2 fb’!

Marginalized Posterior (arb units)

Posterior Probability Density

CDF Preliminary Single Top Summary
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Combination Il: AIB (BLUE)

[ AIB Pull Distribution - Untruncated | pull

Entries 20000

1600 — Mean -0.01646

- RMS 1.027
1400|— ¥/ ndf 1155/38

r Constant 1564+ 13.5
1200— Mean  -0.01508 + 0.00733
Sigma 1.014 £ 0.005

10002 o _|_07
800f Osingle top = 2.1 —0.6 pb

200}

e Self-consistency of the three measurements:

—PEs generated with O, op = 2 Pb With )% > %%, 87%
» Compatibility with SM expectation:
—PEs generated with O, . o, = 2.9 pb have 0., <2.13 pb:  14.8%

Discrepancy smaller than 1.1 o.

e P-Values: Expected: 4.70, Observed: 3.70
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Sensitivity Projections

CDF Run 11 Preliminary
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Significance extrapolation
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dependence. Gaussian
approximations everywhere.

Two effects:
1) We get smarter with time
2) Systematic brick walls?
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Integrated Luminosity (fb-1)
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Summary and Prospects

Thanks to the tireless work of the Accelerator Division and CDF:

Observation of Single Top quarks was expected
Observed p-value: 3.70

Expected: 5.10

Precise measurement of cross section and |V,
Csingle Top = 2-2.0.7 PP V,| = 0.880.14 (exp.) £ 0.07 (theory)

It's time to embark on the future program of single top physics
* s- and t-channel separate measurements
« polarization measurement
« FCNC search

« W search -- Already a nice result with 1.9 fb-' of data.
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Tevatron Single Top Summary

Likelihood Fun::ticml: CDF

09
+
(2200 pb™) 1.8+ 0.8
Matrix Element: CDF . 2924 0.8
(2200 pb™) — 07
Meural Network: CD 20+ 0.9
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Combination: CDF 2 2 + 0.7
(2200 pb™) == 07
Decision Tree: DO 4 9.+ 1.4
(900 pb™') — 14
Matrix Element: DO 4 8.+ 1.6
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Bayesian NN: DO 4.4 + 1.6
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Combination: DO 4 ?—I— 1.3
X L =13
{ 900 Pb '} ’ A Sulfivan, FRODO 7O, FE00 2 ¢ 2004)
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