Top quark pair production at the Tevatron

On behalf of CDF and DO collaboration




What?

Top was discovered at Fermilab in 1995

lts mass much larger than any other fermion

Using the latest Tevatron-averaged M
Lyukawa = = L R

Yukawa coupling = 0.996+0.006

* What role does it play in EW symmetry
breaking?

top’

» Several authors point to a special role for
the top quark

Lifetime shorter than hadronization time —
only quark that decays before hadronizing
I*, q
W+ . v, E

b
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How?

Top was discovered at Fermilab in 1995
Top - antitop production is the dominant mode

at a pp collider

€% B

> = ° . 0,=7.5pb:

QCD process: test pQCD NLO calculation

First step in understanding selected top quark
sample
Exotic top quark decays would lead to different observed
values of the inclusive ttbar production cross section in the
different channels. “assuming My, =175GeV
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Where?

Fermilab’s Tevatron Run Il pp collider at 1.96 TeV, running since
year ‘O1. Currently performing very well:

- New record in instantaneous luminosity 4 -1032 cm2 s
- New record in delivered luminosity: >2fb-! per year

- Two multi-purpose, well-understood detectors CDF and DO

Top created in1 in O(10) billion collisions at the Tevatron

b Ferm
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How many

Luminosity (pb™)

— ﬂ'iﬂ."l'll"l — I'Il1m | I'|I1|'¢'!L'-i. | Il'l1ﬁ;!|ll“-3 | ﬁ1.l'['!-T | f‘l1.li['I-HI : ﬁ'!."l'l!fll : ['I-1I."1[‘II
8000 Expect some 150 000 tt B
i events by 2011— Tevatron _
i small top factory :
6000} —
4000} -
|« Delivered j
2000}— Acquired ]
N 1 1 I | 1 1 I 1 1 | 1 1 1 | 1 1 1 I_

900~ 2000 3000 4000 5000 6000 7000 _ 8000
............................... store number

Delivered 9.0 fb-
Acquired 7.6 ftb!” (slightly less w/ silicon)

Almost 6fb1* qnq|yzed . *.CDF shown here
Similar numbers for DO
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Pair production decay signature

— good S/B ratio.
All hadronic
— highest BR(44%)
— Overwhelming QCD background

. Dileptonic

X o £ — Highest S/B

. RERES _ o
k- A 2 5 all hadronic lowest BR(5%)
£ 3 = Lepton+Jets
> — g
§ E,‘ & ~ large BR(30%)
-
=

tau plus jets

lepton plus jets

ev/uv TV

l Integrated acceptance 9%

W decay mode
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Q 2,
T 5 (") .
cE> > 2 all hadronic
z 8
o
@
L
= & tau plus jets
= lepton plus jets
@

W decay mode

Integrated acceptance 13%

Dileptonic
— Highest S/B
— lowest BR(5%)
Lepton+tlets
— large BR(30%)
— good S/B ratio.
All hadronic
— highest BR(44%)
— Overwhelming QCD background
MET + 2 4jets

— Lepton+tijets decays where lep not
id’ed (many taus)
MET + 2/3jets @
- Dileptonic and semileptonic decays
where the leptons are not identified
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« G tau plus jets
f‘ lepton plus jets
@

ev/uv ™v
W decay mode

Expect to analize more

than 30 000 top <
quarks by 2011
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Integrated acceptance 13%

ir production decay signature

Dileptonic
— Highest S/B
— lowest BR(5%)
Lepton+tlets
— large BR(30%)
— good S/B ratio.
All hadronic
— highest BR(44%)
— Overwhelming QCD background
MET + 2 4jets

— Lepton+tijets decays where lep not
id’ed (many taus)
MET + 2/3jets @
- Dileptonic and semileptonic decays
where the leptons are not identified

Top pair production at the Tevatron



How *he are rcordd ,CDF '.'..

s
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Jets at CDF

Quark/gluons hadronize and produce
particle jets. CDF uses cone based jet
reconstruction algorithm. Loops over
calorimetric towers

Seconday vertex: b-quark id’ed w long
lifetime of the B mesons they form:
identification through search of a
secondary vertex within a jet: =

btag eff: ~ 40%

fake rate = 0.5% e >

~ /
do> v
Prompt tracks

Neural Network for flavor separation

- L,,, vertex mass, track multiplicity,
Impact
parameter, semi-leptonic decay
information, etc...

HAD |

EM

nye/ //ojSecondary vertex ‘ \ Pa rti C I e j et
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Lepton+ijets b-tagged

Lep

- counting by number of jets and b-tag jets:
e W+HF cross section underestimated in the MC: W+HF

content measured in data in the 1 or 2 jet event sample
e b-tagging mistag rate measured in data,

parametrization applied to W+jets
» CDF measures ratio of ttbar/Z—ll with the same trigger
and use the theoretical Z cross section to remove the

uncertainty due to luminosity measurement

1400? * D@ Preliminary, 4.3 f&' w

B
I other
[ Waijets
I Multijet

800—

Events

Number of events
Iy
N
[=]
[=]
\

0 1 >2

1 Jet 2 Jets 3 Jets 4 Jets =5 Jets

arXiv:1004.3224 DO (L=5.3fb'): o, =7.70 £ 0.75 (stat+syst+lumi) pb
CDF(L=4.6fb"): 0, = 7.32 £ 0.71 (stat+syst+theory) pb
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Lepton+ijets topological

Lepton

Signal/background discrimination:

e ttbar more energetic, central and isotropic than W+ijets

* NN (CDF) or BDT (DO) input variables: Ht, aplanarity,
sphericity, etc.

* cross section measurement: template fit of ttbar and
W-+ijets to the discriminant output

* CDF measures ratio of ttbar/Z— Il with the same trigger
and use the theoretical Z cross section to remove the

uncertainty due to luminosity measurement

c N, >3  CDFIlPreliminary 4. fb’
r (2]
g so0p- ‘ g B eas) D@ Preliminary, L=4.3f6' | 5403 . D@ Preliminary, L=4.3 b’
§ E I weets H z“ 400 i

= 400~ B aco =3 jets N top pair

- I other

- + * B Wajets

F 3je‘|'s I multijets

0.4 0.5 0.6 0.7 0.8 0.9 1

0 01 02 03 04 05 06 07 08 09 1

NN output Discriminant Output L
Discriminant Output

arXiv:1004.3224 DO (L=4.3fb"): o, =7.93 £ 0.98 (stat+syst+lumi) pb
CDF(L=4.6fb"): 0, = 7.82. £ 0.55 (stat+syst+theory) pb
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Simultaneous S and B kinematic fit

i ) v e Use events with 1lepton, 21jet, 21b-tag to measure
- signal cross section and background contributions.

e Templates: NN based flavor separator, Njets, Nbtags

* Fit simultaneously for signal Nevts, backgrounds
Nevts, nuisance parameters (JES, data-MC scale
factors, extra radiation, etc)

e Potentially very sensitive as more data is added

b jet

The Fit CDF Run Il Preliminary 2.7 fb | The Fit: N Jet Distribution | [ CDF Run Il Preliminary 2.7 fb”
72 [ 7]
E C 5 /2] /2] 2] 2]
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Mlssmg transverse energy plus jets

Light quark jet ‘

b jet

FSR jet

MET + jets: -alternative way to select tau channels, and
recover unidentified e/mu (1/3tau, 1/3e, 1/3mu)

Independent from “lepton+jets” channel

. Light quark jet

* at least 3 strict identified jets, at least one b-tagged jet
* NN trained against background, NN > 0.8 background

estimation:

e -b-tag rate/misrate evaluated from data in a 3 jet sample
(small signal contamination)sample composition

» Counting experiment - count number of b-tagged jet

CDF Run Il Preliminary L=2.2fb™

J2Indf = 95.28/54 | CDF Run Il Preliminary L=2.2fb™ |

[\
15
(=]

&

ry
o
o

+ Tagged Jets /0.02
= n
o o
o o

H
e
501 e nid,
! kJ“:"‘n’:‘.:-‘. i
T

. Obs. + Tags. NN output=0.8

w115, 4| Tags, N. Jets>3

Matrix Predicted Bkg
Tt i|Predicted Bkg

+ Tagged Jets

ru~qn Matrix Predicted Bkg or on Matrix Predicted Bkg

7z ve top (xsec=7.99 pb)

1 3 g
HP 1
T o Y A SO e ]
L -:'-,:,r._r;,,?}:,-;,::x}i;::g—?t;',._:;; IO T e

: .;‘>-*"3
5.2 0

1 |
0.2 0.4 0.6 0.8 1 1.2

9
Neural Network Output

Number of Jets
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Dileptonic channel

Signal/background discrimination
« CDF: Ht and MET significance cuts, or b-tagging
e DO: Ht cut and BDT trained against Z+jets and diboson

CDF Run Il Preliminary (5.1 fb™) CDF Run Il Preliminary (4.8 ib™)
1 1 E i 1 B

T | <N - i [J Zbckg: 42.1
i ] - D@ prelimina 9
®— data B 250 —8— data c L ¢ p -1 ry 5 .
P w5 Bkgd = 1o uncertainty [}) 4.3 fb [l Dibosons: 11.9
¢ Bkgd £ 10 uncertainty - i AS i ] 300 [ Fake bekg: 14.0
[ Iti(c=74pb) ] L_Jt(c=74pb) ] 2 : | o6 o9
F [ WW!\_NZ-/ZE) ] - 8 wwiwzizz i — I B t & 265.0
700 B DY = 200 [ DY+HF - [=] * Data: 331
. — 3 [ I DY+LF ] j. i
600 Fake .. . ... ... 3 I Fake B g -
X > B _g 150 E 200__
s EI sty 1 2
oo . 1 =
Heotsleteatetote’ e 100 - [
| | - ] 100
i s0l- .
: e e | | :
0 | = . |
Djet 1 jet >2jet  HT=200+0S 1jet (Hig ‘J:’gf 05) 1 2 3 4
"

Number of jets
DO (L=4.3fb): o, = 8.4 + 0.5(stat) + 0.9(syst) £ 0.7 (lumi) pb
Pretag CDF (L=5.1fb""): o, = 7.4 + 0.6(stat) + 0.6 (syst) £ 0.5 (lumi) pb
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ttbar background to new physics

Many new particles can appear in the
MET+2 b-jets channel:

* Lowmass Higgs (ZH—vvbb)

e bb —bby %0

 3rd gen leptoquarks

e technicolor etc.etc.

ttbar is a much larger background: test of
the backgrounds and tools

Measurement here independent from others

1Tag 5.7 fb”

g, E I I-l['upI I’nilr I d .\}illn__'lcl']upI ]
< 4000(:- Bl Diboson @ Miete ]
E EwiLr A wnr -
& CdzirF Czwr ]
300 == DATA _

\

0.5 1
ttQCDNN

Using same strategy as in search for

Events/0.17

/][}

ZH—vvbb:

Suppress overwhelming QCD
background using multivariate
technique (NN)

Isolate the signal from remaining
backgrounds, likelihood scan of
NN output

1Tag 5.7 fb"!
T T T

| r - Ll'npr P:1i1r [ rd SiI;\__-lc Top
Il Diboson = MieC
800 EJwiLr [ N
[Jzwr [z
= DATA

600

200

-
L
1

0

2

|||||||||||||

0.5 0 0.5 I
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Light quafkj*

All-hadronic channel

FSR jet

Light jet

E 5 [ = 2-tag events
2 o —QcD > ¢
5 wf - 3 50 —1— Data
g ook - I Fitted ti
iC E [
D.oaE- % . T Fitted Bkg
noz2f E T
o o Tz ATy AL a
Average n moment 30 wNdof =19.4/ 21
o C Prob = 0.561
g onfp 20
2 wE — QCD r
S nosf ] r
5 oosE 101~ +*
£ ooaf- H—.
Dﬂ!-i__,..."" f ) ) T, n_ | |i;| I Loy ML +&-| |
T (] K] [EF] GET] 016 100 150 200 250
Average ¢ moment m= [Gav‘r:gf

Exploiting distinctive quark-

et vs gluon'|et features DO (L=1.0fb): 0, = 6.9 + 1.3 (stat) + 1.4 (syst)
PRD 81 052011 (2010) CDF(L=2.9fb"): 0, = 7.2 + 0.5 (stat) = 1.0 (syst)
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To measure the cross section:

Top pair production at the Tevatron

Both collaborations use b-tagging and
umeerie myltivariate techniques to isolate the signal
from the overwhelming QCD background

events/0.04

* CDF cuts on NN output, scans the reconstructed M
* DO scans the likelihood output
JES largest syst: CDF uses W—qq decays to constrain it

top

&

3005*

+ Data, 1o (b)

D@ EBisignal
[] Background

0.0

05 10
Submitted to PRD

4(lumi) pb
4(lumi) pb
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ttbar+jets

e 1€t Of QCD prediction, sensitive to NLO effects

Lepton

Most top events at the LHC will be produced with additional
jets — substantial background for many new physics signals

Strategy: simultaneous fit of t++0jet and tt+1jet
SM cross section is o, = 1.79%0-16 . ..pb  EPJ C59 625 (2009)

" — 35
€ n 1l Preliminary L = 4.1 b & n 1l Preliminary L= 4.1 fb"
[ © [
i M oae i W 68% CL
Ml ti + 0j (5.5pb) r H 95°
B M+ ) (1.6pb) [ 95% CL
1000— I single Top 25 :_
| s w+HF -
I vistags 2 L
Il Non-w F
Z+j L
i [} -+|e!s 150
Di-boson :
500 [
- 1F
05 F
0:||||I||||I||||I||||I||||I||||I||||I||||

1 Jet 2 Jets 3 Jets 4 Jets =5 Jets

CDF(L=4.1fb"): 0, = 1.6 + 0.2 (stat)+0.5(syst) pb
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ttbar+y

Search for new physics/measure ttbar +gamma signature in the >=1lepton,

>=3jets, MET, gamma

Do I want 1t?

Fabrizio Margaroli

10

10"

tty (an Run 11 1.9 fb™)
Theo

?\\\\\\\\\\\\\\\‘L\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\s\\\\\\\\\\\\\( NN
L

B - W — Iv (Theory)

- : o li(Theory)
L tt (CDF Run II) tt (Theory)

B e

Top pair production at the Tevatron
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Search for boosted top quarks

Decays fully contained in jet cone happen with high top Pt (>=400GeV here)

* identification of the W decay and the b quark unfeasible

* jet has mass™ Mtop - thus very different from jets from other quarks or gluons

Cross section for events with Pt(top/antitop)>400GeV is a handful of fb - analysis strategy

splits into
all-hadronic decays: Lepton+jets decays:
two tops with mass™ 175 one jet with mass™ 175, large MET

CDF Run Il Preliminary

400 -
- omom ,ﬂldpudnlﬁ=l.ﬂ. E'T' = 400 GeWe, k™'l = 0.7

'
350" . : , = Data,L =595 fh"!
= ]

S

CDF Run Il Pmliminn?r_
] |

0.018

9 uiclnient Pl B, 800 G, 4™ 10 0.7

o] s " _::: - : g Data,L_=595m"
gzsui u.ng ; . F | QIWE
3200 0.01 E = o, : 0.015 §
L F 0.008 5 8 z
‘E150 0008 % %ﬁh : o E

100 0.004 "' 2

50 0.002 1:: 0.005

e e e e %  s0 100 150 200 250 300 350 400 ©

m™ [GeV/ic?Y] m™ [GeVic]
(jet1 mass vs jet2 mass) (jet1 mass vs Fr/YEq)
Set limits on ttbar xsec <55tb@95CL (expected <39fb)
Best strategy for probing exotic Z'—ttbar models
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e probes non-SM production mechanisms

dofdM _ [/ GeVic]

=

10"

Fabrizio Margaroli

Differential cross sections

Measuring differential cross sections is important:
* test for pQCD in finer details

—i

L

200

400 600

800

1000 1200

Unfolded M. [G eV/ic?]

1400

e ha
o 2

Shape ratio to NLO pQCD

o
-]

Af - ALPGEN SRR SRR

=k
(=]
T T T TIT

=
.

L NLO pQCD scale uncertainty
L ——— Approx. NNLO pQCD ]
SEREEE MC@NLO B
F —~~ PYTHIA :

100 150 200 250 300 350 400
top quark P, [GeV/c]

Top pair production at the Tevatron

: _||rrrlw
. e data, 1fb’
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Conclusions

Large integrated datasets allowed both CDF and DO collaboration to probe finely
the production of top quarks through strong interactions.

* Precison in integral ttbar xsection higher than theoretical NLO+NNLL

 Studies of differential ttbar xsections probe finely NNLO QCD and resonant
production

e Comparison among channels allows exclusion of exotic decays (H+)
e Studyied ttbar + X production as background to new physics
e Measured the ttbar background to low mass Higgs search

All results consistent with the Standard Model so far!
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Top in 1995

Max ET = 90.2 OV Top quark discovered in
MISS ET(3)= 105.9 GeV

ETACEN:-13-WX: 13) % . A (“ _‘ - pair production at CDF

N

! ! L !
160 170 180 1
Top Mass (GeV/c”)

Aln(likelihood
s~ o =

Events/(10 GeV/c?)

D L L L
80 100 120 140 160 180 200 220 240 260 280
Reconstructed Mass (GercZ)

For many years, the only
place where to study the
top quark
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Top in 2010

Top pair production at the Tevatron

Single top challenges
* half the cross section
as ftbar production

« about 100 times

worse S/B ratio
W + 2 Jets, 1 b Tag, NN’ Discriminant > 0.4

[|W+HF
B W+LF

- CDF Data
40:L | l I .Single Top
3oL | Ca

20f

Normalized to Prediction

10}

100 300 400
M (vb) [GeV/c]

Single top pocketed as
well. Now exploring the
energy frontier up to the
TeV scale
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Charged leptons

Electrons:
] Tracki Elect tic  Hadroni Muon detect
e Track in central tracker MATCHING S ok galormeer
to em calo deposit AND shower max Photons
(reject %) AND isolation (reject Eloctron
Fositrons
showers from quark) Wons
MChargeld
hadrons
Muons: Neutral__

hadrons

e track in central tracker MATCHING to "%
stubs in muon chambers (if [n]|<1.3)

Innermost layer = Dutermost layer

Taus:

* No explicit t ID here. KStrict requirement to ID a lepton and h
Accept Tt —leptons through u,e limited tracking coverage-> often you don'f
and t — hadrons through jets identify them!

Missing leptons can appear as
\iets(e,r) or MET(e,u,t)! )
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Previously published results

Cross section measurement is first step as it requires Phys.Rev.D76:072009,2007
background - done with 1fb!

— : -
§ 700- . Daa & 1200 - bata Source Uncertainty (V7]
s Background S [ Background Energy Scale 16.3

600 == Back + {f (8.3 pb) E, B I (o = 8.3 pb) Parton Distribution Functions 1.4
so0f. = 800 Initial /Final State Radiation 2.9
é 600 Monte Carlo Modeling, 1.1
4007 a00- MMultiple interactions 2.5
300 — r Average nnmber of tags 7.4
200~ 2000 Estimated background 2.5
L ‘ — 040506 0708 08 1 Integrated luminosity 6.0
6 7 8

out

N
it/ clean sample of ftbar events, and background understanding, measure the top

o7 = 8.3 + 1.0(stat. )72 2 (syst.) £ 0.5(lumi.) pb

%180 F I Sonires MTncertainty (GeV (= 1]
S160 [ | —+ Dpata Jet energy scale | 45 |
] L B Lrenerator 1.U
G140 E . Background + tt b-jet energy scale 0.5
120 - Parton Distribution Function 0.5 y ‘
Broo Background Background shape 05 Miop = 174.0 £2.2(stat.) = 4.8(syst.) GeV/ c?
.‘é 80 |- Background fraction 0.5 i
T SR
w biag 05 Good statistical power, BUT
20 - 9 3 :
e S Templ izati 0.1 .
- e I T — i3 large uncertainty due to JES

Fitted M,,, (GeV/c?)
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Are multivariate techniques safe?

Look at top pair production x-sec measurements in different samples, with different techniques
Semileptonic, Counting experiment { .|

~ o \ u
S/B~3/1 i
Conf. Note 9462 : =

ata
ingle

Top

400

200

0

Semileptonic, Likelihood fit to NN output ("g,,h;tqg)
5/871/5 kB

I aco

ns -

Conf. Note 9474

0 01 02 03 04 05 06 07 08 09 1

NN output

MET+jets, counting experiment after NN ev |selechon
CDF Run Il Preliminary L=2.2fb™ x3ndf = 95.28/54
S/B ~1/3 before NN cut

S/B “4/1 after NN cut

n
o
o

™

. Obs. + Tags, N. Jets>3

- Matrix Predicted Bkg

- Error on Matrix Predicted Bkg

dateteiiets Inclusive top (xsec=7.99 pb)
1

+ Tagged Jets /0.02
- - Y
o T (=]
o o o
T

7]
=]

.
d:’l\\l\\

s o I
.2 0 0.2 0.4 0.6 0.8 1 1.2
Neural Network Output
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Are multivariate techniques safe?

Look at top pair production x-sec measurements in different samples, with different techniques

Semileptonic, Counting experiment

S/B~3/1
Conf. Note 9462

Semileptonic, Likelihood fit to N
S/B~1/5 !
Conf. Note 9474

0

MET+jets, counting experiment after NN ev select

800

Events

3 Jets

1 Jet

N output (n

2 Jets

o b+tag)

B data (7348 evts)
[ tor

I weets

I aco

+

4 Jets =5 Jets

e

0.1 0.2 0.3 04 05 06 07 0.8 0.9 1
NN output
.

on

| coF

Run Il Preliminary L=2.2fb™ |

~N
o
=]

S/B ~1/3 before NN cut
S/B “4/1 after NN cut

YES!
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[X]
=]
=]

+ Tagged Jets /0.02

=]
=]

o
o
T

o
=]
T

.
£

x3/ndf = 95.28/54

. Obs. + Tags, N. Jets>3

- Matrix Predicted Bkg

- Error on Matrix Predicted Bkg

1 nclusive top (xsec=7.99 pb)
'

T T T T T T T l
Cacciari et al., arXiv:0804.2800 {2008) Assume m1:1?2-5 GeWcz
Kidonakis & Vogt, arXiv:0805.3844 (2008)
l:l Moch & Uwer, arXiv:0807 2794 (2008)
DIiL
§ 7.27+0.71+046+0.42
(L=431b")
+h wﬁl
ANN
\ 763+037+£035+£0.15
(L=4.6fb")
| i |
SVX
p 7.14+0.35+0.58+0.14
(L=4.37) A
HAD
, 7.21£050+1.10+0.42
(L=2.81b")
1
MET+jet:
e 7.99+0.55 + 0.76 + 0.46
(L=2.21b")
| (stat) + (syst) % (lumi)
| | | | | | |
4 5 6 7 8 9 10 " 12

o(pp — tt) (pb)

i & 1
0.8 1 1.2
Neural Network Output

They all agree with each other
and SM prediction: bad S/B ratio
can be handled

Top pair production at the Tevatron
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