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Top quark properties @ ATLAS

Outline

Introduction
Why study the top quark?
The ATLAS detector

Reconstruction of the objects needed for top analyses

Top quark properties (using t t̄ events)
Precision measurements
New physics in top production or decay?

Searches for top-like BSM signatures

All results available in:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Top quark properties @ ATLAS

The top quark

Top quark completes the 3 family
structure of the SM

top is the weak-isospin
partner of the b-quark
spin = 1/2
charge = +2/3 |e|

Top quark is the heaviest known quark
(mt = 173.2± 0.9 GeV, CDF+ D0, arXiv:1207.1069)

Top decays (almost exclusively) through t → bW
BR(t → sW ) ≤0.18%, BR(t → dW ) ≤0.02%

ΓSM
t = 1.42 GeV

(including mb, mW , αs, EW corrections)
Λ−1

QCD=(100 MeV)−1=10−23s (hadronization time)
τt � 10−23 s
⇒ top decays before hadronization
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Top quark properties @ ATLAS

The top quark properties

Why the Top quark @ LHC ?
+ It has a rich phenomenology

t t̄ production

σt t̄
Mass
Charge asymmetry
Top Charge
Rare top decays
t t̄γ production
t t̄ resonances
W polarization
Wtb vertex structure
t t̄ Spin correlations

Single top production

cross section
FCNC
polarization
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Top quark properties @ ATLAS

The top quark as a probe for beyond SM physics
Large mass of the t-quark:

λt =
√

2mt/v ∼ 1 + special role in EWSB?

top and W masses constrain the Higgs mass

∆mW ∝ m2
t ∆mW ∝ ln mH
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BSM physics often has consequences in the top sector:
t t̄ and single top production can be affected by BSM models
Wtb vertex: can have a BSM structure
rare top decays: BSM models can increase the BR of
t-quark decays via FCNC
Non-SM Higgs: large coupling to the top
Incorporate Gravity using Extra Dimensions: many models
predict new states with strong coupling to the top
4th gen. / vector-like quarks: often decay to t-quarks or
look like a heavy t
. . . 5 / 59



Top quark properties @ ATLAS

The ATLAS detector
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Top quark properties @ ATLAS

The ATLAS detector
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Top quark properties @ ATLAS

2011 data (
√

s = 7 TeV)
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Top quark properties @ ATLAS

Pileup
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Top quark properties @ ATLAS

Pileup

0 2 4 6 8 10 12 14

>
V

x
<

n

0

1

2

3

4

5

6

7

8

9

Data 2011
Fit (from MC)

ATLAS Preliminary

-1 L dt = 2.31 fb∫

>µ<
0 2 4 6 8 10 12 14

D
at

a/
F

it

0.9

1

1.1

9 / 59



Top quark properties @ ATLAS

Triggers for top analyses

Single lepton (e, µ) triggers

pT thresholds: 20 (22) GeV for e and 18 GeV for µ

Eff. measured with tag-and-probe method (in Z events)
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Top quark properties @ ATLAS

Electron reconstruction

Reco. eff. for offline electrons ∼ 95% (tight reco)
Stable w.r.t. pileup (∼ 1%)
Measured with data-driven method (tag-and-probe)

Number of reconstructed vertices
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Top quark properties @ ATLAS

Electron reconstruction
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Top quark properties @ ATLAS

Muon reconstruction

Reco. eff. for offline electrons ∼ 95% (combined muons)
Stable w.r.t. pileup (< 1%)
Measured with data-driven method (tag-and-probe)
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Top quark properties @ ATLAS

Muon reconstruction
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Top quark properties @ ATLAS

Jets reconstruction

Di-jet events used to evaluate jet reconstruction efficiency
Jet “cleaning” allowing to remove:

Noise in the calorimeters (average jet quality, fEM)
Cosmic rays or beam-induced background (fEM, maximum energy
fraction in any single calorimeter layer, time w.r.t. beam collision)
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Top quark properties @ ATLAS

Jet Energy Scale (JES)

Initial calibration of jet energy performed using MC simulation
in-situ pT balance in di-jet events + ∼ 2.5% uncertainty in central
calorimeter region for jets w/ 60 < pT < 800 GeV (2010 data)

larger dataset (2011) + additional in-situ techniques
Z (→ ee)+jet events: Z and jet balance in the transverse plane
data/MC comparison
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Top quark properties @ ATLAS

Jet Energy Scale (JES)

Initial calibration of jet energy performed using MC simulation
in-situ pT balance in di-jet events + ∼ 2.5% uncertainty in central
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Top quark properties @ ATLAS

Jet Energy Scale (JES)

Initial calibration of jet energy performed using MC simulation
in-situ pT balance in di-jet events + ∼ 2.5% uncertainty in central
calorimeter region for jets w/ 60 < pT < 800 GeV (2010 data)

larger dataset (2011) + additional in-situ techniques
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Top quark properties @ ATLAS

Missing transverse energy reconstruction
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Top quark properties @ ATLAS

Missing transverse energy reconstruction

Npv
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Top quark properties @ ATLAS

b-tagging

[slide from G. Watts’ talk at DPF 2011]
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Top quark properties @ ATLAS

b-tagging

b-jet efficiency
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Top quark properties @ ATLAS

b-tagging efficiency measurement with t t̄ events

+ Jets’ flavour composition in t t̄ events allow the
measurement of b-tagging efficiency
(tag & count, kin. selection and kin. fit methods studied)
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Top quark properties @ ATLAS
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Top quark properties @ ATLAS

t t̄ production at the LHC
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Top quark properties @ ATLAS

Standard t t̄ selection

`+jets channel
[Phys.Lett. B711 (2012), ATLAS-CONF-2011-121]

isolated lepton (e or µ)
missing transverse energy
(Emiss

T )
4 or more jets (anti-kT ,
∆R = 0.4)
at least 1 b-tagged jet

b

l-

b

l+ υ

 υ

dilepton channel
[JHEP 1205 (2012) 059]

2 isolated leptons (ee, µµ
or eµ)
ee, µµ: m`` outside mZ
window
eµ: large scalar sum of pT
of all hard objects in the
event (HT )
Emiss

T

2 or more jets
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Top quark properties @ ATLAS

t t̄ candidates recorded by ATLAS

single lepton (e+jets w/btag) dilepton (eµ+jets w/2 btag)
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Top quark properties @ ATLAS

Measurement of the top quark mass

single lepton events

1D analysis: R32 =
mreco
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Top quark properties @ ATLAS

Measurement of the top quark mass

single lepton events
1D analysis: R32 =

mreco
t
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2D analysis: fit simultaneously mt and jet energy scale
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Top quark properties @ ATLAS

Measurement of the top quark mass

 [GeV]topm
160 165 170 175 180 185 190

0.5

9

  0.0±  0.0 ± 0.0 

Tevatron September 2011   0.8±  0.6 ±173.2 

Most precise (CDF l+jets)   1.1±  0.7 ±173.0 

l+jets   2.3±  0.6 ±174.5 

+jets (2d)µ   2.6±  0.7 ±175.0 

e+jets (2d)   2.3±  0.8 ±174.3 

+jets (1d)µ   2.6±  1.1 ±175.5 

e+jets (1d)   2.5±  1.5 ±172.9 

ATLAS (Date: February 23, 2012)

(stat)      (syst)
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Top quark properties @ ATLAS

Measurement of the top quark mass

 [GeV]topm
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Top quark properties @ ATLAS

Measurement of σ(t t̄): single lepton topology

event selection:
1 lepton (e or µ); at least 3 jets;
Emiss

T > 30 GeV (e); mW
T > 25 GeV (e); Emiss

T + mW
T > 60 GeV (µ)

main backgrounds (W+jets and fake leptons) evaluated w/
data-driven methods

Relevant kinematic variables (η`, pj1
T , aplanarity, H3p

T ) used to
build a likelihood
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Top quark properties @ ATLAS

Data-driven evaluation of W+jets normalization

Shape from Monte Carlo simulation
Normalization obtained using W charge asymmetry

more u than d valence quarks in proton beams
more W + than W− produced

 [TeV]  s
1 10

) 
[n

b]
 

ν
 l 

→
 B

r(
W

× 
Wσ

-110

1

10

)pW (p

W (pp)

 (pp)+W

 (pp)-W

 = 7 TeV)sData 2010 (

-1 L dt = 310-315 nb∫
ν l→W

ν+ l→+W
ν- l→-W

ν (l/e) →CDF W/

ν)µ (e/→D0 W/

ν l →UA1 W

ν e →UA2 W

ν)-/e+ (e→±Phenix W/

NNLO QCD

ATLAS

NW + + NW− = rMC +1
rMC−1 (D+ − D−)

(assuming other back. have charge symmetry)

rMC = 1.56± 0.06 (electrons), rMC = 1.65± 0.08 (muons)

Compare W + 1 jet and W + 2 jet events w/ and wo/ b-tag

+ heavy flavour fraction determination
solving a system of equations
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Top quark properties @ ATLAS

Data-driven evaluation of multijet events w/ fake leptons

Matrix method used

loose and tight lepton selection

In single lepton events:(
N loose

obs.

N tight
obs.

)
=

(
1 1
r f

)(
N loose

real

N loose
fake

)
with r (f ) the probability of a real (fake) loose to be tight

invert matrix to determine the true sample composition

same principle for dilepton events

Measure r and f in data (control samples)

Z → `+`− events for r

multijet events (reversed Emiss
T , mT(W ) cuts) for f
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Top quark properties @ ATLAS

Measurement of σ(t t̄): dilepton topology

event selection: 2 OS leptons (e, µ, TL); at least 2 jets;
m`` −mZ > 10 GeV (SF, TL); HT > 130 GeV (eµ);
HT > 150 GeV (TL)

main backgrounds: fake leptons from W+jets, Z+jets

cross-section measurement for each channel measured with a
profile likelihood technique
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Top quark properties @ ATLAS

Measurement of σ(t t̄)

 [pb]ttσ

50 100 150 200 250 300 350

ATLAS Preliminary

Data 2011

Channel & Lumi.

New measurements

15 May 2012
Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± ttσ

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

 + jetshadτ -11.67 fb   7 pb± 42 ± 19 ±200 

 + leptonhadτ -12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 

+ Dominant systematics: signal modelling, lepton ID, JES

+ Good agreement with SM prediction observed
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Top quark properties @ ATLAS

Measurement of top pair differential cross-sections

Single lepton events considered

t t̄ reco. using a likelihood fit of the measured objects
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final selection: -ln(likelihood) > 52
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Top quark properties @ ATLAS

Measurement of top pair differential cross-sections

Distributions of mt t̄ , pT,t t̄ and yt t̄ :
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Top quark properties @ ATLAS

Measurement of top pair differential cross-sections

Unfolding:

1 background subtraction;
2 response matrix mapping the parton level→ reco.

migration (obtained from t t̄ MC)

3 Inverted matrix used to unfold the reconstructed differential
distributions

0.76 0.18 0.04 0.01 0.00
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Main systematics: signal modelling, back. evaluation, JES
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Top quark properties @ ATLAS

Measurement of top pair differential cross-sections

Unfolding:

1 background subtraction;
2 response matrix mapping the parton level→ reco.

migration (obtained from t t̄ MC)

3 Inverted matrix used to unfold the reconstructed differential
distributions
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Main systematics: signal modelling, back. evaluation, JES
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Top quark properties @ ATLAS

Search for t t̄ resonances

`+jets channel
search for bumps in mt t̄
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+ Data in agreement with the SM expectation in both channels

+ 2 benchmark scenarios considered: narrow Z ′ (Γ/m ∼ 1%)
and broader gKK (Γ/m ∼ 15%)
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Top quark properties @ ATLAS

Search for t t̄ resonances
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Top quark properties @ ATLAS

Search for t t̄ resonances: boosted jets

For higher regions of pt
T or mt t̄ the top decay products are

highly boosted and can be reconstructed as only one jet
Understanding jet substructure in fat jets gives access to
higher values of mt t̄

mt t̄ = 2.5 TeV
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Top quark properties @ ATLAS

Search for t t̄ resonances: boosted jets

Single lepton channel
fat jet (R = 1.0) required to have pT > 250 GeV and
m > 100 GeV
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Top quark properties @ ATLAS

Search for t t̄ resonances: boosted jets

Single lepton channel
fat jet (R = 1.0) required to have pT > 250 GeV and
m > 100 GeV
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Top quark properties @ ATLAS

Search for t t̄ resonances: boosted jets

Single lepton channel
fat jet (R = 1.0) required to have pT > 250 GeV and
m > 100 GeV
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Top quark properties @ ATLAS

Search for t t̄ resonances: boosted jets

Fully hadronic channel
at least 2 fat jets (R = 1.5) required to have pT > 200 GeV
(HEPTopTagger algorithm)
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Top quark properties @ ATLAS

Measurement of inclusive σ(t t̄γ)

σ(t t̄γ) + direct measurement of the top quark electromagnetic
couplings (and, in particular, its electric charge)

event selection similar to the one used in the single lepton
channel, requiring an additional γ with ET > 15 GeV

photon isolation used to discriminate prompt photons from fakes
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 PreliminaryATLAS

-1
 L dt = 1.04 fb∫

measurement for t t̄ events with leptons:

σ(t t̄γ) = 2.0± 0.5 (stat.)± 0.7 (syst.)± 0.08 (lumi.) pb

SM expectation: 2.1± 0.4 pb

systematics: ISR/FSR (16%), pile-up (14%), JES (12%)
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Top quark properties @ ATLAS

Top quark charge

single lepton channel

distinguish t (+2/3) → b(−1/3) W (+1) → b(−1/3) `(+1) ν`
t̃ (−4/3) → b(−1/3) W (−1) → b(−1/3) `(−1) ν̄`

associate ` / b-jet (m`b / kin. fit)

measure the charge of the b-jet
(charge weighting / semileptonic B decays)
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t̃ (−4/3) scenario excluded at more than 5σ
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Top quark properties @ ATLAS

Top quark charge

single lepton channel

distinguish t (+2/3) → b(−1/3) W (+1) → b(−1/3) `(+1) ν`
t̃ (−4/3) → b(−1/3) W (−1) → b(−1/3) `(−1) ν̄`

associate ` / b-jet (m`b / kin. fit)

measure the charge of the b-jet
(charge weighting / semileptonic B decays)
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Top quark properties @ ATLAS

Charge asymmetry in t t̄ production

At LO t t̄ production is symmetric under charge conjugation
in the SM (small asymmetry expected at NLO)
Several BSM processes can alter this asymmetry, either
with abnormal vector or axial vector couplings or via
interference with the SM

AC =
N(∆|Y | > 0)− N(∆|Y | < 0)

N(∆|Y | > 0) + N(∆|Y | < 0)

where ∆|Y | = |Yt | − |Yt̄ |

|y|∆
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 L dt = 1.04 fb∫
 1 b tag)≥ 4 jets (≥ + e

Distributions are unfolded to parton level

AC = −0.047± 0.045 (stat)± 0.028 (syst) (e+jets)
AC = −0.002± 0.036 (stat)± 0.024 (syst) (µ+jets)
AC = −0.019± 0.028 (stat)± 0.024 (syst) (comb)

SM expectation (MC@NLO): AC = 0.006± 0.002

single lepton
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Top quark properties @ ATLAS

Charge asymmetry in t t̄ production

dilepton events: AC = 0.057± 0.024 (stat)± 0.025 (syst)

combination (single lepton+ dilepton):
AC = 0.029± 0.018 (stat)± 0.014 (syst)

+contraints on new physics:
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Top quark properties @ ATLAS

t t̄ spin correlations

While t-quark pairs produced at hadron colliders are
unpolarized, their spins are correlated
Different BSM scenarios predict different production and
decay dynamics of the top quark, which could be detected
by measuring the t t̄ spin correlations
In the dilepton channel ∆φ`` can distinguish the SM
expectation from a no-correlation scenario

[Phys. Rev D81 (2010) 074024]
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where Nlike (Nunlike) are the number of
events where t and t̄ spins are
aligned (anti-aligned)
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Top quark properties @ ATLAS

t t̄ spin correlations
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Top quark properties @ ATLAS

t t̄ spin correlations

Different spin basis can be defined; in the SM:
[Phys. Lett. B609 (2005) 271]

helicity basis: ASM
helicity = 0.32

maximal basis: ASM
maximal = 0.44

Considering ASM in a particular basis, the measured spin
correlation coefficient can be obtained:

Ameasured = ASM · f SM

SMf
-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

1.47 0.40± +0.73
-0.70ee

0.84 0.32± +0.43
-0.38µµ

1.40 0.17± +0.35
-0.33µe

1.30 0.14± +0.27
-0.22combination

SM

ATLAS-1
 Ldt = 2.1 fb∫

helicityA
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

0.46 0.12± +0.23
-0.22ee

0.26 0.10± +0.13
-0.12µµ

0.43 0.05± +0.11
-0.10µe

0.40 0.04± +0.08
-0.07combination

SM

ATLAS-1
 Ldt = 2.1 fb∫

maximalA
0 0.5 1 1.5

0.65 0.17± +0.32
-0.31ee

0.37 0.14± +0.19
-0.17µµ

0.62 0.07± +0.16
-0.15µe

0.57 0.06± +0.12
-0.10combination

SM

ATLAS-1
 Ldt = 2.1 fb∫
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W polarisation in t → bW decays

[PRD81 (2010) 111503]

1
N

dN
d cos θ∗

=
3
2

"
F0

„
sin θ∗
√

2

«2
+ FL

„
1− cos θ∗

2

«2
+ FR

„
1 + cos θ∗

2

«2
#

+ fit of the cos θ∗ using templates

+ evaluation of angular asymmetries

+ Lorentz structure of the Wtb vertex
can be probed with these observables
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➟
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W polarisation in t → bW decays

templates fit single and dilepton channels
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single lepton channelsATLAS

-1 L dt = 1.04 fb∫
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-1 L dt = 1.04 fb∫

angular asymmetries
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W polarisation in t → bW decays

W boson helicity fractions

-1 -0.5 0 0.5 1

ATLAS RF LF 0F
-1

 L dt = 1.04 fb∫

Template (single leptons)

Template (dileptons)

Asymmetries (single leptons)

Asymmetries (dileptons)

Overall combination

NNLO QCD

Combination

)0/FL/F
R

Data (F
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W polarisation in t → bW decays
Effective Wtb vertex from dim. 6 operators:

L = − g√
2

b̄ γµ (VLPL + VRPR) t W−
µ −

g√
2

b̄
iσµνqν

MW
(gLPL + gRPR) t W−

µ
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L

Re(g
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e(
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1
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 L dt = 1.04 fb∫

=0
R

=1, VLV

allowed regions

TopFit

68% CL

95% CL
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Search for FCNC

Theoretical predictions for the BR of FCNC top quark decays
Process SM QS 2HDM FC 2HDM MSSM /R SUSY TC2 RS

t → uγ 3.7× 10−16 7.5× 10−9 — — 2× 10−6 1× 10−6 — ∼ 10−11

t → uZ 8× 10−17 1.1× 10−4 — — 2× 10−6 3× 10−5 — ∼ 10−9

t → ug 3.7× 10−14 1.5× 10−7 — — 8× 10−5 2× 10−4 — ∼ 10−11

t → cγ 4.6× 10−14 7.5× 10−9 ∼ 10−6 ∼ 10−9 2× 10−6 1× 10−6 ∼ 10−6 ∼ 10−9

t → cZ 1× 10−14 1.1× 10−4 ∼ 10−7 ∼ 10−10 2× 10−6 3× 10−5 ∼ 10−4 ∼ 10−5

t → cg 4.6× 10−12 1.5× 10−7 ∼ 10−4 ∼ 10−8 8× 10−5 2× 10−4 ∼ 10−4 ∼ 10−9

In the SM flavour changing neutral currents (FCNC) are
forbidden at tree level and much smaller than the dominant
decay mode (t → bW ) at one loop level

BSM models predict higher BR for top FCNC decays
+ powerful probe for new physics
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Search for FCNC t → qZ decays

t t̄ → bWqZ → b`νq`` topology

q
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+ No evidence for signal found

+ 95% CL limits on BR(t → qZ ):

observed (−1σ) expected (+1σ)

3ID + (TL+2ID) 0.73% 0.61% 0.93% 1.4%
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Search for same-sign tt production

Production of same-sign top pairs at LHC:

u
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s-channel: new colour-triplet (Q5
µ) or sextet (Y5

µ) [Q = 4/3e]

t-channel: new colour singlet (Z ′) or octet (g′) [Q = 0]

For resonance masses� EWSB scale:
+ gauge-invariant effective four-fermion interaction

L4F = 1
2
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Λ2 (ūLγ
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Search for same-sign tt production

same-sign dilepton (`+`+) topology
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Summary

Top quark physics entered the precision
measurements era

Many analysis dominated by systematics

LHC combinations are needed in the top sector

The top quark looks quite SM-like (so far)

LIP team at ATLAS very active in top quark physics

This is a very active field: stay tuned for news!
(2012 dataset is being analysed)
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Backup Slides
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Pileup suppression

(slide from Ariel Schwartzman’s talk at ICHEP’12)
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Constraining q/g radiation: central jet veto
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t t̄ resonances: boosted objects
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Probing the Wtb vertex: spin asymmetries

polarised top decays

1
Γ

dΓ

d cos θX
=

1 + αX cos θX

2

+ αX depends on the
anomalous couplings

[PLB 476 (2000) 323]
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Probing the Wtb vertex:
single top production cross-section

σ = σSM
(
V 2

L + κVR V 2
R + κVLVR VLVR + κgL g2

L + κgR g2
R + κgLgR gLgR + . . .

)
the κ factors determine the dependence on anomalous
couplings

the κ factors are, in general, different for t and t̄ production

the measurement of the single top production
cross-section allows to obtain a measurement of VL (≡ Vtb)
and bounds on anomalous couplings
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W polarisation beyond helicity fractions

New idea to study top decays: [NPB840 (2010) 349]

+ consider transverse and normal directions
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