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THE CDF || DETECTOR

El.-Mag. and Hadron. Calorimeters

Multipurpose detector at Tevatron

collecting data ef ciently ‘;m :

Large acceptance and good ID for
leptons

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

Single top quark produced via electroweak au
interaction -
sm(t-channel)= 1:98 0:21 pb hid W

sm(s-channel)= 0:88 0:07 pb Vi v
sm(tt) = 6:7 0:8 pb (via strong b &
interaction) b
[Z. Sullivan, Phys. Rev. D70, 114012 (2004)] (m{ = 175 GeV) g EI
t-channel
Test of the Standard Model " .
Direct measurement of jVy,j
Top quark properties: polarization, spin, .
W helicity,... t W
Same nal state as WH
W b
Sensitive to new physics e
Search for WC H* (s-channel signature) d b
Search for FCNC,... s-channel
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THE CHALLENGE

All Channels CDF Preliminary 3.2 fb *
Z ~+ CDF Data
Rare process at the Tevatron 7 B Single Top
S:B 1:10° before trigger O
Ew+HF

Not very distinct signature with
many sources of background
S:B 1:20 after nal
selection
No “golden” variable

Bw+LF
[l Other
72 Uncertainty

Large systematics uncertainties Y 2) 3 4)
ge sy Ics u inti Jet Multiplicity

Candidate Events

Normalized to Prediction

Sophisticated analysis methods needed

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

Top decays most of the times to Wb Ve?
oe*t
W + 2 or 3 jets with E1 > 20 GeV '®
One lepton (electron or muon) with ®
pt > 20 GeV @
Mainly from standard high pr lepton triggers > > > > » = € « < < «
Extended muon coverage from missing E+ ®
dedicated triggers (30% gain in signal _ .
acceptance) St
s-hannel 58.1 8.4 19.2 2.8
S I t-channel 87.6 13.0 | 262 39
Missing transverse energy from neutrino, Lene ore 1301 22 38
Er > 25 GeV Wee 2922 90.1 981 30.2
Wcj 2504 77.2| 52.1 16.0
Veto “non-W”, Z, dilepton, conversion, ronne o w58 | 21 4o
i ww 58.5 6.6 212 24
cosmics wz 289 24 85 0.7
. . zz 09 01 04 00
At least one b-tagged jet (displaced Z+jets 365 56 156 24
. tt dilepton 69.2 10.0 60.2 8.7
secondary vertex algorithm) tt non-dilepton | 134.9 19.6 | 421.8 61.1
Total signal 1457 214 | 454 6.7
Main backgrounds: W+Heavy F|avor, Total prediction [ 2265.0 375.41111.5 129.5
Obseredin data 2229 1086

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

2 Jets, 0 b-Tags

CDF Preliminary 3.2 fb ™

2 Jets, 1 b-Tag

CDF Preliminary 3.2 fb ™

2 Jets, 2 b-Tags

CDF Preliminary 3.2 fb ™

1600 ~ CDF Data ) ~ CDF Data ) ~ CDF Data
S S Wsingle Top S Wsingle Top
o = o i = o O =
2400 8 9 EW+HE 8 @ Ew+HF 8
s e s Eweie E 5 W e
5 Woter E 5 Woter E 5 Woter E
< E < E < E
O 200 5 o 5 o 5
2 2 1 2
50 100 150 100 150 50 100 150
Lepton p ; [GeV/c] Lepton p ; [GeV/c] Lepton p ; [GeV/c]
2 Jets, 0 b-Tags liminary 3.2 fb
j2] CDF Data
& Single Top
> -
o t 8
g Data versus MC agreement wie (&
5 WeLF 2
k=1 . Other 2
5 Input Variables and more
5
2
Control and signal regions L
50 150
E, [Gev) E, [Gev) . [GeV]
2Jets, 0 b-Tags __ CDF Preliminary 3.2 fb ! 2 Jets, 1 b-Ta CDF Preliminary 3.2 fb ** 2 Jets, 2 b-Tags __ CDF Preliminary 3.2 fb !
0 - CDF Data 0 "~ CDF Data 0 "~ CDF Data
c c c
S Wsingle Top S Wsingle Top S Wsingle Top
@ 600 @ I I 30 @ ) I [ml I
o gwee | & o gwee | & o gwee | &
£ 400 EweLr H | 20 EweLr 2 g Eweir E
b1 Wother & b1 Wother & b1 Wother &
s = =1 " < H
& g & g & g
© 200 ] © 10 ] ° H
50 100 150 50 100 150 50 100 150

W Transverse Mass [GeV/c 2] W Transverse Mass [GeV/c 2]

Bruno Casal (IFCA) Single Top Observation at CDF

W Transverse Mass [GeV/c 2]

/7/2009

7114



MULTIVARIATE ANALY SES
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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)

Dedicated t- and s-channel searches

Event Fraction

Normalized to Unit Area

O 1

-1 -0.5 0 0.5 1
NN Discriminant
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MULTIVARIATE ANALY SES

Event Fraction
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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)

Dedicated t- and s-channel searches

Bruno Casal (IFCA)
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MULTIVARIATE ANALY SES
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Once the background estimate is well | o
— S
understood we are ready to perform a - EPD = e (P 1
multivariate analysis
Neural NetWOrk (NN) 8 0‘2'_ —Single Top
Boosted Decision Tree (BDT) £ ] i,
. & [ M ]
Matrix Element Method (ME) (T 0.15} —WHLF <
Likelihood Function (LF) = —Otmer 5
. > L =
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- ©
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MULTIVARIATE ANALY SES
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2Jets, 1b-Tag

CDF Preliminary 3.2 fb *

2Jets. 1b-Tag

CDF Preliminary 3.2 fb *

0.1

0.05

— single Top.

-
fN

= L
E) 0 2
Qh

Event Fraction

— single Top

—
Reconstructed Top Mass [GeV/c

100 200

Normalized to Unit Area

S

Normalized to Data

2Jets, 1b-Tag __ CDF Preliminary 3.2 2Jets, 1b-Tag __ CDF Preliminary 3.2
3 — single Top 3
g 02 n S
g WeHE g 8
T 0.15] —WsLF <
I —other g
8 ER
o 0.1;|—"Li\111- 3 o
o|E
0.05F =1, n |2
==a=]
-0.5 0 0.5 1 -0.5 0.5

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)

Dedicated t- and s-channel searches
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MULTIVARIATE ANALY SES
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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)

Dedicated t- and s-channel searches
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MULTIVARIATE ANAL S
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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)

Dedicated t- and s-channel searches

Discriminant outputs are thoroughly
cross-checked in sideband regions before
unblinding the signal region

Bruno Casal (IFCA) Single Top Observation at CDF 16/7/2009 8/14



BINNED LIKELIHOOD FIT AND SYSTEMATICS

A binned maximum likelihood t of the templates to the data is
performed to extract the cross-section
Systematic uncertainties are taken into account as nuisance
parameters
Rate syst. give freedom to the t templates to move vertically only
Shape syst. allow templates to slide horizontally (bin by bin)
MC statistics in each bin treated as a source of systematic uncertainty

Systematic Uncertainty Rate Shape
Jet Energy Scale 0...10% v
. . s 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%
N - 1 Mistag normalization 17..29%
S tibar normalization & m,, 23% v
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SIGNIFICANCE AND RESULTS

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 fo*

£10°

-§m7 CDF Preliminary, L=3.2fb !

“§105 ] Analysis E?<p. Ops. Cross

R sig.  sig. sect. (pb)

£ NN 52 35  1.8°0°¢
o BDT 52 35  2:1*%7
o ME 49 43 2597
o LF 40 24 1:698
0 LFS (s-chan) | 1.1 2.0 1:5°53

-300 -200 -100

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

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

CDF Preliminary, Luminosity = 2.1 fb *
Analysis | Exp. sig. Obs. sig. Cross section (pb)
E +ets 1.4 2.1 4:9"23

CDF Run Il Preliminary, 2.1 b ™ CDF Run Il Preliminary, 2.1 fb ™
F 50

700, 3

Events/0.10
@
8
s
Events/0.25

QCD NN cut i

500

400

MC normalized to SM prediction
MC normalized to SM prediction

‘L 08 06 04 02 0 02 04 06 08
Final NN Discriminant Output

0

0.5 1 15
Event Selection NN Output
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COMBINATION TECHNIQUE

301 CDF Preliminary 3.2 fb * CDF Preliminary 3.2 fb * CDF Preliminary 3.2 fb * CDF Preliminary 3.2 fb *
0 —Coroaa of ] o« —CoF bata ] 0 ~CDF Data 0 ~CDF Data
€ Msingle Top € ) € €100 single Top *F
% o o 1s % 1 s % b s % i ho4 s
EwHE ] e 2 2 e g EwHF g
g 200 [TRET ig > ig £ ig WwF H
<] Moner T 5 D 52 52 Woner 5
- Bg Bg g0
© £ £ £ H
2 2 2 2
-1 -0.5 0 05 -1 -0.5 0 05 1 02 04 06 08 1 . .
NN Discriminant BDT Discriminant ME Discriminant LF Discriminant

Combine individual analysis into one
“Super Discriminant”

Use discriminant outputs (NN, BDT, ME, CDF Preliminary 3.2 fb *
- CDF Data

LF, LFS) as input to NN o
ingle Top

Candidate networks compete against O

each other St

Optimization of network topology, weights,  Mother

output histogram binning

Final network chosen based on best
expected p-value

Gained 13% over best individual analysis

Candidate Events

Normalized to Prediction

04 06 038 1
Super Discriminant
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COMBINATION RESULTS

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

Expected p-value: > 5:9

Observed p-value: 5:0

Measured cross-section: = 2:3"%% pb

Extract jVipj = 0:91  0:11(exp:) 0:07(theory)

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

CDF Run Il Preliminary, L = 3.2 fo" CDF Run Il Preliminary, L = 3.2 fo"

s =238 op [Vl > 0.71 (95% C.L.)
Single Top — <"~ -0.5 p

Posterior Probability Density
T T T T T T T

Posterior Probability Density

95%

02 o4 06
ol

ol b 1y
2 4 6 8 10
Single Top Cross Section [pb]

o,
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CONCLUSIONS

Single top searches are challenging
CDF Preliminary Single Top Summary
Advance analysis tools essential to For M,,, = 175 GeV/c’
establish small signals buried underneath f@ﬂgggg{)mmn .|_._ 15208
huge backgrounds G20 :
We report Observation (5 ) for Neurl Nepwork =) 18+056
electroweak single top quark at CDF et Elen ™ 2507
_ i 0:6 (3.2fb -0
SingleTop = 23+ 0:5 pb Likelihoodl)Funclion 16+ gg
iVij = 0:91 0:11(exp:) 0:07(theory) G20 B :
Boosted Decision Tree 211 0.7
(3.2107) 06
Future: properties in the single top sample |  combination (epton+dets) 2.1+ 08
. + = N
Important milestone along the way to the s L 4z49t 2
Higgs! conpiggn wicermas) T2 2.3 g
i -5 0 5
All SM backgrounds TOT Higgs searches Single Top Production Cross Section (pb)
are now r mly established NLO:ZSullvn, Py ReviDT0.14012 (2004 NANLOS NKKonaki, Phys Rev.D74 114012 2006

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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SEARCH STRATEG

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 ESTIMATE

Top/EWK (WW/WZ/Z : 2 2 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 SYSTEMATICS

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,

Traditional muons are triggered
muons with hits in
Both central muon chambers
(CMUP, j j < 0:6)
In the central extension chamber
u triggers (CMX,j j< 1:0)
—CMUP
oM Extended muons

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

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

Acceptance gain of 30%
Orthogonal muon de nitions

90

¢ [deg]
o

N
3
.:,E
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EXTENDED MUON COVERAGE

180

Extended muons

L ) ‘ Events with missing E1 > 35
[ “_tgfﬂﬁr,s GeV plus two jets are triggered
o0 CMX Recover muons in the gaps left
r | by the high pr muon triggers
r MET+Jets Acceptance gain of 30%
g o —GMU Orthogonal muon de nitions
oo CMP U CMU-only muons ( -Gap)
- —BMU U CMP-only muons ( -Gap)
L HIES U BMU muons
-90- somo U CMIO muons (stubless and
r - no ducial to any chamber)
L —CMXNT U SCMIO (stubbed and no
Aol e | match in other categories)
2 -15 -1 -05 0.5 1 15 2 U CMXNT (non-triggered

CMX)
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NN JET FLAVOR SEPARATOR

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

1

CDF Il Preliminary 955 pb " Entries 644
L —
Jetand track variables (vertex £ CDF Il data W zjets
Fit Sum (with stat. error)
mass, _dgcay length, track a W + bosuty
multiplicity...) 100 —— w +charm
o ——— W + light
Replace Yes-No tag decision by &
a continuous variable 2 50r
(]
>
Improves single top sensitivity by “
ol T TR [N TR TR TR TN AN TR S ST W
10-15%! £ 05 0 0.5 1
NN output
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OVERVIEW OF BOOSTED DECISION TREES

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

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

A Boosting algorithm improves the
discrimination power and statistical stability

Events misclassi ed during a DT training are given a higher weight in the next DT
training

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

Combines several sensitive variables into a single one
7 (10) variables used in the 2 (3) jet bin: Hy, Q , M;;, cos(l, j),
log(ME; chan)---

W + 2 Jets, 1 b-Tag CDF 132"
[ I — Single Top
o _
=1 tt
& L WH+HF 3 .
o 0.1- — W+LF < Sig oy — N9 (%))
.E r — — Other % pi (XI) - N-Sig(Xi)+ N_bkg (x) ’
3 1 : o
9 .08l g
0.05 3 .
L Sl
_ ST O
n Sl n
o z iz\/irpi g()(i)"' izva:\Lrpi g(Xi)
Q=
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MATRIX ELEMENTS OVERVIEW

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

hypotheses
Phase Space Factor:
S e Transfer Function:
integrate over unknown . sy .
accounts for effects in
H H IR energy measurement
energy sureme:
Use full event kinematic quantities &
information \

Calculate probabilities for ~ 7my») =170 1 dp,de.dp, X0 Mip)]fta)ita,)a,lla] W, (EE,.)

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

Build a discriminant

— b Psig (%)
EPD = b Pgig(X)+ b Ppprg (X)+( 1 b) Pronb-bkg (X)

b: b-likeness form NN Flavor Separator
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PRL COMBINATION |

Events

Events
Events

0 02 04 06 08 1 0 02 04 06 08 1 - -0. 0 0.5
LF Discriminant ME Discriminant NN Discriminant
g 4
4 CDF Run Il Preliminary, L = 3.2 fio*
m
200 30 Il single Top
B w+HF
20 -
B
100 .
10 QCD+Mistag
{ I other
0 0 ——
- 05 1 0 02 04 06 08 1 Data
BDT Discriminant LFS Discriminant

5 independent " + jets analyses at CDF sharing single top selection (correlations
60-85%)

Combined into a super discriminant trained using genetic algorithms to provide
optimal sensitivity

Bruno Casal (IFCA) Single Top Observation at CDF 16/7/2009 2414



PRL COMBINATION I

CDF Run Il Preliminary, L = 3.2 fb*
B single Top
B W+HF
I
QCD+Mistag
B other
0 02 04 06 08 1 1 05 0 0.5 1 —— Data
Super Discriminant MJ Discriminant
Another orthogonal MET + jets analysis CDF Run Il Prefiminary, L = 3.2 fi*
where the lepton is missed 2t
2 [Vl >0.71 (95% C.L.)
A simultaneous t is performed to the super SF
discriminant and the MET + jets channel g
g
Expected p-value: > 5:9 3
Q
Observed p-value: 5:0 8t
. . 95%
Measured cross-section: = 2:3"%% pb E L
- 0.2 0.4 5 0.6
Extract jVipj = 0:91 0:11(exp:) 0:07(the:) Mol

Submitted to PRL, March 4th, 2009! http://arxiv.org/abs/0903.0885
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DIRECT jVipj 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 |l Préliminary, L= 3.2 '

22,
% 20 £ [ All channels
> e £ (Dilepton]
(i1} & (NonDiepton)
8 w 12| Webb

10 g g
» : 4
: : !
: ;

H. /GeV Qxn - Mr5e/GeV

Super Discriminant > 0.72

Purity S/IB  1:2
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