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1824 Outline

e Introduction & History of Top Quark Search
e |dentifying top pair production
e Top Quark Pair Production
e Inclusive cross section
e Modelling top quark production
e Differential cross sections
e 3Single Top Production
e T[evatron discovery

e | HC measurements
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1824 Particle Masses
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& History of Top Quark

e 1976: Discovery of Upsilon (Fermilab) - contains a 5th quark -
the b-quark.

e From family structure of SM - expect a 6" quark - race to find it:

e Petra (ete-) at DESY, Hamburg, m; > 23.3 GeV (1984)
e Tristan (e+e-) in Japan: m; > 30.2 GeV in late 1980s

o UAT@SPS at CERN: m; > 44 GeV (1988)

o LEP (ete-) at CERN: m;>45.8 GeV (1990)

o UA2@SPS: m:> 69 GeV

e End of W-tb search channel N\ /
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& History of Top Quark

e 1976: Discovery of Upsilon (Fermilab) - contains a 5th quark -
the b-quark.

e From family structure of SM - expect a 6" quark - race to find it:

e Petra (ete-) at DESY, Hamburg, m; > 23.3 GeV (1984)
e Tristan (e+e-) in Japan: m; > 30.2 GeV in late 1980s

o UAT@SPS at CERN: m; > 44 GeV (1988)

o LEP (ete-) at CERN: m;>45.8 GeV (1990)

o UA2@SPS: m:> 69 GeV

Electroweak precision data

: " Top is heavy -
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History of Top Quark

e 1976: Discovery of Upsilon (Fermilab) - contains a 5th quark -

the b-quark.

e From family structure of SM - expect a 6" quark - race to find it:

e Petra (ete-) at DESY, Hamburg, m; > 23.3 GeV (1984)

e Tristan (e+e-) in Japan: m; > 30.2
o UAT@SPS at CERN: mt > 44 Ge)
o LEP (et+e-) at CERN: mi>45.8 Gi
o UA2@SPS: m:> 69 GeV
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21 Top Quark Discovery

e 1984/85: Tevatron collider commissioned & dedicated.

e Qctober 1985: First collisions at CDF (DO still under
construction).

e 1987: CDF Run-0
e 1992: First collisions at DO

o 1992-1996: Run 1 Tevatron (1.8 TeV)
e 1995: Discovery of the top quark.
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21 Top Quark Discovery

- PRL 74, 2632 (1995)
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21 Top Quark Discovery

= PRL 74, 2632 (1995)
dlscovery PRL 74, 2626 (1995)

March 2nd, 1995:
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21 Top Quark Discovery

July 4th, 2012: Higgs discovery

March 2nd, 1995:
First announcement of Top Discovery
in public seminar at Fermilab
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21 Top Quark Discovery

- PRL 74, 2632 (1995)
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21 Top Quark Discovery
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Top Quark Discovery
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21 Top Quark Discovery

- PRL 74, 2632 (1995)
discovery| eru 74, 2626 (1995)
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4 The Top Quark
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VANEES Why The Top Quark

e Inthe SM it's the only quark:

1. With a natural mass:
Mitop — ytv/\/i ~ 173 GeV = Y ~ 1

e T[op quark interacts strongly with
the Higgs sector - special role In
EWSB?

2. That decays before hadronizing:

Thoad &~ 2 X 107%%s

Ttop = D X 107 %°s

e Top is a unique window on QCD
& EW physics.

Mark Owen Top Quark Physics |5
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Top Quark Production

& Decay
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224 Top Quark Pair Production

Tevatron
(85%)

LHC
(87%)
(14 TeV)

e)
~|
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134 Top Quark Signatures
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134 Top Quark Signatures
T'S
14% it decay modes

all hadronic

-
et ut

+ e/u + jet
dilepton (e/n) 34%
6%
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“HSEY Lepton + Jets Signature

e/H + jet

e High pT lepton

e Missing transverse momentum
e FourhighpT jets

e Two jets from b-decays.

e B hadron lifetime ~ 1 ps,
decay length ~ 3mm

Mark Owen Top Quark Physics
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24 Lepton + Jets Signature

‘ signal ‘ b ‘ background ‘
g v q g q
q
LY W + jets
- w*
q q / M
e/H + jet = 9 1
9 b
e High pT lepton -
b
e Missing transverse momentum o e
. . Q-
e FourhighpT jets . 9
e Two jets from b-decays. g _
O\~ q
B hadron lifetime ~ 1 ps, 9 "\ b
decay length ~ 3mm multijets | D 9
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24 Lepton + Jets Signature

‘ Tevatron ‘
loose lepton tight lepton
(W) selection (W) selection
+ 2 4 jets + 2 4 jets

/ +, ]314

b/ +., ];u_,
| ttbar )

|: ttbar

(= QCD background) -_

multivariate analysis, b-tagging

N @/

Mark Owen Top Quark Physics



MANCHESTER :
“HSiTT Lepton + Jets Signature

loose lepton tight lepton
(W) selection (W) selection
+ 2 4 jets + 2 4 jets

QCD

from loose
to tight

(= QCD background) W+tjets
\ y

multivariate analysis, b-tagging

N @/
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i Multijet Background

lepton+jets
loose = NQCD + Nw+ttbar
&
l 8QCD l Ew-i-ttbar l tight lg
lepton
— 2 ® isolation
tight - EQCD NQCD+ £W+ttbar Nw+ttbar

e & : independent multijet (QCD) data set (e.g. small E)

QCb
- &, ...t W+jets Monte Carlo simulation

(normalization to data)

: n
> solve equations for N___ Try it!

> determine multijet (QCD) background entirely from data

Mark Owen Top Quark Physics



MANCHESTER . c
@ Dilepton Signature

\"/

e=]

"
13
v

ee/ YU / e + jets

e 2 High pT leptons
e Missing transverse momentum

e Two jets from b-decays.
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@ Dilepton Signature

ee/ YU / e + jets

V4

e 2 High pT leptons
e Missing transverse momentum a/ :ff‘

e Two jets from b-decays.
> |less statistics
> less background

Mark Owen Top Quark Physics
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@ Dilepton Signature

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST

A EXPERIMENT

Mark Owen Top Quark Physics 25
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@ Dilepton Signature

Z
@ Z (+ jets) (+ jots)
2 jets, 2 jets
| m@&MET ’
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e [L+jets Background

e / events peak in m(#) at Z mass - use this to constrain the
background in the signal region.

MET |

ttbar signal
region

ttbar signal
region

I >
m (¥
2 v
Zdat
NZ _ Ncon%rgl NZMC’
S1g NZMC’ S1g
control
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i B-tagging in dilepton

e (Can have almost pure ttbar sample with two b-tags in dilepton

events:
-lUE) _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ %600__" T T T T T T T ||__
© | ATLAS b-tag All channels _| - -
Tt ) e Data o i ATLAS .
: f Ldt=0701" g ~ 500 L
: » s det=2.05fb ]
800 Z/y *+jets | % B :
. ) Fake leptons- = 400F ]
_ WRother EW i | e Data 2011 ]
600 Uncertainty | - .
i 2 o — MC@NLO N
300+ ¢ -
> - ¢ -
400 — 200 — _
PP 1 : ¢ -
E i 100 -
2008 | : 'y
L _ — [ ) -
. — O_I | | L 1 1 | L 1 | | L 1 | | L 1 1 | L 1 1 | L 1 | | L 1 | | | I_

N —— T 40 60 80 100 120 140 160 180
0) 1 2 3 =4 |

Number of b-tagged jets b-tagged jet P [GeV]
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Top Quark Pair Production:
Inclusive cross section

Modelling top quark production
Differential cross section
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1824 RCross Sections at Hadron Colliders

¢ — Z /(/Il(ll)f(ll() f( _)(L)B)'ﬁ((‘,)z)

1,7=q.q9,9
A

, ' PDF for incoming l
Sum over incoming

o parton |
partons |, | ]
Momentum fraction “partonic” cross
for incoming parton section
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1824 Partonic Cross Section

e Partonic cross section:
q/9 /

q/9 /

e |n principle calculate all allowed processes that could go
into Y.

e Use perturbation theory to expand Y in terms of strong coupling
constant.

e Feynman diagrams used to represent allowed sub-processes.

Mark Owen Top Quark Physics 31
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1824 Partonic Cross Section

e Use perturbation theory and expand o in terms of the
strong coupling constant, as.

o (q9/99 % +

Leading order (LO)
term, proportional to Next-to-next-to-leading

(s> . order term,
Next-to-leading order proportional to ois*

(NLO) term,
proportional to &s3

e s~ 0.1 - series should converge.

Mark Owen Top Quark Physics
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1824 Partonic Cross Section

e Simplest production of top pairs:
g t

Mark Owen Top Quark Physics



MANCHESTER

1824 Partonic Cross Section

e Simplest production of top pairs:
g t

q t

Each vertex contributes /s
s = strong force (QCD) coupling constant

Mark Owen Top Quark Physics
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1824 Partonic Cross Section

e Next simplest - just add one more quark / gluon line:
9

+ many others

Mark Owen Top Quark Physics
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1824 Partonic Cross Section

e Next simplest - just add one more quark / gluon line:

+ many others

Extra gluon - results in extra jet of
hadrons in detector (more later)

Mark Owen Top Quark Physics
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1824 Partonic Cross

e (Calculate all allowed processes:

+ infinite number of diagrams

Mark Owen Top Quark Physics



MANCHESTER

1824 Partonic Cross Section

e | eading-order cross section contains all terms
proportional to as?

Mark Owen Top Quark Physics
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1824 Partonic Cross Section

e Next-to-leading-order cross section contains all terms
proportional to as® and as*:

’) 2

Mark Owen Top Quark Physics



MANCHESTER :
il NNLO Cross Section

o State-of-the-art theoretical calculation calculates the
inclusive ttbar cross section to NNLO.

e Theoretical precision ~5%!

Collider |otot [pb]| scales [pb| | pdf [pb]

o | +0.110(1.5%) [ 10.169(2.4%)
levatron 7164 1 0 000(2.8%) | —0.122(1.7%)

T4.4(2.6%) | +4.7(2.7%)
LHC 7'1eV | 172.0 _5.8(3.4%) | —4.8(2.8%)
16.2(2.5%) | +6.2(2.5%)
LHC 8 TeV | 245.8 —8.4(3.4%) | —6.4(2.6%)

o | +22.7(2.4%) | +16.2(1.7%)
LHC 14 TeV| 953.6 —33.9(3.6%) | —17.8(1.9%)

e Should test with experimental measurements.

Mark Owen Top Quark Physics
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1824 RDilepton Cross Section

e Exploit clean signature of dilepton events:

e Simple selection of events with two high pT leptons and two jets.

e Use m(%) & MET to remove Z events.
-|UE) _|||||||||||||||||||||||||||||||||||||||||||||||||_ > |||||||||||||||||||||||||||||II|III|III
G | ATLAS non-b-tag All channels - S10°E ATLAS non-b-tag All channels -
w e e Data | e f p * Data i
oo JLOt=070m" o ~ [fLra=o70f’ Oy —
i 00 Z/y *Hjets *GEJ 10° W Z/y *Hjets
_ Fake leptons- > Fake leptons -
10001 e B Other EW H B Other EW |
[ Uncertainty Uncertainty 1
800 — 102 -
i > ] o
10
’
3 >4 0 120 160 =190
Number of jets ET™ [GeV]
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" Dilepton Cross Section

e [Extract cross-section by counting events:

Nobs — Nb
el

0O —

Mark Owen Top Quark Physics
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" Dilepton Cross Section

e [Extract cross-section by counting events:

o Nobs —@

(el

Systematic uncertainties are key
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1824

“Dilepton Cross Section

e [Extract cross-section by counting events:

o Nobs —@
(€L

Systematic uncertainties are key

Stat. 4+ syst.

+18.9/-16.9

+11.6/-9.5

+10.1/-8.8

+31.8/-25.2

Uncertainties Ao /o[%] ee L4 [ el eTL ' TL Combined
Data statistics +8.1 +6.1 +3.9 +14.1 +14.2 +2.9
Luminosity +4.4/-3.8 +4.4/-3.9 +4.2 +5.1/-4.2 +5.4/-4.4 +4.3
MC statistics +1.6 +1.2 +0.8 +5.5 +4.6 +0.7/-0.6
Lepton uncertainties +6.2/-5.4 +2.9/-1.3 +3.1 +4.1 +1.8/-1.6 +2.6/-2.2
Track leptons — — — +4.4 +1.9 : y
Jet | ERss uncerta@ +5.7/-5.7 +6.4/-3.5 +4.7/-3.2 +14.8/-6.4 +13.1 :
b-tagging uncertainties +1.2/-1.0 +0.7 — — —
Z/v"+ jets evaluation +0.4 +0.5/-0.0 = +6.2 +2.4/-2.7 +0.3/-0.2
Fake lepton evaluation +3.3 1.5/-1.3 +3.0 +13.7 +15.1 +1.7
Generator +12/-11 +4.5/-4.3 +4.8/-4.5 +14/-11 +14/-13 ¢ +5.1/-4.97)
All syst.(except lumi.) | +16.4/-14.4 | +8.8/-6.4 | +82/-6.8 | +27.9/-20.7 | +26.5/-23.7 W
)

£30.7/-27.8

Mark Owen
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" Dilepton Cross Section

e (Good agreement between measurements and NNLO cross-
section.

e Precision of measurement limited by systematic uncertainties.

T T 1 | 1T 1T 1 1T 1T 1 I ' T 1 T T 1 | 1T 1T 1 | T 1
ATLAS ------- Theory (approx. NNLO)
f Ldt = 0.70 b m, = 172.5 GeV
ee e 186217 *31 *S
uu i 167+12 %> *8
e et 177+ 7 %15 =8 | NNLO+NNLL prediction: 172 pb
eTL ———— 16123 "33 *3
uTL e 168224 T30 "9
ee w/ b-tagging et 18415 *2° *°
uw w/ b-tagging i 17511 *17 *3
eu w/ b-tagging R 192+ 7 *17 =8
Combination etk 176+ 5*} «8
| | | | J_r(|stat)¢(sysp:(lumi)
[ 1 1 1 I O I I I I [ 1 1 1 I O I I
0 50 100 150 200 250 300
G [pb]

JHEP 1204 (2012) 069
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1824 RDilepton Cross Section

e (CMS analysis using 2011 data reaches <5% precision:

CMS Preliminary 2.3 fb" at\'s =7 TeV
smoof€e uw,’en T T T T T T ]
2000 E e Data
1800
1600
1400
1200
1000

800
600
400F
200 | D

T _
12 ....................................................................................................................................................

1 S e _

(N ] USRI SOUTINE: SO SR Sp— * ............. $ * ..... |
06 ............. .| .......................................................... l. .............. l .............. 1 ............... l. .............. [ .............

"; st DY
tw
VvV
[ non-prompt lepton

e - tt signal

\:IlllllIIIIIIIIIIIIIIIIIIIIII

N

e bbb be b b e b

jets’ ijets)

‘ o = 161.9 £ 2.5(stat.) 3§ (syst.) £ 3.6(lumi) pb, do; /o ~ 4.2%

e NB: ttbar modelling uncertainties smaller than ATLAS.

Mark Owen Top Quark Physics



MANCHLESTE

@i Lepton + Jets Cross Section

e ATLAS first measurement with 8 TeV data:

o Select events with high pT lepton, at least three jets, at least

one b-tag.

e Separate ttbar from W + jets background with likelihood:

x10°

- ATLAS Preliminary

Events / 0.05

T[] W+lJets
4l Z+Jets [ Single Top

o 2<103

S 7: ATLAS Preliminary Ldt = 5.8 f"

% - e Data u+=3 jets {s=8TeV
Il Muttijet :>j 6 i W+Jets Il Muttijet

, det=5.8fb"
5 o Data e+=3 jets s =8TeV

Dibosons [ B Z+Jets B Single Top Dibosons

L°

D; =

.

Data / Expectation
—
N

%
2
7%
Z
7
7

7.

0 0.2 0.4 0.6

Mark Owen
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MANCHLESTE

@i Lepton + Jets Cross Section

e ATLAS first measurement with 8 TeV data:

o Select events with high pT lepton, at least three jets, at least
one b-tag.

e Separate ttbar from W + jets background with likelihood:

x10° . x10
S [ ATLAS Preliminary det 581 S s000 ATLAS Preliminary Ldt— 5.8 o S -+ ATLAS Preliminary £ o o
S a = 5. 218000 . = 9. PR +23 jets _a
2 5L, pu,  E+=3jets /s = 8 TeV £ . Data WH=3jets s = 8 TeV % "~ Data nF=3J s =8 TeV
:>_: T W+lJets B Muttijet 016000~ Dtt WeJets B Mutiiet o 6_—|:]tf W+Jets [l Multijet
4:_ Z+Jets .Single Top Dibc_>sons 1 4000__ Z+Jets .Smgle Top Dibosons Zrlets .Smgle Top Dibosons
L C v/
- 12000F
- : ),
I 10000 I
i - Z4
i 80001 .
i : Z
[ 6000
I : )
: 4000 ”
| 2000
& L 0: _________ — o - g
L e 5 140
8 , ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2 . AF 8 . .f
3 1.2 s 14 g 1.2
1] O w N
~ Q ~ C
(] 0.8 """""""""""""""""""""""""""" ~ 1 [m] 0.8j
Z s s — —
0 02 04 06 08 1 S 0.8 3 18 -06 06 18 3
A,

muon

0 0.1 0.20.30.40.50.6 0.70.809 1
Likelihood

Mark Owen




MANCHLESTE

@i Lepton + Jets Cross Section

e Fit likelihood distribution for ttbar cross section and W + jets
normalization:

o7 = 241 + 2 (stat.) = 31 (syst.) =9 (lumi.) pb.

Source . e+ >3 jets  pu+ > 3jets ¢
CJet/MET reconstruction, calibration > 6.7, -6.3 5.4,-4.6 5.9,-5.2
Lepton trigger, 1dentification and reconstruction | 2.4, -2.7 4.7, -4.2 2.7,-2.
Background normalization and composition 1.9, -2.2 1.6, -1.5 1.8,-1.9
b-tagging efhiciency 1.7,-1.3 1.9, -1.1 1.8,-1.2
<_MC modelling of the signal > +12 +11 @
Total +14 +13 +13

e \Work ongoing to reduce systematic uncertainties.
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Top Pair Production LHC

CMS Preliminary,\'s = 7 TeV

- : 20 Dec 2012
ATLAS Preliminary Ineory (anprox. NLO,
form, =172.5 GeV —@—
Data 2011 ,\/g =7 TeV — stat. uncertainty CMS e/M'HetS 158+ 2+10« 4
— total uncertainty Phys. Lett. B 720 (2013) 83 (val. = stat. + syst. = lumi.)
Channel & Lumi. o,; (stat) =(syst) =(lumi) (L=2.2-2.3/fb)
: c@>
Single lepton  0.70 b ——— 179+ 4+ 9=+ 7pb CMS dilepton (ee,up,ep) 162+ 2+ 5= 4
. p 4+ 8 JHEP 11 (2012) 067 (L=2.3/fb) (val. = stat. = syst. = lumi.)
Dilepton 0.70 fb r—t—t 173+ 6 7.1 T 5pb
All hadronic é 167 +18 78+ 6 pb _ ¢ o ’
1.02 b CMS all-hadronic 139+10+26 + 3
: arXiv:1302.0508 (L=3.5/fb) (val. = stat. + syst. = lumi.)
Combination - — 177+ 3 "3+ 7pb
: !——.——!
CMS dilepton (et,ut) 143 +14+£22+ 3
Sing|e |epton’ b— XMV —— 1656+ 2+17+ 3 pb Phys. Rev. D 85 (2012) 112007 (val. = stat. = syst. = lumi.)
466 b (L=2.2/fb)
i . + + € [ 3
T, .4 T j€tS 1.67 fb o 194 + 18 + 46 pb CMS ets 15012432+ 3
Thag + lEPtON  2.05 fo * 186 +13+20+ 7 pb arXiv:1301.5755 (L=3.9/fb) (val. = stat. = syst. = lumi.)
All hadronic 5 16812 20+ 6pb
4.7 b | | | | [ ] NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254
50 100 150 200 250 300 350 Emjm | | | |
o [pb] 0 50 100 150 200 250 300
o(tt) (pb)

Good agreement with SM in all channels
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Top Pair Production Tevatron

CDF Run Il Preliminary, 9.0 fb"

LA

Dilepton

(L=8.11fo )

Lepton + jets (topolog.) 5%

(Ledbfo

Top Pair Production Cross Sectlon at CDF

Cacciari et al., arXiv:0804.2800 (2008)
Kidonakis and Vogt, arXiv:0805.3844 (2008)
Moch and Uwer, arXiv:0807.2794 (2008)

Assume M=172.5 GeV/c’
+ (stat.) = (syst.) = (lum.)

7.40 +0.58 + 0.63 + 0.45
7.82+0.38+0.37+0.15

DO Run i July 2011
T
lepton+jets + dileptons (pPLB) HoH 7.40 +0.19  +0.57 pb
54 b 1 -0.19 -0.50
lepton+jets (topo + b-tagged, PRD) Ho— 7.65 +025 +0.75 pb
53 b -0.25 -0.57
dileptons (topo + b-tagged, PLB) +0.45 +0.76
1 HeH 71.27 “54: —0s3 Pb
5.4 fb
lepton+track (b-tagged)* H—e—H 5.0 ﬂﬁg jg'g 203 pb
1.0 fb
tautlepton (b-tagged): +1.34 +1.20
i HE—@—H 7.32 124106 +0.45 pb
tautjets (b-tagged, PRD) H—o—H 6.30 ° l: . —: +0.40 pb
1.0 b~ e
alljets (b-tagged, PRD) e —— 6.9 ﬂ +14 104 pb
1.0fb™ - -
(stat) (syst) (lumi)
Mgy = 175 GeV - v C.ac0|ar|.e al., JHEP 0809, 127 (2008)
CTEQS.6M N. Kidonakis and R. Vogt, PRD 78, 074005 (2008)
) S. Moch and P. Uwer, PRD 78, 034003 (2008)
| 11 l L1l l L1l _1 Lo by
0 2 4 6 8 10 12

* = preliminary
red = 2011 result
blue = 2010 results

G (pp — tt + X) [pb]

Lepton, + ots (b-tagged) 1 7.32+0.36 + 0.59 + 0.14
Al hadronic s 7.21+0.50 + 1.10 + 0.42
MET + >3 jets 7.99+0.55+0.76 + 0.46
MET + 213 jets i 7.1+ 0.49 + 0.96 + 0.43
Tau + Lepton g REES 27 *} o7 + 0.47
1 T AR I TR S T R T—" | PR T
4 6 8 10 12 14

o(pp — tf) [pb]

15

Good agreement with SM in all channels

Mark Owen
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¢ Jop Pair Production
E [ | | | | I | | | | I | | | | I | | | | I | | | | I | | | | | | | | | I
[ ~ --NLO QCD (pp) ¢ Single Lepton (8 TeV) 241+ 32 pb i
i ¥ Single Lepton (7 TeV) 179+ 12 pb
= - E Approx. NNLO
® PP _ (PP) A Dilepton 173 ”1147 pb o
~NLOQCD(PP) & All-hadronic 167 = 81 pb _
102 _—Approx. NNLO (pp) @ Combined 177 *pb _—==5 N
— mCDF _ ,-:;:,f" =
~ ¢DO > -
i ey 4 250 |
10 = Ny 4 200 -
AN 150 §
/4 ATLASPreliminary | ]
,'l I/I 7
1 ] ] /II | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ]
1 2 3 4 ) 6 /

Mark Owen
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2 Simulating Top Quarks

e O(ften rely on the Monte Carlo (MC) simulation of top pair
production in the experimental analyses:

*(L) _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
Lcllij :_ATLAS non-b-tag All channels — e Extract cross-section
- ) * Data - .
1200 f L dt=0.70 fi mf;; - by counting events:
- Z/y *+jets i
- Fake leptons-
1000 i B Other EW
i Uncertainty | N Ob s N b
8001 N . O —
§ 1 cl.
600F s - -
400 \ .
: >
\ Selection efficiency
3 =4 evaluated using MC

Number of jets

simulation.
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Monte Carlo

ttbar in
perturbative QCD
1. Hard process

3. Hadronization N A
4. Underlying event
. =4 \S
5. Unstable particle
decays
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Monte Carlo

ttbar in
perturbative QCD
1. Hard process

3. Hadronization N A
4. Underlying event
. =7 \S
5. Unstable particle
decays
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ttbar in
perturbative QCD

Non-perturbative
model

Mark Owen

1.

3.
4.
S.

Monte Carlo

Hard process

Hadronization
Underlying event

Unstable particle
decays
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ttbar in
perturbative QCD

Non-perturbative
model

Important for e.g.
b-decays

Mark Owen

Monte Carlo

1. Hard process

3. Hadronization
4. Underlying event

5. Unstable particle
decays
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Monte Carlo

LO, Multi-leg LO, NLO
ttbar in /

perturbative QCD
1. Hard process

3. Hadronization N A
Non-perturbative
model 4. Underlying event
=7 S
5. Unstable particle
Important for e.g. decays

b-decays
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VAR Leading Order MC

e ‘Simplest’ MC generators:

e Hard process consists of lowest-order Feynman diagrams:

Pythia, Herwig,
AcerM(C, ...

e No radiation in the hard process.

e Radiation only produced from parton shower - resummation
valid for collinear / soft emissions.

Mark Owen Top Quark Physics
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1824 Next-to-Leading Order MC

e Now have generators including the next order in the hard

Process.
, T t MC@NLO,
Powheg
LO + + + many others
g ¢ 9 ‘

e First emission now Iin the hard process - expect better
modelling compared to LO.

e Additional emissions from parton shower - matching
procedure needed to avoid double counting.

Mark Owen Top Quark Physics



VANTEES Multi-leg LO MC

e (Generators that have up-to N(~3-5) additional emissions

In the hard process:

9
g t

Alpgen, Sherpa,
Madgraph

+ many others

g t

e Note, no loop contributions.

e First N emissions now included in the hard process,
additional emissions from the parton shower - matching
algorithm needed to avoid double counting.

Mark Owen Top Quark Physics



MC Generators

e | O MC generators:

e No radiation in the hard process - all jet radiation comes from parton
shower approximation.

e NLO MC generators:

e First emission is in the hard process. Additional emissions from the
parton shower approximation.

e Multi-leg LO generators:

e First N (~3-5) emissions in the hard process. Additional emissions
from the parton shower approximation.

e Both NLO and ML-LO need to match to the parton shower.
e \Which of NLO or ML-LO is better is analysis dependent.

e Uncertainties are important!

Mark Owen Top Quark Physics
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1224 Differential Cross Sections

e \Vital to test the theory beyond the inclusive cross section.

e Measure differential distributions of the top quarks themselves,
but also measure top quarks produced with additional jets.

e T[est MC description of the data.

e Test of new physics in tails, e.g. of invariant ttbar mass.

Mark Owen Top Quark Physics
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1224 Differential Cross Sections

e (Challenging measurements to go from detector measurements
to underlying physics - have to ‘unfold’ detector effects:

— T T T T T T T |

= ATLAS :

o)  Simulation u + Jets

T 0.02  0.03 0.06 0.19 0.70

£

e,

Q

o

%1 000 -
005  0.06 0.18 0.61 0.09
041 020 055 0.13 0.01
029 053 0.16 0.02 0.00
076  0.18 0.04 0.01 0.00

| | | | | | | | |
300 400 1000 2000

Reconstructed m. [GeV]
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1224 Differential Cross Sections

e Kinematic variables of top quarks:

— 10 e | _ (02 CMS, 5.0 fb'at\s = 7 TeV
% E e da‘ta E r? 1O:XIIIIIIIIIIIIIIIIIlllllilllllllillllllll
= 1 B NLO (MCFM) | > oF- e/u + Jets Combined ® Data
= NLO+NNLL 3 (3 5 — MadGraph
£ T — 1 = . 8F -== MC@NLO
S 107 g ATLAS T 3% E - POWHEG

- _[ L dt=2.05fb” 1 +~b T o Approx. NNLO
E-3;-10-2 ? i g 6;— (arXiv:1009.4935)
- _ — ] 5:_

10° :

% 1 5:_ ....................................................................................................................................... —] 4~_
(- 1: | | l | I - E

[~ | | ! | - -
S R : —
Z 05_ ................................................................................ s — 2:’:_"
- 1 5:_ .................................................................................. SRS S SOR -] E"l .
< S — — 1k E*T\
D : l I I : tlllllllllllllllllllllllllllllll—_
= : 0
9 0 T T — e = 0O 50 100 150 200 250 300 350 400
= 300 1000 2000 p‘T (GeV]
Z m; [GeV]

e (Good agreement with SM.
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ttbar plus jets

e Production of ttbar with additional jets is interesting final state:
e Directly test different MC model approaches discussed earlier.

e |mportant background to other processes - ttbar+H & new physics
with tops in the final state.

e | HC statistics offer the possibility for precise measurements &

access to high jet multiplicities.
9
9 t

g t

Mark Owen Top Quark Physics



MANCHESTER

1824 Jet veto measurement

e Select dilepton events with at least two b-tagged jets.

e Using the selected events, measure the fraction of events
without an additional jet:
n(Qo)

f(Qo) = N

n(Qo) = Number of ¢t events with no jet with pr > Qg

N = Total number of tt events

e Ratio measurement - many systematic uncertainties affect both
n & N and largely cancel.

e Ratio directly sensitive to the amount of additional radiation.

Mark Owen Top Quark Physics
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1824 Jet veto measurement
n(Qo) N = Total number of ¢t events
f(Qo) = N n(Qo) = Number of ¢t events with no jet with pr > Qg
¢ | ly| < 2.1 |

b-jets

additional jet

()
-

51 15 08 o0 08 15 21 Y
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Jet veto measurement

0.75
0.7
0.65
0.6
0.55

1.05

Theory / Data

O
©
o1

NLO

- Multi-leg LO

[ T T [ 1 [
3 }]EE ATLAS
= det=2.05fb'1 =
= -iF veto region: lyl < 2.1 —
- R —— MC@NLO -
- e Data + stat. — POwHEG+HERWIG

g3

- T POWHEG+PYTHIA -
- Syst. + stat. - - SuEreA -
:h === ALPGEN+HERWIG

= =
— . ] | | | L | | ]
_I I | [ [ | 1 | | |
__I_lr:-:-_!;'_-l :
A L ke e =2 ==~ .
e vy T :
-_J_l | | | -]

A B B B
200 250 300

Q, [GeV]
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1824 Jet veto measurement

C mm—
9 pi 5
[ B ]
S oof -
o T ATLAS _
G - f Ldt=205f" -
0.8 —
= veto region: lyl < 2.1 -
0.7F —
B === AcerMC nominal ]|
u e Data + stat.
0.6 — Increased ISR
4 Syst. + stat.
B — Decreased ISR ]
O.5f ]
© __iiIiiiiIiiiiIiiiiIiiiiIiiiiI.—
O = ]
~~ — -
e |
o i
O |
c ]
= .
08 o e b o o o by e oy 1:
' 50 100 150 200 250 300
Q, [GeV]
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1224 Differential Cross Sections

e Measurement of jet multiplicity in lepton+jets top events:

TE | | | | 2 7)) S ] | | |
-'UE) " - ATLAS Pre”minarya\?vat?t Egco _— c 6 FATLAS Prellmlnarya\?vat;ts Egco ult'jetE
- +ets multijet L + multijet |
G>) 106 = | Ldt=47 fb-1 [ Single top [[] Z+jets iE G>) 10 § Ldt=4.7 fb-1 [ Single top -Z+j.ets 3
L] : - s =7 ToV [dbiboson  y, + jets LL] 108 NS =7 TeV [JDiboson 1, + jets B
107 il <2.5 p_>25 GeV: i <2.5 p_>40 GeV:
e 0
3 * _f 103
10 2l =

1L 1
§1.5§— | 7 / §1-5; , . 7 7//
[ _ e /
Sos: % Sosc 77
0 3 4 5 6 7 =8 = 3 4 5 6 7 =8
njets jets
e Complimentary to veto analysis - sensitivity to high jet
multiplicities.
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1224 Differential Cross Sections

e Measurement of jet multiplicity in lepton+jets top events:

6 jets in the detector:
2 from WV, 2 b-jets and
2 gluon jets

e Complimentary to veto analysis - sensitivity to high jet
multiplicities.
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1224 Differential Cross Sections

e Unfolded data compared to MC models:

() - | T T = ) = | T T =
T B ATLAS Preliminary 7 T - ATLAS Preliminary -
G>J B —@— Data } G>J PR — &— Data

L1l e e ALPGEN+HERWIG ) W 10%e ALPGEN+HERWIG
al — — MC@NLO+HERWIG | = — — MC@NLO+HERWIG ]
10 = —_— e ALPGEN+PYTHIA (o, Down) 3 - ALPGEN+PYTHIA (o, Down) ]

- SRR POWHEG+PYTHIA - === ... POWHEG+PYTHIA
- e . 10°E E
i ——= det=47fb il S e det=4.7fb E
103 (s=7TeV _| B ls=7TeV  _
- A ] 1 02 _ o] -
~ anti k, R=0.4 s ] ~ anti k, R=0.4 — -
Il <25 ' | CIml<25 P o i
2_pT>25GeV o B 10:_pT>40GeV —
107 E prjets E = Litets —= 3
S — E o — ! i :
© : © ]
Qo 1.5 - Qo 1.5 —— =
3 ; 3 ; P ]
= ] o eI I e e = = 8|t e—— R B _
C ——— ' — —_— ]
0.5 ______ ] 0.5F i =

[ [ — e —

3 4 5 6 7 =8 3 4 5 6 7 =8

njets njets

e Complimentary to veto analysis - start to distinguish models at
high n(jets).
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&4 Single Top Production

(Vud Vus Vub )
VCKM - Vcd Vcs Vcb
\\/td \/(S vtb )

Colluder s-channel o m t-channel: O Wit-channel: Oy

LHC: pp (7 TeV) 4.6 pb 64.6 pb 15.7 pb

Direct sensitivity to |Vi|
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t-channel

g ©°Jets

; ° lepton

b

o b-jets
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vV * missing E;

Muon

Neutrino




(B

10

10

Cross section (bams)

10

10

lO—l()

10 °
=14

10

10

=—> multivariate analysis techniques

Mark Owen

Backgrounds

6,000

600

to

Total inclastic

- mb

bb
- b

ALY
- ND 7

tt
o I

Higgs (ZH + WH)
- fb
120 140 160 | 80

Higgs mass (GeV)/¢

200
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2 Boosted Decision Trees

97 °* IDEA: recover events

.{303 that fail criteria in

cut-based analyses
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2 Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

o ¢
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2 Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses

TE .
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2 Boosted Decision Trees

°* [DEA: recover events
that fail criteria in
cut-based analyses

F P
F P
* result:
5 weight for every event
0 ° ° background signal
F/\P F/ \P

s/b s/bs/b s/b
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F P F P
w2
s/b=
F/\P F/ \P F/ \P purity
54 00 B2 B &Y

s/b s/bs/b s

~
=

Top Quark Physics

Mark Owen

“Boosted Decision Trees

* IDEA: recover events

that fail criteria in
cut-based analyses

boosting:

»train tree: T,
-derive weight: ¢,
. retrain tree: T

to minimize error
-average: T =2 « Ti

75
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2 Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses

* result:

weight for every event
background signal
s/b =

s/b s/bs/b s/b s/b s/b 0 1
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2 Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

> result:

weight for every event
background signal
s/b =

purity ‘ : : |

s/b s/bs/b s/b s/b s/b 0 1
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2 Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

* result:

weight for every event
background signal
s/b =

purity

s/b s/bs/b s/b s/b s/b
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2 Boosted Decision Trees

* |DEA: recover events

H_> 21 that fail criteria in
GeV cut-based analyses
P
F
> result:
weight for every event
ckground signal

s/b s/bs/b s/b s/b s/b
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w4 Single Top Discovery

Boosted Decision Boosted Matrix Elements
Trees Neural Networks
\N\ 1t
, Y
., <352 Jor <314 NS fowd /
F/\P F/\P :;E : (&} / l
QQ Q f X / \
jo0l o0 X
D@ Single Top 2.3 fb"
T | '
o Data ¢ W+jets
- 3 b+tgb IR tt 1l
£ 600-B. Tracraround S Multijets 1
< B onbackaround T | single
u>.| $ . Sjignal Region
t 40} F / top
400~
| $ 20 1 +
200 S:* L
[ 8 085 09 095 1
| B,
W“
0

0 0.2 0.4 0.6 0.8 1
Discriminant Output
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w4 Single Top Discovery

W + 2 Jets, 1 b Tag. NN' Discriminant > 0.4

D@ 2.3 fb™

Ranked
Combination
Output > 0.92

Candidate Events

Normalized to Prediction

Top Quark Mass [GeV] Mo [Gev/c]
W+
Single Top Signal Significance
. Vi
Cross Section Expected Observed ¢
DG 23t arxiv0903.0850 m,, =170 GeV
b
3.94 + 0.88 pb 450

CDF 32m' arXv0903.0885 m,,=175GeV
23%98pb | >590

V.| = 1.0710.12]
V.| = 0.91¢o.13|

— observation with 5.00!
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184 Single Top Latest

Kidonakis PRD 74, | 14012 (2006)

CDF e/p+jets 7.5 fb-! @

CDF MET+jets 9.1 fb'! —e
|

] ] |

D@ e/p+ijets 2.3 fb"! —— 3.9470-5% pb
DD T+jets 4.8 fb"! e 3.47%% pb
CDF e/u+jets 32 fb! @ 2177535 pb
CDF MET+jets 2.3 fb"! o 5.075°% pb
Tevatron Combination - 2-76t8:2§ pb
D@ e/p+jets 5.4 fb! —-@— 3.43 £0:73 pb

3.0410:2% pb
3.05;3pb

T
4 6 8

I
Kidonakis, 0909.0037 0O 2

170 GeV

M¢=

m=172.5 GeV

V| =0.8820.07,
Vtb| > 0.77 (@ 95% CL)

Veo| > 0.79 (@ 95% CL)

Vip|=0.96£0.10
Veo| > 0.78 (@ 95% CL)

Good agreement with SM
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i Separating s & t channel

e Use another multi-variate to discriminate between the s- and t-

channel processes:

S 1 @ Do 97’ § : (b) DO 9.7fb"
S 10° S 40 m
E E -ngets
d>) 1 02 q>) 30 - tZi+|efj<s/D|boson
E E R B Multijets
© 10 - 20
2 [
>= 1 > 10
1 )
100 02 04 06 08 1 007 08 09 1
Ranked s-channel discriminant Ranked s-channel discriminant
g 10° (0 Do9rf’ I | (d) D@ 9.7fb"
(= (= I o R;ga
2 a3 | :
c 102 c S I Wijets
(<)) Q 40+ Z+jets/Diboson
> > X + it
H 10 .I.l_.ll + p Multijets
O o q
2 2 20 ; $
> 1 >

-1 ' |
107002 04 06 08 1 007 08 09 1
Ranked t-channel discriminant Ranked t-channel discriminant
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i Separating s & t channel

e Simultaneous measurement of two channels:

8 5 (a) DO 9.7 fb”
S I M 1SD
1] ar 2 SD
@ f 3 SD
7)) u
\n I
S 3-
o -
Q i
o A @® Measurement
2 B s™m
— {> Four generations
i O Top-flavor
1- /\ Top pion
- ] FCNC

PR S S AN T ST N S T T A ST T S AN T ST S S MY M
O0 1 2 3 4 5
tb cross section [pb]

First evidence for s-channel production
Veo| > 0.92 (@ 95% CL)
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VAN Single Top at LHC

e Much higher cross section at LHC - better signal to background
ratio for t-channel and Wt-channel:

q ’ q h W
W™ W b
b t
q b g . g t

s-channel o | t-channel: O Wt-channel: Oy

tb

LHC: pp (7 TeV) 4.6 pb 64.6 pb 15.7 pb
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VAN Single Top at LHC

e t-channel can be selected with cuts on events with one lepton
and two or three jets:

1 rrr+rr 1 rrr-rrrrrrrrrrJ
ATLAS [Ldt=1.0410" JLdt=1.04f0" 1

cn > Aap
= O - ATLA
G>3 300 1 b-tag \s=7TeV O 200- 2 jets 1 b-tag \'s=7TeV
LLI ® Data o C ® Data i
250 [ single-top t-channel S L [ Single-top t-channel o
I ¢, Other top n 1 50 B B ¢, other top -
[ W+heavy flavour b _ [ W-+heavy flavour
200 [ Welight jets GC.) L [ ] welight jets
Z+jets, Diboson > -_ |:| Z+ijets, Diboson
1 50 E Mujmjets LLI 1 OO = B Muttijets
100 [
50F
2 Jets + 2 Jets - 3 Jets + 3 Jets - O() 100 200 300 400 500
Lepton Charge and Jet Number m(lvb) [GeV]
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VAN Single Top at LHC

e Best sensitivity still comes from multi-variate analysis:

o CMS G:?Tgvl L1=1.I17‘f§1 ] | ..(L) 600_ M '2 e 1-bt [rrrryrrrryTr T T T T T
__I_I_Iﬂ T T T T T T T T T 1 T T T T T T | uon’ " _‘e S - a n" —e— —
T 500 Muon, "2-jets 1-btag" = QCJ - J S Data .
g) 5 1 > - B t-channel :
o a H —°— Data 1 W 500 ;L tt, s-channel, tW ~ —]
400 " B t-channel - C B W/Z + jets, Diboson -
i i tt, s-channel, tW ] 400 — QCD multijet .
B + B W/Z + jets, Diboson i -*- ]
300 - QCD multijet . C -

- . 300

200}
- 200
100 100

41 -08 -06 04 -02 0 02 04 07 08 06 04 -02 0 02 04 06 08 1
BDT output NN output
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Good agreement with SM
Veo| > 0.92 (@ 95% CL)
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1824 Summary

e Top quark pair production well established at both Tevatron and
LHC.

e Measurements of inclusive cross section are in good agreement
with SM NNLO prediction.

e Differential measurements start to probe interesting kinematic
regions (high mass, high n(jets)).

e 3Single top moves from discovery to measurement phase.

e EXxperimental challenge is to continue to reduce systematic
uncertainties.
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