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The Top Quark

@ Top pair (tt) production observed 1995 by the D@ and the CDF
Collaborations

@ By far the heaviest fundamental particle we know of

@ Cross section: 6.8 = 0.6 pb (incl. uncert. on the mass — +1.2 pb)

tt production channels
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Electroweak single top production

@ Never observed before
@ Dominant production channels at the Tevatron:

s-channel (tb) t-channel (tgb)

q' q

(ol
«Q
(o]

ONLO — 0.88 +£0.11 pb (*) ONLO = 1.98 + 0.25 pb(*)

vy v

(*) m: = 175 GeV, Phys.Rev. D70 (2004) 114012

@ Total SM cross section: syt = 2.9 pb
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Motivation

1. Predicted but not observed before
2. Study the Wtb coupling

Vud Vus Vub V., .
VCKM = Vcd Vcs Vcb t ©
Vo Ve Ve ,

— Direct measurement of |Vy,| (more later)
— Unitarity test of CKM matrix
— Anomalous Wtb couplings

3. Measurement of top quark properties:
polarization, decay width, lifetime, mass...
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Motivation

4. New physics, example:
— s-channel: resonances like heavy W’, charged Higgs

— t-channel: Flavour-changing neutral currents
— 4-th quark generation?
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Motivation

4. New physics, example:
— s-channel: resonances like heavy W’, charged Higgs

— t-channel: Flavour-changing neutral currents
— 4-th quark generation?

5. Very similar to SM Higgs production
— Same final state and bkg as

WH — lvbb

6. Test of advanced separation techniques
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Signal and backgrounds samples

Single top signal, MC
@ COMPHEP-SINGLETOP

W-+jets, MC
@ Most difficult background
@ Shapes from ALPGEN

@ Normalization and heavy flavour
fraction from data

tt, MC
@ ALPGEN

| A

@ Normalized to oyn o = 6.8 pb

Multijet events, from data

@ misidentified lepton

proton

antiproton
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Analysis Strategy

Strategy: Maximize signal acceptance — extract signal using
multivariate techniques

Signature

isolated lepton
E+ (from v)
jets

at least 1 b-jet

Event selection
o One |epton: Secondary / Jet

. Vertex
o electron: pr > 15 GeV, |nger| < 1.1 (L‘szf"”my%)
e muon: pr > 18 GeV, |nger| < 2

° £t > IE.) GeV m o

® 2-4 jets: pt > 15 GeV, |n| < 3.4 —
o Leading jet: pr > 25 GeV, |nget| < 2.5
o Second leading jet: pr > 20 GeV
o 1-2 jets b-tagged

b-tagging
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Data-background model agreement

% i D@ Run Il Preliminary 0.9 ib'
Expected Nevents ‘g_ : e ;:[]23:;:;&9',
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shaswe 5| 3 | +
multije .
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We have hundreds of these kind of plots
for other kinematic variables

Dag Gillberg (SFU) First Evidence for Single Top — Users’ Meeting, June 6, 2007



The 12 (/ep, Ntaga /Vjet

| W Transverse Mass |
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Dag Gillberg (SFU) First Evidence for Single Top — Users’ Meeti June 6, 2007



The Decision Tree Analysis

@ Single top signal sample trained against
our background samples

@ ldea: recover events that fail criteria in
cut-based analysis

@ Separate training per (lep, Ntag, Njet)-bin

@ Boosting — give mis-classified events
higher weight and re-train! (20 times)
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The Decision Tree Analysis

@ Single top signal sample trained against
our background samples

@ ldea: recover events that fail criteria in
cut-based analysis

@ Separate training per (lep, Ntag, Njet)-bin

@ Boosting — give mis-classified events
higher weight and re-train! (20 times)

Discriminating variables

@ 49 variables used, categories:

object kinematics, global event kinematics, angular correlations
@ Most discriminating power:

m(alljets), m(W, b-jet1), cos(b-jetl,lep), Giep X Mun-tagged jet1
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The Decision Tree Analysis

- 04
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2 — sst-channel e+jets s v = o(tb+tqb)
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2 | g ==2 jels 2 03k
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Decision Tree Output Bayesian posterior

@ Bayesian posterior probability density:
P(c|D) fa,b P(D|o, a, b)Prior(c)Prior(a, b)
@ Shape and normalization systematics treated as nuisance
parameters

@ Correlations between uncertainties properly accounted for
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Ensemble Testing

Tested our machinery with many sets of pseudo-data

@ Subset of our total pool of
background events

Decision Trees

@ Individual statistical and
systematical fluctuations

@ Wonderful tool — like running D@
1000s of times!

@ Generated several ensembles with
different single top content —

x2/ndof = 4.89/4
Slope =1.07 £0.03
Intercept =-0.12+ 0.10

2 3 4 5 6 7 8 9
Input tb+tgb cross section [pb]

Measured tb+tqb Xsec [pb]
C @ N W h OO N OO

© LTI T T T I T

-
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Ensemble Testing

Tested our machinery with many sets of pseudo-data

@ Subset of our total pool of
background events

9; Decision Trees
@ Individual statistical and
systematical fluctuations

@ Wonderful tool — like running D@
1000s of times!

@ Generated several ensembles with
diff ingl 2 3 4 5 6 7 8 9
itrerent single tOp content — Input tb+tgb cross section [pb]

x2/ndof = 4.89/4
Slope =1.07 £0.03
Intercept =-0.12+ 0.10

Measured tb+tqb Xsec [pb]
O @wa NhNWw h oo N

© [T I I

-

Significance
@ Used 70,000 pseudo-datasets with no single top content

@ We measure the fraction of zero-signal datasets in which we
derive at least the SM cross section (expected significance), or
at least the observed cross section (observed significance)
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Expected results

Expected Decision Tree Results

Expected cross section 2.711> pb
Expected p-value 1.9%
Expected significance  2.1o

2
— E e o isi
A Decision Trees S Decision Trees
&0-25T é s Probability to rule out
= | “Data’ = > robability to rule oL
pz)- 0. SM signal + 2 background-only hypothesis
Y »
8 0-15:+ bgaCkgmund g Zero-signal ensemble
5 ‘_"; 01k {Expected | ©
T8 ! result | 3
% 8 0.05 ! 2
o 2 £ H
aa 0 ) ) \ ) ) &
0 2 4 6 8 10 12 01 2 3 45 6 7 8 9
tb+tqgb Cross Section [pb] tb+tqb Cross Section [pb]
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Boosted decision tree observed results

Ostt — 49+1.4 pb
p-value = 0.035% (3.40) -

o —— Evidence!
SM compatibility: 11% (1.30)

D@ Run Il preliminary

': 03 Decision

2 025 Trees

2z Measured

2 02 result

o

Q 0.15 T, ~2b _
L2 <10 DO 0.9fb" =
g5 o > tb+tqb
38 oos s ttm
ae (I L e Wijets |

24 oo 8ot w Multijets
tb+tqb Cross Section [pb] J

Decision
1 e+l
Trees 2-4 jets
4.9pb sional 1-2 tags

ensemble

1
0.6 0.7 0.8 0.9 1
tb+tgb Decision Tree Output

Pseudo-datasets / 0.4 pb

2 3 45 6 7 8 9
tb+tqb Cross Section [pb]

Dag Gillberg (SFU) First Evidence for Single Top — Users’ Meeting, June 6, 2007



Observed o, ; for all three analyses

D@ Run Il «= preliminary 0.9 fb™!
| I
- | +1.4
Decision Trees ! —e—i 49 ', pb
i
| +16
Matrix Elements*: —eo— 48 _, pb
i
) L +16
Bayesian NNs* ! —— 44 7, pb
|
- i +1.
Combination* 4.7 _13 pb
'
i
i
i
I N Kidohakis, PRD {4, 114012 (2006), myy, = 175 GeV
Z.Sullan, PR 0, 114012 (2004), myqp, = 175 GeV
|
| !

. FII R L

0 5 10 15
G (pP — th+X, tqb+X) [pb]

@ The three analyses give consistent results!

o Combined result using the BLUE method:
4.7 + 1.3 pb with 3.6 o significance!

@ Same data used (0.9 fb~1) — therefore correlated
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First direct measurement of |Vy,|

@ Assuming Vtzd + V2 < Vtzb and pure V—A and CP-conserving
Wtb interaction

D@ Run Il preliminary 0.9 fb D@ Run Il preliminary 0.9 fb™
2 07 ] 245
® F 2 40: _ +0.0
g osl | Viipf1-[2 3 st Vel?=1.0757
2 050 = 1.7ig'g Ea0E :
§ 0.4i ’ % 2.5;
E H : o £
8 - H i S 20
a L O ogs5F
.‘g- 0-25_ -é 10
7 o1 ! Z o5t
8 0:_../ i - E 0c - i ;
0 0.5 1.0 1.5 20 25 3.0 35 4.0 0 0.2 04 0.6 0.8 1
VeofsH2 IViol®
L 0.68 < [Viy| < 1 @ 95% CL
|Venfi| = 1.3 +0.2 (assuming fif =1,

flat prior in [0,1])

@ No assumption about number of quark families or CKM unitarityJ
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Conclusion

Boosted Decision Trees result published: PRL 98, 181802

First evidence for single top production found at D@®!
o(pp — tb+ X,tqb +X) =4.9+1.4 pb
3.4 o significance

v

First direct measurement of |Vy,|

|Vipft| = 1.340.2
assuming f: =1 (SM):  0.68 < | V4| <1 @ 95% CL

A\

Latest result:

Combined result, DT + New ME + New BNN

o(pp — tb+ X,tqb + X) = 4.7+ 1.3 pb
3.6 o significance
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http://scitation.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000098000018181802000001&idtype=cvips&gifs=yes

BACKUP SLIDES )
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Systematics Uncertainties

Source of Uncertainty Size
Top pairs normalization 18%
W+jets & multijets normalization 18-28%
Integrated luminosity 6%
Trigger modeling 3-6%
Lepton ID corrections 2—7%
Jet modeling 2-7%
Other small components Few %
Jet energy scale 1-20%
Tag rate functions 2-16%
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Expected signal yields and S:B ratios

Percentage of single top th+tqb selected events
and S:B ratio

Electron

. . . . SE
+ Muon 1jet 2 jets 3 jets 4 jets 25jets

0 tags |:| D E?

1:3,200 1:390 1:300 1:270 1:230
1%
O
1tag | H B | =
1:100 1:20 1:25 1:40 1:53
|:| 2% 1% 0%
= o o
2 tags
11 1:15 1:38 1:43
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Yields before b-tagging

Event Yields in 0.9 fb-! Data
Electron+muon combined, before b-tagging
Source 2 jets 3jets 4 jets
tb 25 12 3
tgb 47 25 8
tt— Il 62 50 18
tf — |+jets 40 175 227
W+bb 670 310 89
W+ce 1,959 912 224
Wjj 10,160 3,138 728
Multijets 1,762 1,083 314
Total background 14,654 5,667 1,601
Data 14,652 5,665 1,601
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Data-background agreement before b-tagging

DO Run |l Preliminary

Events

800~
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D
1000}
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Missing E [GeV]
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B

By e 55
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100 120 140 160 180 200
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@ Background model show good agreement with data!
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Cross-check samples

“Wijets’

3 * Data Run Il Preliminary $10pb'
> s+t-channel e+jets

; s+t-channel tag
w

jets
HT<175.0

% 02 04 06 08 1
tbtgb-combined DT output (fulltree)
% wl * 0 D@ Run Il Preliminary 870pb’
> = g+t-channel n+jets
z -
§
&
30
20
10
02
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Boosted decision tree event characteristics

DT <0.3

T DO RuN Il Prellmlmry 0.9 1
Eoa- 4 channel
3 - oy

& L

¥ Py e
3 o DT<0.3
> 60 N $+1=4.95 pb

300 200 500
b-Tagged Top Mass [GeV]

D5 Run i Preliminary 0.9 b’
- -+11 channel
L 1-2tags
24 jets

DT<0.3
5+1=4.95 pb

Yield [counts/10GeV]
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Yield [counts]

Yield [counts/10GeV]

DT > 0.55

DG Run i Preliminary 09 '
it chaninel

12
Py JEn
DT>0.55
5+1=4.95 pb

300 200 500
b-Tagged Top Mass [GeV]

DO Run il Prellmlmry 0915’
hannel
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24 jets
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Decision Trees - 49 input variables

Object Kinematics Event Kinematics

pr(jetl) Aplanarity(alljets, W)

pr(jet2) M(W bestl) (“best” top mass)

pr(jet3) M(W tagl) (“b-tagged” top mass)

pr(jetd) Hr(alljets)

pr(bestl) Hr (alljets—best1)

pr(notbestl) Hr (alljets—tagl)

pr(notbest2) Hr (alljets, W) i )

pr(tagl) Hr (jetl jet2) @ Adding variables

pr(untagl) Hr (jetl,jet2, W)

pr(untag2) M(alljets) does not degrade
M(alljets—best1)

Angular Correlations M(alljets—tagl) performance

AR(jet1 jet2) M(jet1 jet2)

cos(bestl,lepton)pesttop M(jetl,jet2, W) Y Tested Shorter

cos(best1,notbestl)pesttop M7 (jetl,jet2)

cos(taglalljets)ajets Mr(W) lists, lost some

cos(tagl,lepton)htaggedtop Missing ET .

cos(jetL,alliets)a11jots pr(alljets—best1) sensitivity

cos(jetl,lepton)ptaggedtop pr(alljets—tagl)

cos(J:et2,aIIjets)anjets pr(jetl, jet2) Y Same ||St used

cos(jet2,lepton)ptaggedtop Q(lepton) x n(untagl)

cos(lepton, Q(lepton) X ) hesttop Vv for all channels

cos(leptonbestmp,besttopCl\“mme Sphericity(alljets, W)

cos(leptonp¢aggedtop btaggedtopcnMrame)

cos(notbest,alljets)alljmS

cos(notbest,lepton)esttop

cos(untagl,alljets)a11jets

cos(untagl,Iepton)btaggedmp

Dag Gillberg (SFU) First Evidence for Single Top — Users’ Meeting, June 6, 2007



Sensitivity determination

Using 70,000 pseudo-datasets without any single top content:

Expected p-value

Fraction of O-signal pseudo-datasets in which
we measure at least 2.9 pb (SM o)

Observed p-value

Fraction of 0-signal pseudo-datasets in which
we measure at least the observed cross section |
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Measuring a cross section

Probability to observe data distribution D, expecting y:

N N
y:a/U+stEQU+st
s=1 s=1

nbins

P(Dly) = P(Do.a.b) = [[ P(DiI¥)

035 e

o
w
T

0.255

o
N
T

0.15-

o.osf—/
= 1 L

% 2 6 8 10
single top cross section

Post(c|D) = P(c|D) //bP(D|cr7 a, b)Prior (o) Prior(a, b)

o
T

Posterior prob. density

The cross section is obtained

Bayesian posterior probability density

Shape and normalization systematics treated as nuisance
parameters

Correlations between uncertainties properly accounted for

Flat prior in signal cross section
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First direct measurement of |Vy,|

= General form of Wib vertex:
Uy =~ (Vo) {2# [P0 + 8PR) — 2 (= o), (7 P+ 7]
Wth \/‘2 J1 + J1 ﬂf{u’ 4 v 4

= Assume ' v, /
th

= SMtop quark decay : Vi3 +ViZ « V2 * 1
® Pure V-A: f{1=0 /A{V\
—_rR " |

= CP conservation : f¥ =ff =0

= No need to assume only three quark Additional theoretical uncertainties

families or CKM matrix unitarity th tgh
(unlike for previous measurements Top mass 13 % 8.5 %
using tf decays) Scale 54 % 40%
® Measure the strength of the V-A [Felp Gt 10%
coupling, |V, /1|, which can be > 1 s 14 % 0.01 %
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