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e Peak luminosity ~ 360 x 103%cm—2s~! e
i neuTaG %;/
o Tevatron delivered ~ 6.9 fb—! "

CDF collected ~ 5.7 fb~1

< Y
* Analysis shown here use 3.2 fo~' ; ///
£
e Tevatron is performing extremely well élm 2009 ’
e Expected >10 fb~" by end of 2010 S ////", 2007
. . !
e Possibly run in 2011 and beyond | {; f@ ;%%j
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THE CDF II DETECTOR

El.-Mag. and Hadron. Calorimeters

e Multipurpose detector at Tevatron

, e o
collecting data efficiently o  tons ¢

e Large acceptance and good ID for
leptons

e Tracking and EM calorimeter
e Muon systems
e Good calorimetry for jet energy
resolution
o Silicon detectors for b-jet tagging
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MOTIVATION

» Single top quark produced via electroweak
interaction -~
o ogy(t-channel)= 1.98 + 0.21 pb
e ogy(s-channel)=0.88 + 0.07 pb Vi v

e ogy(tt) = 6.7 + 0.8 pb (via strong b4 *
interaction) b
® [z Sullivan, Phys. Rev. D70, 114012 (2004)] (m; = 175 GeV)

e
ol

t-channel
e Test of the Standard Model
o Direct measurement of | Vy|
e Top quark properties: polarization, spin,
W helicity,... t Swt
e Same final state as WH

u iy

W b
. . Y
« Sensitive to new physics »
e Search for W/, H* (s-channel signature) d b
e Search for FCNC,... s-channel
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THE CHALLENGE

All Channels CDF Preliminary 3.2 b’

e Rare process at the Tevatron :‘s’ﬂ';IZ"T‘:p
e S:B~1:10°before trigger Ox
Ew+HF

Not very distinct signature with
many sources of background

e S: B~ 1:20 after final
selection

e No “golden” variable

Bw.LF
[l Other
7~ Uncertainty

44
Jet Multiplicity

Normalized to Prediction

e Large systematics uncertainties

Sophisticated analysis methods needed

Current approaches at CDF: Likelihood Function, Matrix Element,
Neural Network, Boosted Decision Trees
e S:B>1:1inmost significant bins
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SINGLE TOP SELECTION AT CDF

e Top decays most of the times to Wb Ve o
| oet
e W+ 2or 3jets with Er > 20 GeV @
e One lepton (electron or muon) with ®
pr > 20 GeV @
e Mainly from standard high pr lepton triggers > > > » » = € « < < «
e Extended muon coverage from missing Er ®
dedicated triggers (30% gain in signal
ocess mber vents in 3.2 fb~!
acceptance) R T
i . i s-channel 581+ 84 192 £ 28
e Missing transverse energy from neutrino, el oreL1s0 | M2EBS
ET > 25 GeV Wee 2022001 | 98.1 % 302
Wej 2504 £ 772 52.1 £ 16.0
e Veto “non-W”, Z, dilepton, conversion, pon D018 | 311140
H ww 585+ 6.6 21.2+24
cosmics Wz 289 + 24 85 £ 0.7
. . 77 0.9+0.1 0.4+ 00
o At least one b-tagged jet (displaced Z+ jets 35456 | 156424
" tt dilepton 69.2 £+ 10.0 60.2 £ 8.7
secondary vertex algorithm) tf11\>1xl-<lil(‘]>m1x 1349 + 196 | 4218 + 611
. Total signal 145.7 £ 214 154 £ 6.7
e Main backgrounds: W+Heavy Flavor, '(I;L]\tf\l }?ri(lvictilm:‘ 22@52;@375.4 HH.?'E('IZO.G

W+Mistags, ti,...
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MONTE CARLO MODELING
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MONTE CARLO MODELING

2 Jets, 0 b-Tags _ CDF Preliminary 3.2 fb"
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%GOO ~CDF Data % ~CDF Data % ~CDF Data
g M single Top g M single Top g M single Top
w Os g w O g w D g
%400 [W-+HF g % [W-+HF g % [W-+HF g
© WWsLF 3 © WWsLF 3 © WWsLF 3
T [Wother 2 T [Wother 2 T 2 [Wother 2
8200 5 8 £ 3 5
2 2 1 2
50 100 150 50 100 150 50 100 150
Lepton p; [GeV/c] Lepton p; [GeV/c] Lepton p; [GeV/c]
liminary 3.2 b’
% CDF Data
g Single Top
w i ]
2 e Data versus MC agreement war |8
b= +] °
k-1 g Other &
5 e Input Variables and more
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MULTIVARIATE N

2 Jets, 1b-Tag 'CDF Preliminary 3.2 o' 2 Jets, 1b-Tag 'CDF Preliminary 3.2 o' 2 Jets, 1b-Tag 'CDF Preliminary 3.2 o' 2 Jets, 1b-Tag CDF Preliminary 3.2 o'
- Single Top - Single Top - Single Top -
3 i 53, i s 5 0% i : B
8 WaHE £ 8 02 g8 WaHE g8
£ oo —war |2 “wiar |2 E gqsb —war |2 E i
E r A Other ?: E — Other ?: E ) — Other ?: E §
[rr) [ L 3w 3o 01 Tm H
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e Once the background estimate is well
understood we are ready to perform a
multivariate analysis

¢ Neural Network (NN)
e Boosted Decision Tree (BDT)
e Matrix Element Method (ME)
¢ Likelihood Function (LF)
e Dedicated t- and s-channel searches

Event Fraction

Normalized to Unit Area

%5 0 o5 1
NN Discriminant
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MULTIVARIATE N
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e Once the background estimate is well L
understood we are ready to perform a !
multivariate analysis

e Neural Network (NN)

s I —Single Top
« Boosted Decision Tree (BDT) ‘E 0.08- i s
e Matrix Element Method (ME) _u‘E 0_061 —WiLF :
e Likelihood Function (LF) S =" :
e Dedicated t- and s-channel searches @ 0.04] i 2
0.02f o §>

P . . ol _

91 -0.5 0 0.5 1
BDT Discriminant
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MULTIVARIATE N

Event Fraction
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e Once the background estimate is well
EPD= b,
understood we are ready to perform a =

multivariate analysis
e Neural Network (NN)

e Boosted Decision Tree (BDT)
e Matrix Element Method (ME)
¢ Likelihood Function (LF)

e Dedicated t- and s-channel searches
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MULTIVARIATE N

Event Fraction
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e Once the background estimate is well | N
understood we are ready to perform a L= W(x)mw%p 1
multivariate analysis
¢ Neural Network (NN) 5 I —Single Top
« Boosted Decision Tree (BDT) 3 ] i s
* Matrix Element Method (ME) L O —war |3
e Likelihood Function (LF) g —Other :
. > L
e Dedicated t- and s-channel searches W || z
g
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MULTIVARIATE N
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e Once the background estimate is well |
understood we are ready to perform a L= S G ) 1
multivariate analysis

e Neural Network (NN) S 0.3 eingle Top
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e Once the background estimate is well
understood we are ready to perform a
multivariate analysis

Neural Network (NN)

Boosted Decision Tree (BDT)

Matrix Element Method (ME)

Likelihood Function (LF)

e Dedicated t- and s-channel searches

e Discriminant outputs are thoroughly

cross-checked in sideband regions before
unblinding the signal region
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BINNED LIKELIHOOD FIT AND SYSTEMATICS

¢ A binned maximum likelihood fit of the templates to the data is
performed to extract the cross-section

e Systematic uncertainties are taken into account as nuisance
parameters
e Rate syst. give freedom to the fit templates to move vertically only
e Shape syst. allow templates to slide horizontally (bin by bin)
e MC statistics in each bin treated as a source of systematic uncertainty

Systematic Uncertainty Rate Shape
Jet Energy Scale 0...10% v
. . - Initial + Final State Radiation 0..15% v
D Iscriminant Parton Distribution Functions 2..3% v
Monte Carlo Generator 1..5%
Event Detection Efficiency 0...9%
Luminosity 6%
Rate and Neural Net B-tagger v
Mistag Model v
I Shape systematics /F Q2 scale in ALPGEN MC v
Input variable mismodeling v
Whbb+Wecc normalization 30%
We normalization 30%
Mistag normalization 17..29%
ttbar normalization & my, 23% v
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SIGNIFICANCE AND RESULTS

e P-value is determined throwing pseudo experiments (PE) for the test
hypothesis (S+B) and for the background-only hypothesis (B)

Fluctuate all rate and shape systematic uncertainties in PE

Test Statistic: —2In(Q), Q = L(S + B)/L(B)

Exp. p-value: fraction of B PE with a value smaller than the median of S+B PE

Obs. p-value: fraction of B PE with a value smaller than the measured one

CDF Run Il Preliminary, L = 3.2 fb’1

210° F

£ CDF Preliminary, L =3.2 b

“§10€ f Analysis E?<p. O.bs' Cross

s sig.  sig. sect. (pb)

£ NN 520 350 18708
- BDT 520 350 24797
o ME 490 430 25797
o LF 400 240 16798
" LFS (s-chan) | 1.10  2.00 15733

-300 -200 -100

0 100
Test Statistic [-2In(Q)]
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MET + JETS ANALYSIS (MJ)

o Another single top search in the orthogonal Er+jets sample
¢ Increase acceptance by ~ 30%: events were lepton was not
reconstructed and hadronic taus
e Neural Network to suppress huge instrumental background
o Final Neural Network to discriminate signal from background
e Same method to extract signal cross-section and significance

CDF Preliminary, Luminosity = 2.1 fb~'
Analysis | Exp. sig. Obs. sig. Cross section (pb)
Er+jets 1.4 2.1 49757

CDF Run Il Preliminary, 2.1 fb” CDF Run Il Preliminary, 2.1 fb”

700

Events/0.10
g
38

QCD NN cut

8
8

400~
300

200
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% 08 06 04 02 0 02 04 06 08
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o

0.5 1 15
Event Selection NN Output

Bruno Casal (IFCA) Single Top Observation at CDF 16/7/2009 11/14



Candidate Events

COMBINATION TECHNIQUE

CDF Preliminary 3.2 fb" CDF Preliminary 3.2 fb" CDF Preliminary 3.2 fb"
~CDFData ]
Msingle Top

i

CDF Preliminary 3.2 fb"
"~ CDF Data
Msingle Top
tt
EW+HF

EWsLF
Wother

4

Candidate Events

Normalized to Prediction

-0.5 0 0.5
NN Discriminant

e Combine individual analysis into one

“Super Discriminant”

DWsHF
EWsLF

W Other Wother

Candidate Events

Normalized to Prediction

05 2 04 06 0. 02 04 06 08
BDT Discriminant ME Discriminant LF Discriminant

e Use discriminant outputs (NN, BDT, ME, CDF Preliminary 3.2 fts"

LF, LFS) as input to NN 2 ;gﬂ;lga;:p‘
e Candidate networks compete against :>: Ot g
each other o 3
e Optimization of network topology, weights, 3 B Other s
output histogram binning 2 : 3
e Final network chosen based on best © g
4

expected p-value

e Gained 13% over best individual analysis

Bruno Casal (IFCA)
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COMBINATION RESULTS

e Perform a simultaneous cross section fit over the two orthogonal analysis (SD +
MJ)

e Expected p-value: > 5.9¢0

e Observed p-value: 5.00

e Measured cross-section: o = 2.3"%% pb

e Extract |Vip| = 0.91 £ 0.11(exp.) = 0.07(theory)

e Submitted to PRL, March 4th, 2009! http://arxiv.org/abs/0903.0885

CDF Run Il Preliminary, L = 3.2 ' CDF Run Il Preliminary, L = 3.2 '

[Vl > 0.71 (95% C.L.)

+0.6
Single Top ~ 23 -0.5 pb

Posterior Probability Density
AR RA R R RS EE

Posterior Probability Density

95%

L e
P R B B

0.2 0.4 0.6

4 2

Vil

6 8 10
Single Top Cross Section [pb]
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CONCLUSIONS

e Single top searches are challenging

CDF Preliminary Single Top Summary
e Advance analysis tools essential to For M,,, = 175 GeV/c®
establish small signals buried underneath Eaihoaa Functon .|_._ 15499
huge backgrounds e2b) i
e We report Observation (50) for Neurl Nefuork =l 18+06
electroweak single top quark at CDF Marix Eleent =1 o5407
40.6 321M) M 06
® OSingletop = 2.3745 Pb Likelihood, Function 1.6+ 98
e |Vi| =0.9140.11(exp.) + 0.07(theory) e2p) ;
Boo{s3t§dﬂ?,)ecnsnon Tree : 21+ gé
e Future: properties in the single top sample | combnaion wepronetss 4 2.1 98
. MET-Jets, 4 W
e Important milestone along the way to the @i DI AL
nggsl Con;bmat\pn (All Channels) ; % 23+ gg
i 5
* AllSM ba.CkgroundS Tor Higgs searches Slngle Top Productlon Cross Section (pb)
are now flrmly establlshed NLO: ZSullivan, Phys.Rev.D70,114012 (2004)  NNNLO: N.Kidonakis, Phys.Rev.D74,114012 (2006)

e Check all the results in the public web page
http://www-cdf.fnal.gov/physics/new/top/public_singletop.html
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BACKUP
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Analysis
Technique

Signal/Background
Monte Carlo

Apply MC
Corrections

Analysis Event
Selection

Templates
to Data

Discriminant

| Temstatstc k2]
» Significance
Rate/shape systematic uncertainties: implemented as nuisance parameters
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BACKGROUND ESTIM

Top/EWK (WW/WZ/Z—1r, ttbar, single t)

« MC normalized to theoretical cross-section

Non-W (QCD)

» Multijet events with
semileptonic b-decays or
mismeasured jets

* Fit low missing E data and
extrapolate into signal region

Mistags (W+2jets)
« Falsely tagged light quark or gluon jets

+ Mistag probability parameterization
obtained from inclusive jet data
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TEMPLATE SHAPE S

Flavor Separator
Wa2dets 1Tag

Jet energy scale

g & Wi 2Jets 1Tag
-‘3 0.15] 3 — Mistags g 0.1+ —_— :IEnSglelup
o . —— KIT opt. g et b4
fra o+ E —— JES +c ;v
S L. Mistags b signal -
g . g 0.05} .4
Wo.0st ™., “J -
-..MM""M M” !
EEEL | 0.5F ]
. -0.5) 1
-1 -05 N BafipLd 1 05 0 05 1
utpu NN Output

« A total of 370 shape uncertainties evaluated!
» Each template, each source of shape error, each channel

(#tags, #jets, extended muon coverage)
» Shape uncertainties affect sensitivity - most are quite small but some

appreciable

Bruno Casal (IFCA)

Single Top Observation at CDF

normalized to unit area

Factorization and
renormalization scale

U normalized to unit area

Wr2Jets 1Tag
— Wbb
0.06 ——Q’=05
:;i‘. —a’=20
0.04 ?'.‘ Whbb
.
0.02 “““"“"'-rah
g 7
c 1
0.5
ok
0.5]
-1 -0.5 0.5
NN Output
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EXTENDED MUON COVERAGE

180,

e Traditional muons are triggered
muons with hits in
e Both central muon chambers
(CMUP, |n] < 0.8)

e |n the central extension chamber
u triggers (CMX, |n] < 1.0)
—CMUP

_oMX e Extended muons

e Events with missing Er > 35
GeV plus two jets are triggered

e Recover muons in the gaps left
by the high pr muon triggers

e Acceptance gain of ~ 30%
e Orthogonal muon definitions

90

¢ [deg]
o

N
3
.:,E
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EXTENDED MUON COVERAGE

180 e Extended muons

L . ‘ e Events with missing Er > 35
i " tgfﬂﬁr,s GeV plus two jets are triggered
o0 CMX e Recover muons in the gaps left
i | by the high pr muon triggers
r MET+Jets e Acceptance gain of ~ 30%
g o —GMU e Orthogonal muon definitions
oo CMP =» CMU-only muons (n-Gap)
F —BMU =» CMP-only muons (¢-Gap)
[ —oMIO =» BMU muons
#= oMo =» CMIO muons (stubless and
- - no fiducial to any chamber)
B —CMXNT =» SCMIO (stubbed and no
PN e TN match in other categories)
2 -5 -1 -05 05 1 15 2

4

CMXNT (non-triggered
CMX)
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NN JET FLAVOR SEPARATOR

e About 50% of the background in the W+2 jets sample do NOT
contain b quarks (even though a secondary vertex is required)

¢ Train Neural Network to separate b-quark jets from charm and
light-quark jets

CDF II Prellmlnary 955 pb
_ B T P e e e —
e Jet and track variables (vertex £ CDF Il data We2iets
S ——— Fit Sum (with stat. error)
mass, _dgcay length, track 9 W + beauty
mUItIpllClty...) w100 —— W + charm
C: ——— W+ light
. Q
e Replace Yes-No tag decision by o
a continuous variable £ 501
>
« Improves single top sensitivity by “
ol T [T TR TN T T NN SR SO ST M
~10-15%! % 05 0 0.5 1

NN output
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OVERVIEW OF BOOSTED DECISION TREES

e Decision Tree (DT): Sequence of binary splits
using the discriminating variable which gives
best sig-bkg separation

e Leaf nodes are classified as sig-like or
bkg-like depending on majority of events
ending up in the respective leaf

e A Boosting algorithm improves the
discrimination power and statistical stability

e Events misclassified during a DT training are given a higher weight in the next DT
training

e To avoid overtraining a pruning algorithm (BDT) is performed after the BDT
training
e Removes statistically insignificant nodes by cutting back a tree from the bottom up
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LIKELIHOOD FUNCTION OVERVIEW

o Combines several sensitive variables into a single one
e 7 (10) variables used in the 2 (3) jet bin: Hr, Qxn, Mj;, cos(l, j),
log(ME;_chan)---

W + 2 Jets, 1 b-Tag CDF 11 3.2 fb™
g I — Single Top
=
§ :It\I+HF g .
i 0.1+ — W+LF £ -SIg(X;) S N; g(XZ)k ’
"dc'; N H —|_I—Other 3 Nisg(xi)+Ni Q(XI,)
o | 3
0.05 2 ,
: g . nnvar SIg(X,)
| 4 rvizrpl IQ(X )+|—|7v‘$rpbk9( )
0 :
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MATRIX ELEMENTS OVERVIEW

e Compute, for each event, the probability for signal and background
hypotheses

Phase Space Factor:
U > Transfer Function:

integrate over unknown

e Use full event kinematic
information
e Calculate probabilities for ~ 7w.»y) =10 I db,de.dp, X6 Mip)] a )ita,)a )ia) W, (EE,.)

signal and backgrounds e / \ ,
different for each process ‘Pﬂ‘rt@nmsﬁﬂmﬁan Emﬁmm‘

e Build a discriminant

_ b- Pstg()?)
EPD = b'Psig(?)+b‘Pb-bkg( )+(1-b)- nonb—bkg(X)

e b: b-likeness form NN Flavor Separator
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PRL COMBINATION I

Events
Events

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 - -0. 0 0.5
LF Discriminant ME Discriminant NN Discriminant

CDF Run Il Preliminary, L = 3.2 ft"
Il single Top
B W-HF
B
QCD+Mistag

{ I other

0 e
0 05 1 o 02 04 06 08 1 Data

BDT Discriminant LFS Discriminant

Events
Events

200

100

e 5independent /+jets analyses at CDF sharing single top selection (correlations
60—85%)

e Combined into a super discriminant trained using genetic algorithms to provide
optimal sensitivity
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PRL COMBINATION II

0 0.2 0.4 0.6 0.8 1 -1 0.5 [ 0.5
Super Discriminant MJ Discriminant

e Another orthogonal MET + jets analysis
where the lepton is missed

e A simultaneous fit is performed to the super
discriminant and the MET + jets channel

e Expected p-value: > 5.9¢0

e Observed p-value: 5.00

e Measured cross-section: o = 2.3"%% pb

e Extract |Vyp| = 0.91 £0.11(exp.) + 0.07(the.)

Posterior Probability Density
- T

CDF Run Il Preliminary, L = 3.2 o'
I single Top
B W+HF
I
QCD+Mistag

I other

—— Data

1

CDF Run Il Preliminary, L = 3.2 fb'

[Vl > 0.71 (95% C.L.)

95%
02 04 N o
[Vl

6

e Submitted to PRL, March 4th, 2009! http://arxiv.org/abs/0903.0885
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DIRECT |Vip| MEASUREMENT

* Using cross section result measure |V
» Assume Standard Model (V-A) coupling
and [Vl >> Vi, [V |Vib,meas|? = —meas
(from BR(t —Wh) measurements) osM
CDF Run Il Preliminary, L = 3.2 ! ]

| Vi, sm|?

2F

=T

ar

2T IVl > 0.71 (95% CL.) - v{
o .IJ! 3\
Bf / BN\
g? thbl

HE CDF combined fit:

er

er

oL

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

.4 R
Vel
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SIGNAL FEATURES

CDF Run Il Preliminary, L = 3.2 fb"

‘CDF Run |l Préliminary, L= 3.2 '

All channels All channels

GOTOpald 01 PEZIELIoN

g
E
g
g
5
o
é

UoRDIpalg G pazieuioN

H. /GeV Qxn - Mr5e/GeV

e Super Discriminant > 0.72

e Purity S/B ~1.2
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