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The Top Quark at the LHC

e \Why study the top quark?

e Precision test of the Standard Model (QCD) - Can also
be used to constrain our simulation/generator models

e Many new physics models would predict enhancements
In the top production rates

e The LHC era signals a new paradigm for top quarks

e From its discovery at the Tevatron, the top quark is now
becoming a SM ‘candle’ for LHC physics

e |tis also a sizable background to many new physics
searches! Crucial that we understand this process!

Over 25 papers and over 50 preliminary notes
produced on top physics at ATLAS!




The Top Quark at 7 TeV - 2011 Run
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A wealth of top quark
measurements were
performed with the 201 |
dataset, many of which
were finalized recently!

Will focus on the most
recent results...

Almost | million top quark pair events produced
in 2011 across all channels!




Top Quark Pair Cross-Section

P 20 Dec 2012

ATLAS Preliminary Ineory (anoron. NLO)
form, =172.5 GeV
Data 2011,Ns =7 TeV —— stat. uncertainty
— total uncertainty

Channel & Lumi. 0,7 =(stat) =(syst) +(lumi)
Single lepton 0.70 fb™ - 179+ 4+ 9= 7 pb
Dilepton 0.70 fb! e 173= 6 *11 *Spb
All hadronic & 167 +18 + 78 = 6 pb
1.02 fb”
Combination -—-.-—- 177+ 3 "3+ 7pb
Single lepton, b — Xuv = —e— 165+ 2+17+ 3 pb
4.66 b
T, + jets 1.67 fb” . 194 + 18 + 46 pb
T,.4 + lepton  2.05 fo’ o 186+13+20+ 7 pb
All hadronic > 16812 *20+ 6 pb
4.7 fb” | | |

|
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Combination is driven by the

high-precision channels with

electrons and muons in the
final state

Systematic uncertainties drive
the precision of most
measurements...




Cross-section in the ATLAS-CONF-2012-032

_ arXiv:1211.7205
Thad T Jets channel (Submitted to EPJC)

e First measurement in this channel at the LHC!

e Difficult final state to reconstruct,
with very large backgrounds!

Event Selection
Trigger on 4 jets (pt > 10 GeV),
of which 2 are b-tagged at trigger level

5 jets with pr > 20 GeV and |n| < 2.5, .First use of a dedicated b-jet
trigger in an ATLAS measurement!

of which 2 are b-tagged
Veto reconstructed electrons/muons

Thad PT > 40 GeV P IR
Er™ss / [0.5 sqre(2Er)] > 8 2 oo ATAS —— . Component MG -
(Er™Mss significance) % o5F- [ ] Vs=7Tev ] s
< - f'— sicterw Electron Component, tf MC E
Methodok)gx Z:i_ —— Multijets, Data 2011 _i
Use a Template Fit: Number of tracks associated with tau 0.2f1 =
candidate is ideal (very well modeled) 01 :
Background templates are data-driven 0:;';‘
Signal template taken from simulation ek




Cross-section in the ATLAS-CONF-2012-032

arXiv:1211.7205

Thad T+ Jets channel (Accepted by EPJC)
Source Number of events
%) o L B T T 1 = tau/electron
g 2005 ¢ ATLAS = tf (Thad) 170 + 40
w480 [ 1 = tt (electrons) 47 £ 11
1605 + | det=1.67 fo \s=7TeV ] Single top 12 + 2
= ! ¢ Data 2011 ] e 9+ 5
140 + —— Fit [All] E Total expected 240 + 50
120 IS I = S Fit [Tau/Electron] — Fit result 270 + 24 (stat.) £+ 11 (syst.)
100 ! _____ Fit [Quark-!'ets] —] quark-jet
sob- | I Fit [Gluon-jets] 3 tF (jets) 540 + 160
- S S 3 Single top 24 + 4
60 :i—: D S T : = W+jets 21 £+ 12
40:_ !_'l B — _ = Total expected 580 4 160
20 g - e TR L o Fit result 520 + 97 (stat.) & 78 (syst.)
ol I R L, oot R Locosn. I BRSO . e :
00 2 4 6 8 10 12 14 16 18 gluon-jet
Fit result | 960 + 77 (stat.) &+ 74 (syst.)
n‘[rack

Uncertainties are dominated by the

O-tf — |94 + |8 (Stat) + 46 (S)’S.) generator modeling of the signal

acceptance, and the b-tagging efficiency

Top pair events ‘only’ high statistics SM source
of high pr thad (p1 > 40 GeV)
Possible future use for performance studies?




Cross-section in the lepton + jets arias-conF-2012-131

channel with a semi-leptonic b-decay

¢ Uncertainty on the performance of ‘lifetime-based’ b-taggers is typically
a driving systematic for top-pair cross-section measurements

e Using a different method for identifying b-jets gives a measurement
driven by a separate set of systematics

Event Selection

‘Standard’ lepton + jets selection @ 0.015 T _
. © — ]
except using: > oo =
0 = =
Soft Muon Tagger = 0005 Q B —
Exploits the b = pX decay (20% B.R.) E g% " s Peimnay %
Standard muon cuts and: = Soft Muon Tagger r[ L=205f" =
AR (W, jet) < 0.5 E b E
|d0| < 3 mm _0.01_ ................................................ i
|zo sin O] < 3 mm Lo E ? """"""""""""" * B
(O] L _|
pl >4 GeV © 21‘_ """""" ih AR 2 D ARt
AR(Mw,Hsmt) > 0.01 & oF %2 / ndf 7.8/5 .
R% -1 PO 1.44+ 0.20 -
n<25 = 720 25 30 35 40 45 50 55 60 65
Jet track multiplicity > 3, SMT-tagged jet p_[GeV]

or Jet EM Fraction < 0.8

szatch < 3.2
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Main contribution to systematics from background normalizations,
generator uncertainties, jet energy scale and lepton identification

|65 + 2 (stat.) +

|7 (sys.) +

W+/ets and multijets are
data-driven (charge
asymmetry and matrix
method, respectively)

Other backgrounds taken
from simulation

3 (lumi.)

See ATLAS-CONF-2012-097

for an in-situ measurement of

the b-tagging efficiency using
top-pair events

Resulting uncertainty due to the tagging efficiency is only at the ~ 1-2% level!
The uncertainty due to the b branching ratio is however at the 3% level...




Jet Multiplicity in Top Pair Events

ATLAS-CONF-2012-155

® By measuring the cross-section as a function of the number of jets In
an event, constraints can be placed on various ISR/FSR models, and

generator configurations

Event Selection
‘Standard’ lepton + jets selection

Strategy
Count the number of jets produced in the

events for 4 different thresholds:
pt > 25, 40, 60, 80 GeV

To be able to perform precise comparisons
to Monte Carlo, the distributions are then
‘unfolded’ to truth ‘particle-level’

Compare data to 4 different models
ALPGEN+HERWIG
MC@NLO+HERWIG
ALPGEN+PYTHIA (with as variations)
POWHEG+PYTHIA

After unfolding

Events

MC/Data
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ALPGEN+HERWIG
— = MC@NLO+HERWIG .
....... ALPGEN+PYTHIA (o, Down) ]

SHEHEY POWHEG+PYTHIA

njets

Proper understanding of the agreement between the various models and the
data can lead to reduced uncertainties in future top measurements!




Eur. Phys. J. C (2013) 73:226

Differential Cross-Section

® Measuring the cross-section as a function of the properties of the top pair
system is a stringent test on the Standard Model predictions

Event Selection
‘Standard’ lepton + jets selection

tt

Y.

ATLAS data
[ Ldt=2.05fb" | NLO (MCFM)

--------- ALPGEN
----- MC@NLO

tt

Strategy
Maximize a likelihood determinant based on

the masses of the particles in the system, the

probabilities for the given kinematics, and -

the b-tagging probability. This allows for a - -

full kinematic reconstruction of the top pair
topology.

tt

1/0,.do /d

—
=
1T |

Use migration matrices to ‘unfold’ the
results to truth ‘particle-level’

—h
N
||!|||
4
|

Theory/Data
T
|.|__
|.|_
H_
i
I

Cross-section is measured as a function of tt
observables sensitive to QCD predictions:
m, pr, y of ¢ system Uncertainties are driven by systematics on jet

kinematics and generator uncertainties
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ATLAS-CONF-2012-136

Search for Top Pair Resonances

e Many BSM models predict the existence of new

particles that decay primarily to top quark pairs Leptophobic Z,
KK gluon, etc.

e Perform a search for resonant production in my

e Due to the high mass regime being probed, need a dedicated selection
to increase acceptance in scenarios where top decay products are
boosted
Categorize events in ‘resolved’ and ‘boosted’ scenarios

Event Selection

‘Standard’ lepton + jets selection Resolved Boosted .\

except: ~ [

Use a shrinking cone for isolation W boost

(‘mini-isolation’) to increase acceptance in
due to boosted products

b

Resolved Scenario

3 or 4 jets ‘narrow’ (anti-kt D = 0.4) jet Obtain my b)’ solving for mass

if 3, one must have mass > 60 GeV ) . |
( Boosted Scenario ) constraints and taking the Et™* as

| large jet (anti-kr D = 1.0, v/[ki2] > 40 GeV)  the pxy) component of the neutrino
and | ‘narrow’ jet

11



ATLAS-CONF-2012-136

Search for Top Pair Resonances

% = ATLAS |5rle||irlnlinlalr)|/| T —-lData T |:|ltf T Type Resolved selection Boosted selection
12 al . . ] (i 44000 = 4700 950 + 100
10" [L=466" Vs=7Tev [ISingle top [JW+jets = .
~ = Multi-jets [@Z+ets = Single top 3250 = 250 49 + 4
12 3 : L] _ ] .J N Multi-jets e+jets 2500 + 1500 12 + 7
S 10°E [IDiboson  u +jets = Multi-jets u+jet 1010 = 610 20 + 12
> - Boosted ] Wtiets 6940 + 730 82 + 15
W 102 3 Scenario = Z+jets 840 + 410 1 +5
- 7 = Di-bosons 124 + 43 0.88 + 0.30
10 & S — . Total 58700 = 5300 1120 + 100
= ‘) =
- 7 E Data 61954 1079
= |, / // —
% 2 _ Z T ﬁ_ \/—sl=7TeVI I —I Obs.I95% CLlupperIirInit
S 1 _---// #%%/ -- = O famsme o B0 Ol
© - N , Exp. 2 o uncertainty
) O . - % 10 &z | eptophobic Z' (LO x 1.3)
0 [TSV? X ATLAS Preliminary
m e N 10
. Combination
Same background estimation method as p.8 1
Systematics are driven by JES and tt normalization .
. [0 “~Pil IR EPEE B IR PR B R
See also JHEPO1(2013) 116 for a measurement with 06 08 112 14 16 18 2
. . . . . Z' mass [TeV]
a similar philosophy in the all hadronic channel

As we probe higher-x regimes in the future, we will encounter more boosted
final states which cannot be resolved ‘traditionally’
Developing such ‘boosted’ techniques is crucial for future searches!
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Measurement of the

ATLAS-CONF-2012-057

Charge Asymmet

® Top quark pair production has a small asymmetry under charge

conjugation predicted by the SM

e BSM physics could lead to an enhancement in this effect

Strategy

This particular analysis uses the dilepton channel

a) Can measure A directly, but this requires a

strategy to resolve the momentum of the 2 neutrinos
b) Can measure Aj instead which is still sensitive to

the same effects

Event Selection
2 opposite sign electrons/muons
with pt > 25/20 GeV
|mi - mz| > 10 GeV (ee or Y channel)
Ermiss> 60 GeV (ee or PM channel)
2[pt' & E7]] > 130 GeV (el channel)
at least 2 jets with pt > 25 GeV and |n| < 2.5

7 _ NAlyl > 0) - N(Alyl <0)
C 7 N(Alyl > 0) + N(Aly| < 0)

w0 _ Nl > 0) = N(AJy| < 0)
C 7 NI > 0) + N(Ali < 0)°

How to resolve the ttbar kinematics!?
‘Matrix-element’ method is used
Assuming the kinematics are the same as in
the tree-level process, various solutions are
found for the unconstrained kinematics
Each solution is weighted to give a final value
the chosen observable

2n)*
E1E2S8

deide; frpr(e1) frpr (£2)IM(y)* W (x, y)d®,

13




Measurement of the ATLAS-CONF-2012-057

see Eur. Phys.].C (2012) 72:2039
for leptonstjets channel

Charge Asymmetry

Lq FT T 171 | L | L | L | L | 17T 1T T4 L(). _I T T 1 | L | L | L | L | L |_
= | ATLAS Preliminary élz'(m Data i o ATLAS Preliminary émﬁ Data

~ B tt' a 7)) - .

220 oo fLazar’ B S 2500 ce-[Lat=47"  EEwwew ]
g : z-ee i |.|C.| B IZIZ

LL 200—_ E:ﬁioslons _— : Ddibosons :

: B3 Norm.incertainty : 200__ %:::%E:::tainty _:

150/~ . 1501 s

100} 1001 4 s .

50/ 50/

o - 1

- (23 -2 -1 0 1 2 3

lyl-lyl

t t

A= 0.023 + 0.012 (stat.) + 0.008 (sys.) A, = 0.057 % 0.024 (stat) + 0.015 (sys.)
SM: Ay = 0.004 + 0.00 SM: A, = 0.006 + 0.002

ATLAS Combination with
lepton + jets channel:

A= 0.029 £ 0.018 (stat.) = 0.014 (sys.)

Measurements are statistics limited,
but this will be improved with 2012 data
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Single Top Cross-Section

o [pb]
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T " T T T " 1. T T T
-~ ATLAS Preliminary Single top production
[ L dt=(0.70 - 2.05) fb”

t-channel

Wit-channel

— Theory (approx. NNLO)
I stat. uncertainty

s-channel

¢ t-channel, arXiv:1205.3130

1 Wt-channel, arXiv:1205.5764

1 s-channel, ATLAS-CONF-2011-118
95% CL limit

7 8 9 10 11 12 13

14

CM energy [TeV]

Production of single top occurs
in 3 channels

ATLAS has:
Observation in t-channel
Evidence in Wt-channel

Upper Limits in s-channel

15



ATLAS-CONF-2012-056

Single-Top Cross-Section Ratio

e Two processes contribute to the t-channel
single-top cross-section: top and anti-top w:
production (u or d quark in the Initial state) :

d
W+
d u
b W
- - - - . t W=
® Measuring their relative cross-section ratio
b b

leads to direct experimental constraints on
PDFs! (Regime is ~ 0.02 < x < 0.5)

Event Selection
2 or 3 jets with pt > 25 GeV and |n| < 4.5
(> 50 GeV if in the endcap), | b-tag
exactly | isolated electron or muon
with pt > 25 GeV and n| < 2.5
Exmiss > 30 GeV
mt > 30 GeV

|
20

Naively R¢ ~ 2

S —
\s=7 TeV

—— t-channel (top)

T
| ATLAS Preliminary
I+ 2 jets tagged

— ttbar, Wt

Event fraction
(@)
T

W-+heavy flavour

Strategy 0.05 -
Use a Neural Network discriminant trained "

with the |5 to 19 most-sensitive variables —
Use simulated templates to fit the
contributions from signal and background, o153 A 5
using constraints based on their expected ()
normalizations

16



8 [ ATLAS Prellmlnary det 4.7 b @ ] [
S 3OOO-_H-ZJGtS tagged étd-iLaannel (top) _. | ATliAS Prlellmlne:ry fIL dt = 47fb I\E-? TeV |
% . 5 %V%Z\Z\?th ::::ur ATLAS result : : .
Lﬁ 2000 % ;\{J(!tgsr?tcﬁison N ABKMO9 T
- B multijet 7 NNPDF 2.1 P ——d
i 1 MSTW2008 P et
-® 7 GJRO08 ——i
1 OOO_- ] CT10 (+ DO W asym.) —e—i
- - CT10 L i
O- 1213141516171819 2 2122
0 0.2 0.4 0.6 0.8 1 R,
NN output
Ot-channel (t) = 53.2 £ |.7 (stat.) £ 10.6 (sys.)
Systematic uncertainties )
dominated by the JES, b-tagging Ot-channel () = 29.5 £ 1.5 (stat.) £ 7.3 (sys.)

efficiency and tt normalization

O't-channel = 82.7 + 2.3 (stat.) £ 17.9 (sys.)

Constraints are ‘soft’ at the moment, but with more statistics and a better
understanding of the systematics, can strongly constrain existing PDF sets!
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The Top Quark at 8 TeV - 2012 Run
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--NLO QCD (pp) ¢ Single Lepton (8 TeV) 241+ 32 pb
H Approx. NNLO (pp) v Silngle Lepton+(z TeV) 179+ 12 pb
A Dilepton 173 4 pb
O All-hadronic 167 + 81 pb

--NLO QCD (pp)
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The 2012 dataset is still

been studied and many

more results will soon be
forthcoming!

A quick look at the first
available measurements!

Over 5 million top quark pair events produced in
2012 across all channels!
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Cross-section in the ATLAS-CONF-2012-149

lepton + jets channel

e Same method as for the last public 7 TeV results...

e Template fit, using a likelihood discriminant based on the product of the
PDF for 2 variables, taken from simulations of the signal (tt) and
background (W+jets)

x10°

§ - ATLAS Preliminary -1 'E - ATLAS Preliminary R
< _ ) Ldt=5.8fb | [& — ) Ldt=5.81fb
Event Selection £ 5 o Data e+23!e’5f (s =8TeV ‘é:zzz o Data WHE3JEIS f \s =8 TeV
: : g [[a Wedets  EMutiiet | "800 T, Widets [l Muttiet
Use Slngle Iepton trlggers 4'_ ;+Jets .Single Top Dibosons 14000:— ;+Jets .SingIeTop Dibojsons
At least 3 jets, pt > 25 GeV and |n| < 2.5 : ’ 12000
> ile- I d 7
pT (e, M) > 40 GeV (pile-up robustness) : 10000
e-channel: : 8000 »
Ermiss > 30 GeV and mt > 30 GeV : | 6000 : ’
mu-channel: : / 4000 ’
Exmiss > 20 GeV and (Er™ss + mt) > 60 GeV : o e
Likelihood uses :-Zi ************************************************************************************************************************************
. ; 212 S Ny,
Event aplanarity A : 1%%/%%/%//%/% WW%
Lepton N sos e
0 02 04 06 08 1 0 0.10.20.30.4050.60.70809 1
Systematics dominated by the A Hkethood
modeling of the tt acceptance in .
simulation O,;= 24| + 2 (stat.) £ 3| (sys.) £ 9 (lumi.)
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Single-Top Cross-Section

ATLAS-CONF-2012-132

e Signal extracted using the same method as for the cross-

section ratio

Event Selection
Cuts tightened to deal with pile-up:
jet ptr > 30 GeV (was 25)
mt > 50 GeV (was 30)

Signal region

2 jets 3 jets
t-channel 5210 + 210 1959 + 78
s-channel 343 + 14 100 + 4
Wt 1570 £ 110 1363 + 95
it 11700 = 1200 15300 + 1500

W+light flavour 5500 +£ 1700 1160 + 350
W+heavy flavour 12000 £ 6000 3900 + 2000
Z+jets, diboson 1200 + 720 410 £ 240

Events / 0.05

rel. diff.

T T T T T T T T T T —
6000} ATLAS Preliminary [Ldt=5.8fb" Vs=8 TeV -
2 jets SR ® data -

4000

[ f-channel

B tt, Wt,s-channel

[ W+heavy flavour
] W+light jets -
[ Z+jets, diboson

El QCD multijet ]
QCD + MC stat unc.

0
O'% .........o.........,..9.....‘...0.......’...0...’...9...0...?......
0.2 _ _ _ _
0 0.2 0.4 0.6 0.8 1
NN output

QCD multijet 3000 + 1500 1650 + 830
Total Expectation 41600 + 6600 25800 + 2700
Data 40663 23687

Systematic uncertainties
dominated by the JES, b-tagging
efficiency and tt normalization

Osingle-t = 82.7 £ 2.3 (stat.) £ 17.9 (sys.)
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Conclusions / Outlook

e Only a quick overview of the recent top results from ATLAS!

e The various properties of the top quark are measured with

increasing precision, providing a stringent test of the Standard
Model

e But also, various methods have been developed (and are still
being developed!), forging the path for future analyses

e Many more results are available! Please visit:

http://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

e Approximately 20 fb-! of data collected in 2012, being analyzed
at the moment - Expect more exciting results soon!

Thanks for your time!
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