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Introduction

Top-quark is the heaviest known SM elementary particle.

Largest Yukawa coupling to SM Higgs Boson ∼1.

Short lifetime (∼ 10−25s), decay before hadronization (∼ 10−24s) ⇒
opportunity to probe a bare quark.

Properties, (charge asymmetry, FCNC, Vtb, etc), are sensitive to
new physics.

Results presented with data collected in 2011 (5fb−1@7TeV), 2012
(20fb−1@8TeV) and 2015 (3fb−1@13TeV) from ATLAS and CMS collaborations.

Measurement of tt̄ + boson in LHC

. First observation of tt̄ + W /Z boson

. First observation of tt̄ + γ

Measurement of other tt̄ + X productions at LHC

. Cross section of tt̄+ additional b’s.

Measurement of tt̄ charge asymmetry at LHC
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tt̄ + W ,Z , γ, b(b) productions
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tt̄ + W /Z at LHC: introduction

tt̄ + V (V = W ,Z) productions at LHC:

Although discovered ∼20 years, top to Z boson coupling is poorly known ⇒
deviation from SM is a signature to NP.
tt̄ + V is an irreducible background to tt̄ + H (vital for its direct sensitivity of
top-Higgs Yukawa coupling).
tt̄ + V is background to many BSM new physics searches (e.g. same-sign lepton
pair to SUSY searches).
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tt̄ + W@8TeV (ATLAS JHEP11(2015)172)

tt̄ + W event selection:

2`, SS; Emiss
T >40 GeV

HT > 240 GeV
Njets 2,3 or ≥4; Nb−jets ≥2
Low-Emiss

T : [40,80] GeV, High-Emiss
T :

≥ 80 GeV

Backgrounds of e-charge mis-ID and fake

leptons measured with data driven.

e-charge mis-ID rate measured with
Z → ee data in (pe

T ,ηe).
Fake leptons measured with Matrix
Method in CR of ≥1b-tag,
HT < 240 GeV.
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tt̄ + Z@8TeV (CMS JHEP01(2016)096)

tt̄ + Z event selection:

3`, tight charge-ID
m`+`− in [80,100] GeV
Njets 3 or ≥4; Nb−jets 2 loose or ≥1 medium

SM backgrounds from MC prediction.

Backgrounds of fake leptons measured with data
driven using Z → `+`− events in ≤2 jets.

Adding 4` events improve the significance.
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tt̄ + V@8TeV: results in ATLAS and CMS

SM theoretical prediction (@NLO) for 8 TeV pp collision:
σtt̄+W = 203+20

−22fb, σtt̄+Z = 206+19
−24fb

ATLAS : σtt̄+W = 369+100
−91 fb (5.0σ), σtt̄+Z = 176+58

−52fb (4.2σ)

CMS : σtt̄+W = 382+117
−102fb (4.8σ), σtt̄+Z = 242+65

−55fb (6.4σ )

Uncertainties: 21-30% (stat.) + 12-13%(syst.)
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tt̄ +V@13TeV in ATLAS ATL-CONF-2016-003 and in CMS CMS-TOP-2016-009

Similar measurement strategy used as @8TeV tt̄ + V analyses
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Measurements SM prediction

σtt̄+W σtt̄+Z σtt̄+W σtt̄+Z

ATLAS 1.4±0.8pb 0.9±0.3pb 0.57 ± 0.06pb 0.76 ± 0.08pb�

σtt̄+Z σtt̄+Z

CMS 1065+352
−313(stat)+168

−142(syst)fb 839.3+80
−92(scale) ± 25(pdf) ± 25(αs)fb�

�SM prediction at NLO QCD precision using MadGraph5 aMC@NLO (1504.03446). Difference
in the phase space cuts and inclusion of γ∗ contribution.
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tt̄ + γ@7TeV in ATLAS PRD91,072007(2015) and @8TeV in CMS CMS-TOP-2013-011

Motivation: direct measurement of tγ coupling strength; NP like excited top may give
rise to radiative decay t∗ → tγ.

Measurement: template of scalar sum of ppseudo−particle
T within ∆R of the photon

(ATLAS: tracks in ∆R = 0.2, CMS: hadronic particle flow ∆R = 0.4).

Signal template: Z → e+e− data events, peaked at 0; Hadron-fake bkg template:
di-jet data events with inverted photon shower shape + MC corrections.

ATLAS : measurement in tt̄ → `+ jets + γ.

CMS : µ+ jets + γ. Result: σmeas.
tt̄+γ = 2.4± 0.2(stat.)± 0.6(syst.)pb

(σSM
tt̄+γ = 1.8± 0.5pb).
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tt̄ + b(b) @8TeV in ATLAS EPJC(2016)76:11

Irreducible background to tt̄ + H(→ bb̄) search. Not so precise theoretical prediction
∼24% on σtt̄+bb̄.

Measurement of σtt̄+b(b) in fiducial phase space using `+jets (≥5 jets & ≥2 b-jets)
and di-lepton channels (≥3 jets & ≥2 b-jets).

tt̄ + bb and tt̄ + bX are signal, defined with truth ≥3 particle b-jets

Dominant background: tt̄ + cc, tt̄ + cX and tt̄+light-jet.

A ratio of Rbb
jj = σtt̄+bb̄/σtt̄+jj is also measured in di-lepton channel.
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tt̄ + b(b) @8TeV in ATLAS

The fit template: 3rd highest
b-jet tagging discriminant for
σtt̄+b, 3rd+4th 2-D template for
ratio and σtt̄+bb̄ measurements.

Dominant systematic: tt̄
modeling, JES, JER.
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tt̄ + bb̄ @8TeV in CMS PLB746(2015)132

Ratio measurement σtt̄+bb̄/σtt̄+jj in
``+≥ 2b-jets (@εb=45%).

Tight εb working point to suppress
non-tt̄ backgrounds.

SR: 70%tt̄ + LF , 10%tt̄ + bj ,
5%t̄t + bb̄, 5%tt̄ + cc̄.

Templates for fit: 3rd (against tt̄ + LF )
and 4th (against tt̄ + bj) highest
b-tagging discriminator.

Full Phase Space
σttbar+bb/σttbar+jj(Jet pT > 40 GeV)

Measurement 0.022 ± 0.004 ± 0.005
NLO calculation 0.011 ± 0.003

Results compatible with NLO
calculation in 1.6σ.

Dominant systematic uncertainty:
b-tagging ∼15%.
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tt̄ + bb̄ @8TeV in CMS (`+jets) CMS-TOP-13-016

≥ 4 jets of pT >50 GeV & ≥ 2b-tagged.

Templates for 13 categories: 1.tt̄bb̄, 2.tt̄qq,
3.tt̄bj , 4.tt̄cc̄, . . . 13.multi-jets. (tt̄ + jj : 1–4)

Each is further separated into (Nj ,Nb): (4,0),
(5,0), (5,≥1), (6,0), (6,≥1), (≥7,0), (≥7,≥1).

Final template: b-tag discriminant in each
category (CSV)

Simultaneous in all the categories, with free
parameters of ‘tt̄bb̄ + tt̄bj ’, ‘tt̄cc̄ + tt̄qq’ and
‘other tt̄’; The rest: nuisance parameters.
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Differential tt̄ + b(b) @8TeV in CMS 1510.03072

Event selection: tt̄ di-lepton channels, 3,≥ 4 b-jets
(@ε = 70%) in the final state.

Kinematic reconstruction using constraints of mW and
mtop; a BDT is built to assign a b-jet to each `ν pair.

The differential σtt̄+bb̄ is measured for the first time as
kinematic variables of additional b-jets (e.g. mbb from
non-tt̄ b-jets).

Measurements limited with data statistics.
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Charge Asymmetry in tt̄
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tt̄ charge asymmetry: introduction

Top quarks pair production at NLO give non zero
charge asymmetry from interferences between
diagrams

In proton–proton collisions, qq̄ → tt̄, valence
quarks interact with sea anti-quarks

And: top-quark connected to the incoming
parton ⇒ t-quark more forward than t̄.

Asymmetry in tt̄ ⇒ sensitive to new physics BSM.

Forward-backward asymmetry in pp̄ collisions at Tevatron ⇒ initial
deviation from SM reduced with more accurate calculation.

In SM, t, t̄ charge asymmetry in pp collisions presented in qq̄ initial
states (∼15%), diluted by gluon-initiated states (∼85%) ⇒
Att̄

C = N(∆|y|>0)−N(∆|y|<0)
N(∆|y|>0)+N(∆|y|<0)

∼1%. ∆|y | = |yt | − |yt̄ |
In tt̄ di-lepton decay, the asymmetry can be observed in the two `’s:
A``C = N(∆|η|>0)−N(∆|η|<0)

N(∆|η|>0)+N(∆|η|<0)
∼50% correlated to Att̄

C
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tt̄ charge asymmetry (``) in ATLAS 1604.05538 and in CMS 1603.06221

ATLAS measured in bins of mtt̄ , pT ,tt̄
and βz,tt̄ (tt̄ system along beam axis).

Inclusive distribution unfolded to
particle- as well as parton-level.
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tt̄ charge asymmetry @8TeV in ATLAS (`+jets) PLB(2016)756

Boosted top: explore a highly boosted
top region, mtt̄ > 750 GeV.

Large-R jet (anti − kT -1.0) utilized to
tag hadronic decaying top-quark.
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http://www.sciencedirect.com/science/article/pii/S0370269316001519


tt̄ charge asymmetry @8TeV in CMS (`+jets) 1603.06221

New observable:
Υtt̄ = tanh∆|y |tt̄ , with
symmetric and anti-symmetric
components.

~χα = ~χ+ + α~χ−, α obtained
by fitting reconstructed
distributions to data.
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top quark
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Results compared to
different SM
prediction models,
consistent within 2σ.
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http://arxiv.org/abs/1603.06221


Summary

tt̄ + W /Z/γ are first observed in ATLAS and CMS collaborations with >5.0σ CL.
The tt̄ + b(b) production cross section and ratio to tt̄ + jj are also measured at LHC.

More recent top-property results can be found in CMS public and ATLAS public.
CP violation search in tt̄ (new: CMS-TOP-16-001) and single top
(ATL-CONF-2013-032)
Spin correlations (CMS,``:PRD93(2016)052007) (CMS,`+j:PAS-TOP-13-015)

(ATL:PRL114,142001(2015))

Underlying event activity in tt̄ (new: CMS-TOP-15-017).
FCNC; top polarization; Vtb;
. . .

First stable beams runs of 2016 started on April 23. ⇒ Looking forward to more nice
Top-related results from LHC.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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https://cds.cern.ch/record/2023918
http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.114.142001
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