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Outline

& Electroweak production of top quarks.

& Event selection and background modeling.
& Multivariate Techniques.

& Cross section and significance.

& Dhirect measurement of 1V l.
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The Top Quark

® Discovered in 1995 by the D@ and
CDF collaborations at Fermilab

Three generations
of matter (fermions)

® By far the heaviest fundamental particle m e e Jfres
charge | 34 i/s C :/s t
we know of : ~173.2 £ 0.9 GeV - | |

e up cham

X 505:5920) =
* couples very strongly to higgs because d

of 1ts mass

* sensitive to probe new physics

electron
neutrno

® Decays before it hadronizes: t — Wb

electron

e very short lifetime

® Imparts its spin properties to the
decay products.
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http://arxiv.org/pdf/1305.3929v1.pdf
http://arxiv.org/pdf/1305.3929v1.pdf

Top Production at the Hadron Colliders

® Strong interaction : top pair

qq annihilation

gg fusion

® Electroweak interaction : single top

b -
q' y b
q \ t
\\ | L/i ‘*m | t
/ b b t b W
b t
g ;
g t

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

Associated (tW)
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Top Production at the Tevatron

® Strong interaction : top pair
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theTevatron

® Electroweak interaction : single top
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Electroweak Top Production

o and t-channel production cross s-channel (tb)
section measurement ‘ ¢
® Direct |Vl measurement : test CKIM unitarity \ 2
W+
Vi
t
b o,=1.04%0.04pb
® New physics can change | and O, differently: Ctheatinh
° : New bosons, H*, W » .
® O, : Anomalous couplings, FCNCs
W
tb [pb] | tab [pb] | €W [pb] " ;
g -
Tevatron! g
1.04 2.26 0.30
€ ot s | 4 |X30 <50 05T = 2.26 £ 0.12 pb
[LHC?2 l‘ l‘ v Top Mass = 172.5 GeV; 6 = (N)NLO pb
7T 4.59 64.6 15=F 1: PRD 74, 114012 (2006)
(/ TeV) 92: PRD 81, 054028 (2010)

6 PRD 83, 091503 (2011)
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http://dx.doi.org/10.1103/PhysRevD.74.114012
http://dx.doi.org/10.1103/PhysRevD.74.114012

A Challenging Analysis

-

® Observed at Tevatron 14 years after 5 Lot nefasic
: =10
the observation of top quark produced 2 |
. . 9 .4 .
by strong interaction. 7 ! bb 110
. S 6
* 0 (top pair) ~ 7.5 pb 107 1o
| 0—8 W 6,000
. - ; 600
® Smaller Cross section ~ 3 pb 10
- tt )
® Tevatron produced 32K single top L - =
events .
* Analyze leptonic final states : 6.8K . "
. -16
single top events 0020 0 Te0 T80 200
Higgs mass (GeV)/c?

® Huge Background domination

e Main background W4+jets
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The Tevatron Collider

Main Injecto}
& Recycler

.....

P P—
p LTAW" '?'ATA' ; /,

Vs =1.96 TeV N

At = 396 ns

Run 1 1987 (92)-95 : 4
Run Il 2001-11: 100x larger dataset -12 -
at increagsed energy 10 *“s after blg bang!
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RunlIl DO Detector

Central Tracking :

Silicon and Fiber tracker e
i n=0 n= 1//
ntallato:s _ i / _‘ /.//
|
|

Muon ambers

Shleldlng
pr(_)!ons n
| Calorimeter ||
_——
| l Toroid || |
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electronics
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3 layer Muon System
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Dataset Used

w Run Il Integrated Luminosity 39 o1l 2002 -30 Septamber 2013
12.0
L —=Delivered
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9.0
8.0
70 1 Use full data 9.7 fb!

(with data quality
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PRL 103, 092002 (2009)

Single top at the Tevatron

Search: PRD 65, 091102 (2002)

W’: PRL 90, 081802 (2003)
Search: PRD 69, 052003 (2004)

Search: PRD 71, 012005 (2005)
Evidence: PRL 101, 252001 (2008)

FCNC: PRL 102 151801 (2009)
W’: PRL 103 041801 (2009)

Observation: PRL 103 092002 (2009), PRDS82 112005
(2009)

Tevatron combination: arxiv:0908.2171 (2009)
Search of s-channel: conf. note 9712 (2009)

Wtb: conf. note 9920 (2009)

woek ending

PHYSICAL REVIEW LETTERS 28 AUGUST 2009

‘S
Observation of Electroweak Single Top-Quark Production

T. Aaltonen,™ J. Adelman,'* T, Akimoto,*® B. Alvarcz Gonzilez,'™ S. Amerio, “®** D. Amidei,*® A. Anastassov,””

A. Annovi,™ J. Antos," G. Apollinari,’™ A. Apresyan,® T. Arisawa,*® A. Artikov,'® W. Ashmanskas,'* A. Anal ®
A. Aurisano,™ F. Azfar,”” W. Badgen,'* A. Barbaro-Galtieri,” V. E. Barnes,*” B. A. Barnett,”® P. Barria * %™
week cading

PRL 103, 092001 (2009) PHYSICAL REVIEW LETTERS

28 AUGUST 2009

4
Observation of Single Top-Quark Production

V.M. Abazov,® B. Abbott,”* M. Abolins,** B. S. Acharya,™ M. Adams,™ T. Adams,** E. Aguilo,® M. Ahsan**

G.D. Alexeev,™ G. Alkhazov,™ A. Alton,”™* G. Alverson,™ G.A. Alves,” L.S. Ance,™ T. Andeen,” M. S. Anzele,™

M. Aoki,” Y. Amoud,'* M. Arov,” M. Arthaud,”® A, Askew,**" B. Asman,*' O. Atramentov,**' C. Avila,*

J. BackusMayes,"' F. Badaud,"’ L. Bagby,” B. Baldin,”” D. V. Bandurin,™ P. Bancrjee,” S. Banerjee,” E. Barberis,™
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Search: PRD 63, 031101 (2000)
Search: PLLB 517, 282 (2001)
Search: PLLB 622, 265 (2005)
W’: PLB 641, 423 (2006)
Search: PRD 75, 092007 (2007)
Evidence: PRL 98, 181802 (2007)
FCNC: PRL 99, 191802 (2007)

W’: PRL 100, 211802 (2007)

Evidence: PRD 78, 012005 (2008)
Wtb: PRL 101, 221801 (2008)

Wtb: PRL 102, 092002 (2009)

Wtb: D@ Note 5838-CONF (2009)
H+: PRL 102, 191802 (2009)
Observation: PRL 103, 092001 (2009)

Tevatron combination: arxiv:0908.2171

Search of t-,s-channel: PLLB 682, 363 (2010)
Cross section (tau+jets): PLB 690, 5 (2010)
FCNC: PLB 693, 81 (2010)

W’: PLB 699, 145 (2011)

Top width and lifetime: PRL 106, 022001 (2011)
Observation of t-channel: PLB 705, 313 (2011)

Cross section of s+t- and s-channel: PRD 84, 112001
(2011)

Next ?
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http://dx.doi.org/10.1016/j.physletb.2009.11.038
http://dx.doi.org/10.1016/j.physletb.2009.11.038
http://dx.doi.org/10.1016/j.physletb.2010.08.011
http://dx.doi.org/10.1016/j.physletb.2010.08.011

Experimental Status : LHC limited on s-channel

0 (pb) ~ NNLO tb [pb] tqb [pb] tW [pb]
Tevatron Prediction!
(1.96 TeV)) 1.04 2.20 B3
CDF 1.81 £ 0.6 1.49 + 0.45
DO 068+0.36 |[ww 2.9%+0.59
[LHC Prediction?
(7 TeV) 4.59 04 .6 15 F
ATLAS <205 e 83:20 ||@ 17:6
(95% C.L.)
CMS W 676 ||Q@ 16zx5

1: PRD 74, 114012 (2006)

, : & : 2: PRD 81, 054028 (2010)
w Observation (5 SD) ¢ Evidence (3 SD) e

It
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http://dx.doi.org/10.1103/PhysRevD.74.114012
http://dx.doi.org/10.1103/PhysRevD.74.114012

Event Signature and Selection

® One High pr isolated Lepton from W boson
® Electron Selection - pr > 20 GeV, Inl < 1.1
® Muon Selection - pr > 20 GeV, Inl < 2.0

® Large Missing transverse energy from W boson
® MET > 20 GeV

® Two or three jets

® pr>25GeV (jetl), pr > 20 GeV (other jets)
® Inl<2.5

e Total Transverse Energy
® Hr (LMET,ets) > 120 GeV

* B-Tagging Selection
® One or Two jets originating from
fragmentation of b quarks.

After Selection, samples are splitted into 4 analysis
channels based on Tag bin (1Tag/2Tag) and Jet bin
(2Jet/3Jet). This helps as different channel has different

composition of background.

13
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Signal and Background Simulation

4 )

Single Top signal, MC

e COMPHEP (NLO)-PYTHIA generator

W +jets, MC

® Largest Background v i i
e ALPGEN-PYTHIA generator w0 t

® Normalization and heavy flavor fraction

ttbar, MC

e ALPGEN-PYTHIA generator K
® dilepton & lepton+jets g < o (et)
\' Normalized to oxn1O = 7.27 pb T b

|(
g
QI
S

Mulitjets, MC jet

o)
—
Q)

~

® Orthogonal sample for data

& non-isolated lepton

-
N
® ALPGEN-PYTHIA generator

diboson

E\ . J U
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Background Modeling

® Dominated by backgrounds

® Normalize I/"+jets and multijets to data simultaneously before b-tagging
using Matrix Method.
e Split data sample in events with real and fake 1solated lepton
 Measure the probability to have an 1solated lepton 1n each sample.

e V/Z Heavy flavor normalized to theory (MCFM-NLO)
® Correct the efficiency of the simulated samples to that of data.

> 60000 | DO 9.7 3 DO 9.7t 360000 DO 9.7 fb"
S __Data S 40000 Bef S
- B tb+tgb - erore =
%’ 40000 - o W+bb 2 b . E 40000
® =i 5 -tagging | §
+jets

= 20000 - Diboson = 20000 i L 20000
O - LI o I O
Q . I Multijets ) Q
> - = ' > -

0 0 0

50 100 150 200 50 _1 0(_) 150 200 0 50 100 150
Lepton p_[GeV] Missing E_[GeV] = W Boson Transverse Mass [GeV]
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b-jet Identification

® [dentify b-jet from light-quark and gluon jets

to reduce a lot of backgrounds

® Features of b-hadron 1n b-jet

e Long hifetime (~1 ps, Lxy~3 mm)

* [arge invariant mass

Three different algorithms to identity b-jets :

® Two makes use of the displaced tracks (with

large impact parameter)

® One based on secondary vertex
reconstruction

® Multivariate technique to combine these

methods

16

Displaced
Tracks

Secondary
Vertex

¢ do: impact
parameter

Jet

b-identification

ethciency: (60-70)%

Misidentification rate:

(3-8)%

Obtain scale factors to
correct the MC samples
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Event Yield with full DO dataset

Event yields
in 9.7/fb DO data

{ e,M, 2,3,4-jets 1,2-tags combined /a' b
N s-channel tab
7 W, \ ¢ q q
Multyet W-jets 7394 + 401 w
e
Z+jet, dibosons 815 + 71 ) t
jet\‘ ttbar 2672 + 284 ,\g' b
jet Multijets /89 + 81 ,
top pair
Total prediction | 11669 + 503
t
/ Data 12103
/ i

tb: tgb: B = 1: 1.5: 45

1
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Data Background Comparison

> : DO 9.7 fb"
G 2000F - RoTtaqb
— 5 W +bb
& 1500 = Wiip
= B Z+jets
QD B Diboson
E 1 000 E_ = }\’Iultijets
S 500¢
2 -
> N
50 100 150 200
Leading jet p_ [GeV]
ier DO 9.7 fb ™
S 1500 N
a
o
£ 1000
_|
S
o 500
S

2
Lepton

— j 1 — C 1
> 20000 DG 9.7 fb % 20000 DO 9.7 fb
Q) i O i
& : o :
S 1500/ 3 1500
i L c i
S : 0 :
2 1000, @ 1000/
ol E E i
% 500" 2 500
< : >
Qo0 200 300 400 07140 160 180 200 220
H; [GeV] Top Quark Mass [GeV]
> 3000 DO 9.7tb" T DO 9.7 fb"!
G . B 1500_ NN
o it
™ c
D )
£ 2000 & 1000
) 5
- 1000 S 500
©
>
0 0
0 50 100 150 32 0 2 "4
W Boson Transverse Mass [GeV] Q(lepton) X n(light-quark jet)

Good data-background agreement, but no clear signal excess...

18
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Yield [Events/10 GeV]

Yield [Events/10 GeV]

Cross-Check Samples

“W+jets” enriched : 2 jets, 1 btag, Ht < 175 GeV

1000 -

500}

50

DO 9.7 fb™"

® Data

B tb+tqb

B W+bb

B W+cc

e W+lp
Z+jets
Diboson

B it

B Multijets

700 150 200

Leading jet P, [GeV]

200
150
100/}

50

ol

50
Leading jet P, [GeV]

100

DO 9.7 fb™"

150 200

> - DO 9.7 fb
¢ 800
— :
@ 600
qc, L
E 400;
- :
2 200
> i
% 50 100 150

W Boson Transverse Mass [GeV]

“ttbar” enriched : 3 jets, at-least 1 btag, Ht > 300 GeV

200

100

Yield [Events/10GeV]

0

DO 9.7 fb™

100
W Boson Transverse Mass [GeV]

0 50 150

19

Yield [Events/5GeV]

Yield [Events/5GeV]

400}
300 f

200§

100

200/

100

DO 9.7 fb™"

140 160 180 200 220
Top Quark Mass [GeV]

DO 9.7 fb™"

140 160 180 200 220
Top Quark Mass [GeV]
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Not A Counting Experiment !

7000

5250

3500

1750

0

multijet top pair
tgb tb

I

diboson, Z+jets Wjets

=

Sensitive to t-channel

‘L Constrain

background

»

| b-tag,2-jets 2 b-tags, 2-jets

| b-tag, 3-jets 2 b-tags, 3-jets

® The amount of signal 1s less than the uncertainty on the background.

® All the backgrounds ttbar, multijets, W+jets mimics signal signature very

closely.

® Need a variable to separate the signals and backgrounds. Not Such single

variable !

® Not feasible to perform a counting experiment. Need multivariate techniques.

20
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Multivariate Analysis

E‘ 300 D@, 9.7 fb" g DO, 9.7 b
3 200 S After training
i 100; i
Comblne dlfferent s:VBos(:iTranss\?erse I?ng(;s [Ggl(; " ?00 200 300 ngow 0.12 ﬁ SIgnaI
kinematic variables > 0y ! background
3 DO, 9.7 b ﬁ' DO, 9.7fb" aé_
with some § o : £ oo
discrimination power ™ : s
. . . 04" 0 2 2 Lol 0.04
into one variable with _aweceomume o
larger discrimination. 3 PO ST = soo 00, 871" % 01 02 03 04 05 06 07 08 09 1
g % aool discriminant output
g 5
foo 200 300 400 0580 100 50
H, [GeV] Second leading jet p, [GeV]
ﬁayeswﬁl Nﬁﬁﬁl Boosted Decision Mateix Eloment
etworks (BNN) Tree (BDT) Method (ME)

h p— =

i ]

- i
t \
W 73

r rieropom "
Hidden
YoQes
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Bayesian Neural Networks
—

From the structural point of view, Neural Network (NN) is an
interconnected group of nodes. It can be used to find complex
relationships between inputs and outputs, or to find patterns in data.

The NNs we used have:
Nyar Input nodes
H Hidden nodes

1 Output node -> gives the prob. for an event to be signal

From the mathematical point of view, NN is a non-linear function
n(x,w) which approximated the discriminant D(x).

* D(x) = Prob(siglx) = f(xlsig) / (f(xlsig) + f(xlbkg)); x = vector of input variables
® n(x,w)=1/(1 + exp.(-g(x,w)) ) where

g(x,w) = b + Yj.10H vjtanh(aj + Yi_1 to Nvar Uji xi) ; w=(uj;, a;, v;, b) are NN weights
A Bayesian Neural Network is an average over the (1 + H(2+Nyar))-dim parameter space w

® Ideally, n(x) = [{w} n(x,w) p(wIT) dw ; T = set of training data

® In practice, n(x) = 1/100 Y k-201 t0 300 n(x,wi(T)); 300 NNs are iteratively trained,
average over the last 100

V2
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BNN - Training and Validation

Variables Used : In order to decrease the complexity and
make 1t less correlated with other methods, tried to optimize

the lesser number of variables. We used :

lepton and jets 4-vectors
missing transverse energy 2-vector
charge information

btagging information

Yield [Events/0.4]

DO, 9.7 fb™"
400

200

o-4 -2 0 2 4
Q(lepton) X n(light-quark jet)

Sample is divided into three independent sub-samples - training, testing and yield

Training : For each analysis channel, a training set “T” with 10,000 signal and 10,000
background random events 1s built from “training” sub-sample.

Trained separately for and t-channel
~1.0r s
Ol 1T 1 1 Ij;no_g M,..w"
'_ — Signal, S ] : 0.8 f..w
— Background, B 20-7; ,-"j‘
D o ‘.f
B - §0.6E ;‘{
6,'0'55 ’j" Area above curve: 0.20
0.453‘(
0.02} 0'3{‘
Tl 0.2
% 02 04 06 08 1 o1

BNN output

23

0.10.20.30.40.50.6 0.7 0.8 0.9 1

Background efficiency (&)
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Boosted Decision Trees

® Apply sequential cuts but keep the failing the events

® List of 30 variables optimized for s-channel (KS > 0.25)

and t-channel

® Trained separately for

® Train another tree produced by enhancing misclassified

events

® Boosting improves the performance.

E

720 W8N
AN A

Background fraction vs. efficiency

c 1 : . :

S

3 0.95{ muon_tgb

&

(T . :

< 0.8 Single tree

c i

3 0.7

S Boosted trees (20)

Q 0.6 .........:.... .......-..i.. cememen ...:..... ......-?......-. ...?-... .....%.....

(5] i i i i i

m : : : : :
B i S |

0 -$l-r>l-lllllllllllll|lII]IIlIIIIIIIIIIllIlII

02 03 04 05 06 07 08 09 1

24

Efficiency

= BDT input variables
i Er
2 pr(¢)
3 n(£)
4 M (jetl)
5 pr(untagl)
6 E(untagl)
7 M (untagl)
8 bip (untagl)
9 pr(jet2)
10 bID(tagl)
11 AR(jetl,jet2)
12 A Rmin (¥, jet)
13 AD(L, Er)
14 AD(jet2, Br)
15 AdD(jetl, Kr)
16 Q(¢) x n(untagl)
17 Q(¢) x n(jet2)
18 QL) x n(£)
19 Q(€) x n(tagl)
20 Q(€) x n(jetl)
21 cos(£, jet2)1ab
22 cos(?, jet1)1ab
23 Hr(alljets)
24 Hr (¢, Er,alljets)
25 Hr (¢, Br)
26 Centrality(alljets)
e Mijetl, jet2)
28 pT(Jetl jet2)
29 Mrp (W)
30 pr(W)

Thursday, July 18, 2013



Matrix Element Method

® The idea 1s to use all available kinematic information from a tully differential
Ccross section measurement.

® Calculate an event probability for signal and background hypothesis

Z 1 — B 80_ S.17 j N 17—
P(Z) = —obs >4>4/fi(611)dQ1fj(92)dQ2 i ’J(y)W<CU,y)dy

T,Y 1] %
: Transfer Function : maps
CTEQ6L LO Matrix parton level (y) to
PDF Element

reconstructed variables (x)

® Uses 4-vectors of reconstructed

lepton and jets. ot <7 lepton
. > p W—I—
® jet-parton assignment use: (> " y 5
btag information. 4% T m1§81ng
: | et
® Efhciently returns full event ~ A b )
information D

jet

20
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Combination Analysis

’ i
s ¢
¥ ; 3
M
W 2
. ' ‘ i
¥ q A

-~ M

Increase

# sensitivity by

combining

Training :

Training for BNN Combination 1s done on independent ‘testing” sub-sample.

26
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BNN tb Combination

=) DO, 9.7fb"| I 3 DO, 9.7fb"| I DO, 9.7 fb"
[ 3 [ [
[= [= [=
) ) )
> > >
o o o
E 10? - g 10 - g 102 -
> > : > :
0 02 04 06 08 1 0O 02 04 06 08 1 0O 02 04 06 08 1
BDT tb discriminant BNN tb discriminant ME tb discriminant

== l =

=Y DO, 9.7 fb™
- Data g 10° BNNComb
> -

tb whd C 'r.—| ---------------- _1- 1
- tqb § "l |g: 300 Dﬁ, 9.7 fb :
I W+jets ) I :
Z'-|'jets % 102 : ‘ E
Diboson s i . :
- ti L : (]
B Muttijets 0 02 04 06 08 d-. ! %07 08 09 1.
BNNComb tb discriminant . . . BNNComb b discriminant 1

A
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BNN Combination

=) DO, 9.7fb"| I DO, 9.7fb"| ¥ DO, 9.7 b~
S 10%: S 10°: S 10°;
[72) - [72) - [72) -
2 2 2 ME
@ @ @
> > >
= = =
S 102 > 10%; > 10%;
> x > x > '
0O 02 04 06 08 1 0O 02 04 06 08 1 O 02 04 06 08 1
BDT tgb discriminant BNN tqb discriminant ME tgb discriminant

== = =

=) DO, 9.7 fb™

- Data 8 108 - BNNComb
tgb 7 ‘e, 3 | ShaheesmiSTsTERR A .
= : € ,'rg 300 :
:N+'ets :>j "' :%; !
- ) — R 'S 200 :
Z+jets S 102t i :
Diboson ';—., : 2 100 :
2 ]
B tt : s :
Multijets . 1 0p . . :
Mt IgNNgbzmbot'gb c(l)i'gcrilpriiananti o -?%K‘.CSTQ‘BEETS?’E‘)”.‘".“P{:
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New Discriminant

® Aim to simultaneously measure
tb and tgb signals without

assuming the SM prediction for
either

L NWPRUION®O©
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

BNNComb tb discriminant
OO0 0O00O00OO0OO0O

(=)
o

® Need discriminant sensitive to

b 0.10.20.30.40.50.60.70.80.9 1
bOth signals BNNComb tgb discriminant
® Ensure each bin containing = 1 06
s S 0.9- .
enough statistics to have a stable £ 0.8 0.5
S 0.7F
measurement 2 06" (0.4
O C
. o 0.5¢ —0.3
® Spht every event based on E g:gg 0.2
whether D, > Digb or Digh > Dy z 02 0.1
o0 i

0

% 0.10.2030.40506070.809 1
BNNComb tgb discriminant

2

Thursday, July 18, 2013



New Discriminant

- 1
'E 0.8"
® tbcategory £o7 ® tqb category
2 0.6
o Use Dy, B 05" ® Use Db
: 2 0.4¢ ;
® Plotin the £ 0.3 ® Plotin the
o —
range [0, 1] 2 %-i; range |1, 2]
m " F
/ 0 ’0010203040506070809 1 .\
BNNComb tqb discriminant
g | DO, 9.7 fb "’ g ! DO, 9.7 fb "’
% 600 % 800:
= i = i
) - o 600
."'i 400 E :
= = 400!
QL 2 2 [
>= 00: > 200+
0 0!
0 02 04 06 08 1 1 1.2 14 1.6 1.8 2
BNNComb tb-like discriminant BNNComb tgb-like discriminant

30
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Systematics Uncertainties

® Assign to each background and each analysis channel

® Some affect only the overall scale, and others aftect also the
discriminant outputs bin-by-bin (shape-changing)

® Main uncertainties are listed here

Overall Scale Overall Scale & Shape

Integrated luminosity 6.1% Jet reconstruction up to 1.4%

Top pair cross section 9% Jet energy resolution up to 1.1%

Diboson cross section 7% Jet energy scale up to 1.2%

Trigger efhiciencies (3-5)% Flavor-dependent JES ~ up to 1.3%

Jet fragmentation+higher order  (0.7-7.0)% Jet vertex confirmation up to 11%

Initial- and final-state radiation (0.8-10.9)% | 4-ID, 1 /-tagged channel  up to 6.6%

Heavy-flavor correction 20% b-1D, 2 b-tagged channel  up to 8.8%
Multyjet normalization (9.2-42.1)%

3
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Cross Section Measurement

® Cross sections are measured by buﬂding a

Position of peak
= o(tb+tqb)

Bayesian posterior probability density.
® Binned likelihood.

® No cut on the discriminant. 68.27% of area

=% Ao

IIII lllllllll]ll

® For each analysis, the single top cross section

o
-
TT T T1TT

I T

1s given by the position of the posterior

Posterior Probability Density [pb™"]
o
N

2 4 6 8
Single Top Cross Section [pb]

o
O

density peak, with 68% asymmetric interval
as uncertainty.

® Gaussian prior for systematic uncertainties.

® Correlations of uncertainties are properly
taken into account.

® [lat, non-negative prior in signal cross

sections.
39
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2D Posterior & Measured Cross Section

& DO 9.7 fb”
2 1 DQ 9.7 fb™ g 150
c 0.8 Oexpected § ar 3SD
0 - B 2 33 +0.47 b 7)) i H
© - 0.44 p 8 3‘_ ® @ Measurement
3 0.6 o Yl H su"
2 i observed 1y O \ O Four generations'”
0.5 op-flavor
_Q 0.4_ 3 07+0 49 Pb § 2:_ - i Lgslon[l
8 = -S i L] FCNC
a 02 , * ooy
MEVAV.dIE = . S T B [4] PRL 99.'10;?3;3,’2238;
b1 23456 7 8 A RUTTIRN
0 1 4
tqb cross section [pb] s-channel cross section [pb]
%‘ 1.4- DO 9.7 fb ™
. qc) 12_ : Oexpected
No assumption $ 1 1.08%3'pb
- -
o 0.8- Oobserved
on SIVX th/thb! o 0.6- = 1. 10+(?31 pb
el
m [
Q 04
Q. 0.2-

05115 2 25 3 3.5 4
tb cross section [pb]
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Significance

Asymptotic approximation of the
log-likelihood ratio

Tests how likely the data 1s to
fluctuate to the measured o Value,
in the absence of the signals

Expected p-values:

o tb: 1.0x104 (3.7 SD)

® tgb: 9.9x10'!% (6.0 SD)
Observed p-values:

o tb: 1.0x104 (3.7 SD)

o=iah - GRloclil== 2 5D

All BNN, BDT and ME methods

have more than 3SD significance

alone.
34

Probability density

Probability density

2

10 Background only DO. 9.7 fb !
10 5 — sM signal + background ?

1E---- SMLLR = SD Expected 3.7 SD
1 0_1 —— Observed LLR Observed 3.7 SD
10 : tb
10° ;
10
10° |
10°
107

-8 . [, | A B W
10560 20 20 0 20 40 60
Log-likelihood ratio

2
10 Background only DO. 9.7 fb!
105 __ sy signal + background ’
Expected 6.0 SD

15 --- SMLLR=SD
101k — Observed LLR Observed 7.7 SD

-2

10 tqb
10*
10°
10°
107
108

10—9 Y A R, : !
-100 -50 0 50 100
Log-likelihood ratio
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Single top total i+  Cross Section

® Measure Ogb.iqb without
assuming the SM 0/0¢qb, £
O
® Use 2D posterior p.d.f. 3
S
® [ntegrate over Ob and obtain a S
lD Pdf Of 0tb+tqb %(3*
o %
B \b"'(j‘qb
2 DO 9.7 b~
%: Oexpected
3 3.357) 5 Pb

observed ]
0.59
=4.117 ;- pb

Posterior density
0PO000000
— N W H 91 O ~N 00 W

12345672809
tb+tqb cross section [pb]
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Data favors the presence of

¢ BNNComb discriminant with S 10000 DO, 9.7 b
. (= N - Data
the post-ﬁt uncertainty & th
cC B tgb
o : o : 0 B Wejets
® Examine the most sensitive bins i ¢, 2ets
- )
(largest S/B) S —
>- .90 ..
® Data favors the presence of tb ! 0
O 02 04 06 08 1
BNNComb discriminant
e — < 2 ‘:
: S 30 o~ D@, 9.7 fb 1
O o - []=1SD :
: E‘ 5 [ ]=+2SD :
. § 20 S 1 |
T . .
1 bt S .
1 O © —— 1
T 10 o 1
. = 0 | '
. > S :
: 007 08 09 07 08 o9
: Binned BNNComb discriminant Binned BNNComb discriminant '

-----------------------------------------------------------------
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Event Characteristics

th Category: D, > 0.8 tb & tqb Depleted Region

> i -1 > - -1
> 80" DO, 9.7 fb ® 1000L DO, 9.7 fb
&5) i - Data 8 -
E’ 60 B -IZb E)
c I Wijets c
d>) - Z+jets d>) B
."'_J. 40 — + - ziboson ."'_J. 500 _
E i + I Multijets E
o 20 [
= - =
®
07140 160 180 200 220 07320 160 180 200 220
Top Quark Mass [GeV] Top Quark Mass [GeV]

> 60 Dg, 9.7 fb"! > 1500[- DO, 9.7 fb”
& - &
Q - Q l
@ 40 @ 1000+
c i c i
Q Q i
P L -
e— 20 — — 500 B
T : T :
© o :
= : = -

Q00 200 300 400 Qo0 200 300 400

H, [GeV] H, [GeV]

%
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Event Characteristics

tqb Category: Diqb > 0.8 tb & tqb Depleted Region

S [ -1 S - -1
> 100 _ DO, 9.7 fb ® 1000 .- DO, 9.7 fb
(5 - Data (5 -
2 - ;
.E | [ W+jets .E
d>, Z+jets d>, i
E 50 __ -t[:iboson ."'_J. 500
o I + B Multijets o I
Q0 I Q0
> _ =
0%140 160 180 200 220 07140 160 180 200 220
Top Quark Mass [GeV] Top Quark Mass [GeV]
< DO, 9.7 fb™! < i DO, 9.7 fb™
S 100 s 1000
92 2
C C
Qo Q
> >
j W
o 50 o 500
2 0
> =
%20 2 4 032 0 2 "2
Q(lepton) X n(light-quark jet) Q(lepton) X n(light-quark jet)
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Current Experimental Status

0 (pb) ~ NNLO tb [pb] tqb [pb] tW [pb]
Tevatron Prediction!
(1.96 TeV) 1.04 2.20 0.3
CDF 1.81+£0.6 1.49 + 0.45
DO
[LHC Prediction?
(7 TeV) 4.59 64.6 15.7
ATLAS <205  Io¢ 83:20 |[Q@ 17t6
(95% C.L.)
CMS w 676 ||Q@ 16%5

v Observation (5 SD)

& Evidence (3 SD)

35

1: PRD 74, 114012 (2006)
92: PRD 81, 054028 (2010)
PRD 83, 091503 (2011)
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http://dx.doi.org/10.1103/PhysRevD.74.114012
http://dx.doi.org/10.1103/PhysRevD.74.114012

Tevatron latest s-channel Measurements

s-channel Single Top Quark Cross Section

. -1

cor gt e vanii

DO e/u+jets 5.4 fb™ —o—i 0.68%).° pb

CDF e/u+jets 7.5 fb” —e— 181"  pb

DO e/u+jets 9.7 fb a 1.10%).° pb
I pRp 74 114012 (2006) ™ = 1725 Ge¥

! ! ! I ! ! ! I ! ! I ! ! ! I !

-4 -2 0 2 4
o(pp— tb+X) [pb]
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Measuring CKM Matrix Element [Vl

q’ q
Vud Vus Vub ! y i
onani— | ol e - 4
V;ﬁd ‘/ts V;Sb B w t 4

q’ b

Vio fi|? o< o(s + t-channel)

The most general, CP-conserving Wb vertex can be parameterized with an
effective Lagrangian by :

L=—TsVabr (ffPtw, NS

® Assume: e DO NOT assume
® SM top decay: ® 3 generations
VidlP+I Vil << [Vl* ® unitarity of the CKM matrix;
® Pure V-A interaction allow [Vifr1° >1

® CP conservation ® Oi/Oiqp (NEW)

41
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New Vi, measurement

%’ 3_ V2= DQJ, 9.7 fb ™"
o Allow |thf]L|2 > 1 52-5;_1.25;;’_-127"
T 2 i
+0.09 — . o= :
o [Vufrl = 1.12+9:99 08 _21_5;_'1‘.’?;'0.09 /\
® Assume 0 <IVylf=<1 2 1 j \\
©0.5;
® |th| > 0092 @ 950/0 CoLo A T A |
05 1 15 2
® Additional systematic uncertainties IV _fiF
® theoretical uncertainty on single to _
: y e £16; DO, 9.7 fb "’
Cross sections 214 ) 1000
: . ) 1 2:_ |th| =1.00 -0.07
® Current |Vl limits @ 95% C.L. 'g 10- v, 1=1.00"
— 8;_|V 1>0.92 @ 95% C.L.
S =ChiE (A== =] 2 2— ®
o
® CMS (61tb!8TeV):0.81 <IVwl=1l a 3)‘ i

0.2 0.4 0.6 0.8 1
e ATLAS (51b!18TeV): 0.80 <IVwl =1 v P

42
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Conclusions

€

First evidence of s-channel single top quark production.

Ow = 1.10 = 0.33 pb
Measurement submitted to Phys. Lett. B, arxiv: 1307:0731

€

Simultaneously measure 0y, and Otqbs without assuming the SM
predictions for either.

€

Also measure Otbstqb and [Vl without assuming the SM ratio of

Otb/thb
IVl > 0.92 @ 95% C.L.

€

The results shown are consistent with the SM predictions.

€

A legacy measurement at the Tevatron.

~€cC

Combination with CDF 1s in the pipeline.
Thanks !

43
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Back-up
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W+jets & Multijets Normalization

using Matrix Method.

e Split data sample in events with real and fake 1solated lepton
 Measure the probability to have an 1solated lepton in each sample.

fake-/¢ 1-¢
Known from /Nloose = S =

loose
the selected

<~ fake-/ 1-¢
e Ntight Efake—ENlc?OSee T €real- Nrea

loose
e

Determined from MC and data samples

where,

Efficiency(real-l) -> for real isolated lepton to pass the tight selection in MC sample.

Efficiency (fake-1)-> for fake isolated lepton to pass the tight lepton criteria in a multijet enriched sample.
N and Ntight are the number of events in the loose and tight samples, respectively.

By solving above equations for N and N2, the W+jets and multijets

loose

contributions in the tight sample can be determined

45

® Normalize I/7+jets and multyjets to data simultaneously before b-tagging
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b-jet Identification

¢ Separate b-jets from light-quark and gluon jets to reject most W
+Hets background

¢ DO uses a neural network algorithm with seven input variables
based on impact parameter and reconstructed vertex

¢ Two operating points used 1n analysis:
— TIGHT (g, = 40%, £_= 9%, &, = 0.4%)
— LOOSE (g, = 50%, £.= 14%, g, = 1.5%)

& Leading b-j et pT > 20 GeV Secondary vitx
¢ Define two exclusive samples \ displaced rack
_ . Primary vix Fd, .:'
EqOneTag: 1T, no L s
— EqTwoTag: 2L \ :

¢ Uncertainties dominated by variation in data samples used to
measure the efficiencies.

¢ Smaller contribution from MC sample dependence
46 13
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b-ID Cut Optimization

® Calculate s/Vb from the
predicted signal and

background events with each 4-

ID cut

® Maximize the tb signal rate

® The tb events have two
central /-jets

® 2-tag channel: 2 jets with
Loose b-1D

® |-tag channel: 1 jet with

Tight b-ID, veto the 2nd jet
with Loose b-1D

® Non-overlapping categories

47

p20_Runlib2, CC, EqTwodJet

0.11—

Yield [Events/0.05]

500
400
300
200
100

0

. | | | | | | | | | | | | | | | | | | |
00 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

BTagging cut

0

DO 9.7 fb™’

02 04 06 08 1

Leading tagged jet MVA output

Thursday, July 18, 2013



W+ Heavy Flavor Normalization

¢ W/Z + heavy flavor normalized to theory (MCFM-NLO)
— 1.47 (Wbb,Wcc), 1.32 (Wcj), 1.52 (Zbb), 1.67 (Zec)

¢ Normalization checked 1n 2 jets/0 tag sample
0 0
N(O) — N\SVl)p + )‘HFN\(/V%'IP

— My found to be consistent with 1

¢ Uncertainties considered

— +40% single top cross section
* £ 1% 1n Ay

— + 10% on the Wc¢j theory SF
* £ 7% 1n Ay

— Additional = 10% Wbb/Wcc
* £ 8% 1n Ay

— For a total uncertainty of 12%

. Ll . - L
01 02 03 04 05 08 07 08 09 1 01 02 03 04 05 08 07 08 09 1

btag NN output btag NN output

48 14
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Combination Discriminants

—h
Q
S

S (@ D@ 9.7fb" T o7 l%e.. (©) D@ 971"
S 1¢° =

2 2

g 102 = 102

& @

[ el 1

I I

> 1 > 1

—h
Q
-
Q

annel discriminant

— 50 —
S _ (b) D@ 9.7fb" S eol (d D@ 9.7fb"
S 40- e S - b
2 . W tgb i tb
s — — xftj;ts%iboson ch — ‘ZA-Il-EgtsiDiboson
d>’ 30_ -til B > 40 ‘§ + | LI
E  Multijets E : ‘ + B Multijets
= 20 = | ]
@ S 20 ot
> 10 >= N
0 0 e
0.7 0.8 0.9 1 0.7 0.8 0.9 1
Ranked s-channel discriminant Ranked t-channel discriminant
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Cross - Sectio

n Measurement

o Bayesian approach is used

d=S+B=0AL+B=oca+ Y kb,

d = Predicted number of data events

S = Predicted number of signal events

B = Predicted number of background events

o = Cross section

A = Signal acceptance

L = Integrated luminosity

a = Effective luminosity

b; = No. of events in each background component

Nbins

Prob(D|d) = Prob(D|o,a,b) = [[,Z; P

D Observed number of data events

b = Vector of background components

DO, 9.7 fb™’

S

Yield [Events/0.04]
2

0 02 04 06 08 1
BNNComb discriminant

o
a

Position of peak
= o(tb+tqb)

rob(D;|d;)

o
w

Ill]llllll ll] TTT

68.27% of area
=* Ao

Posterior Probability Density(o|D) o

/., Ji, Prob(D|e,a,b) Prior(a,b) Prior(c) da db

TTT IIHI

o
-

III

ITTIT

Posterior Probability Density [pb~]
o
N

o

® A flat prior for 0 (Prior(0)) 1s used.

2 4 6 8
Single Top Cross Section [pb]

o

® Prior(a,b) include the shape and normalization systematic uncertainties.

Cross-Section is obtained from the peak position of the posterior prob. density.

50
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Ensembles - Linearity test

Test of machinery with many sets of pseudo-data. To ensure no bias in the cross

section measurement.

@ Subset of our total

pool of

background events.

® Systematic uncertainties are fully

taken into consideration

Measured cross section in ensembles

© Generated several ensembles
with different single top content

O The bias is determined from
straight-line fit to the mean of

distributions vs. input cross-sections.

full_ens_peak BNN Ensemble Linearity Test for s+t-channel

900

800

700

600

500

400

300

200

100

Mean: 1.926 = 0.008

Entries 10000
Mean 1.937
RMS 0.7407

10

Slope: 0.9997 + 0.0015
Intercept: -0.0743 + 0.0081

—g—Mean Values = uncertainty on the fit

Measured Single Top Cross Section [pb]
(=2]

68% CL

12

1 | 1 1 1 | 1 1 1 | 1
6 8 10
Input Single Top Cross Section [pb]

2
N
=Y

* We verify that on average the method measures the same value that was used for top
quark cross section in the pseudo-experinglents.
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Significance

Significance 1s computed as :

o Lp=1)
QQ =-—2In L =0)

where L (p) 1s the likelihood after integrating over all the systematics for a cross section 0= poy,
with p -> strength parameter and 0o 1s the theoretical cross section for signal.

The ratio tests the data compatibility with two null hypothesis: (p = 0) only background &
(p = 1) background+signal.

The p-value is the probability that the log-likelihood ratio is smaller or equal to the
observed result in the case when there is no signal.

-

—

-

."? g Background only DO Runll. 5.4 fb -1 -‘? ? Background only DO Run Il. 5.4 fb -1 ..Z‘ ;5 DOR I. 5.4 fb -1
a - = SM signal + background » e a 4T — SMsignal + background » e @ C un ii, o.
S0l ~--- SMLLR=o S107E - --- sMLLR=0 8107
g E Observed LLR Expected p-value: 2.70 g = Observed LLR Expected p-value: 4.30 - E Expected p-value: 5.50
% - Observed p-value: 1.80 %10'2 = Obserygdss e: 5.00 %10'2 = Observed p-value: 5.40
%10 2 = §1 N = § 3 =
& s~channel S0 E t-channel 210 E s+t-channel
10° 104 104
- 1.80 = 5.00 = 5.40
10 10° 109
- 10° & 10 |
10° ! s s
- ! 107 107 =
- f =
6L i =
10°E : 10° 108
C ; C | | |
-7 /- ' Wl b N | IR -9 L L W P IR 10'9 S Lt
04 3 =20 -0 0 10 20 30 40 1080 20 60 80 -80 0 60 80
Log-likelihood ratio Log-likelihood ratio Log-likelihood ratio

S
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Measuring Cross Section

Single-bin likelihood Numerical integration
EmC
L(D\|d) = o|D oc/LDa,a,b'rra,bdadb
B rD 1) p(e|D) (D] )7(a, b)
3 3 L S~ L(Dio, s i)
d=alo + b; = ao + b; == o, ag, b

Binned likelihood

M
L(D|d) = L(Dlo,a,b) = [ [ L(Dild;)

0.5 -

=1 2. DO 2.3 fb”

Bayes’ Theorem E‘ : g';‘f;j‘,";as b
p(a|D)=% ) 58 b))% (0, &, b) dadb é 02k
T 045

Assuming nonnegative flat prior g : J

p(o|D) = Nal / L(D|c,a,b)r(a,b)dadb tb+tgb Cross Section [pb]
max

Ha
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Bayesian Statistical analysis in 2D

: : : Mean event count
In this case both the signal prior

signal acceptances

and posterior distributions have s _—
d— o 1A1 Oo2A9 b

-
signal production rates tﬁ;round event yields

2 dimensions

1
plor,02) = +- / (D01, 05, a, b)r(oy, oo )rlc

Posterior probability

5
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Significance

> _
8 -
> —
8 100 B - Background Prediction g 400 —
N L I:I Signal Prediction -~ 350 -
- B 1L n — A ——
8] AT - : —se— Data ot —
€ - _ Signal region S - Significance
o - [ @ —
3 %0 " D > 300
e L T 2 C ob g for the excess
N o 1 o - served excess over background:
o 5 » 250 over background
2 60— D o —
= B ata favours 2 - y/ o,
= I y signal+background! £ -
< - s 200 —
40— = + Is this a discovery? Z -
Cp 150 — Evidence: y > 30,
- i L Uncertainty on o,
20— 100 ~  the background v Discovery: y > 50,
B — prediction b
- ks — (1s.d.)
0 e Tgtett ®'] 50_—
0 20 40 60 80 100 120 140 160 180 200 —
Centre-of-mass energy [GeV] —
01II|III|I1I|I1I III|III|1I1|II1|III

0 20 40 60 80 100 120 140 160 180 200
Centre-of-mass energy [GeV]

Probability for 3o upward fluctuation: 0.135%, 50: 0.000029%
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tb Candidate Event

Run 264600 Evt 37760117 Wed Sep 8 07:49:49 2010

ET scale: 143 GeV

Jetl b-tag: 0.32
Jet2 b-tag: 0.39

— 0% ©

W wHwos

o
o @wewo ano 0O oo

o

51

Run 264600
Event 37760117
Wed. Sep. 8 07:49:49 2010

Run 264600 Evt 37760117 Wed Sep 8 07:49:49 2010

E scale: 141 GeV

+Z
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