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The top quark: why do we care?
Top is the heaviest known fundamental particle
λt =

√
2mt/v ∼ 1 (special role in EWSB?)

Top quark is short lived
+ decays before hadronization

Λ−1
QCD ∼ (100 MeV)−1 ∼ 10−23s

ΓNLO
t = 1.42 GeV
τt ∼ 10−25 s� 10−23 s

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

The measurement of the top quark properties provides a
powerful test of the SM

+ precision test of perturbative QCD to high orders (at least
NNLO needed to describe data!)

+ soft radiation in production and decay: constrain the
modelling of parton shower and hadronization

Top quark might play a special role in new physics models
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The top quark: why do we care?

branching ratios (Wtb, rare decays)

polarization

production cross-section

mass
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width
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W polarization

t

t
_

W

b

X

Y

l

spin correlations Wtb vertex structure
production mechanism

associated production (H, W, Z, γ)

+ Only a selection of results will
be discussed in this talk
(focusing mainly on
the most recent ones)
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Top quark production at the LHC

LHC is a top factory:

pair production:

g

g

t̄

t

⊕

q̄

q

t̄

t

+ dominant production mode

+ at the LHC, mainly through gluon fusion

+ σ(t t̄): constrain gluon PDF, αs and pole mass

single production:

+ EW production (sensitive to Vtb)

+ tW production: interference at higher orders with t t̄
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Different topologies available in t t̄ events

+ The decay of the W from the top quark defines the event topology

+ Presence of b-tagged jets (from t → bW decay)

`+jets:
high BR
reasonable S/B
dominant background: W+jets

dileptonic:
small BR
excellent S/B
3 main channels: ee, eµ, µµ

all hadronic:
highest BR
large multi-jet background
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Identifying top quarks: boosted topologies

[ATL-PHYS-PUB-2015-053]

Preliminary

∆R massive jet ∼ 2M
pT

pile-up effects are important
+ important to mitigate its effect (trimming, soft drop)
Development of t-tagging techniques targeting high-pT top
quarks
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Inclusive t t̄ production cross-section
√

s = 13 TeV [CMS PAS TOP-16-006]

` = e, µ + jets topology

2× 2× 11 categories
(Njets, Nb−jets, e±, µ±)

shape analysis [M(`,b)]
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count shape
preliminary CMS  (13 TeV)-12.3 fb

Effect of beam energy
uncertainty: 1.4% 
(not included in figure)

σt t̄ = 834.6± 2.5 (stat)± 22.8 (syst)± 22.5 (lumi) pb

( δσ
σ

= 4%)

Uncertainty dominated by systematics:
W+jets modelling and luminosity are the
biggest sources
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Inclusive t t̄ production cross-section
√

s = 13 TeV [arXiv:1606.02699]

Cross-section and b-tagging
efficiency extracted using eµ events
with 1 or 2 b-tags:
N1 = Lσt t̄ εeµ 2εb(1− Cb εb) + Nbkg

1
N2 = Lσt t̄ εeµ Cb εb

2 + Nbkg
2
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N
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≥ 1 b-tagged jets
b-tagging efficiency absorbs
systematic uncertainties due to
b-tag and bJES
Hadronization related uncertainties
dominate

Event counts N1 N2

Data 11958 7069
Single top 1140 ± 100 221 ± 68
Dibosons 34 ± 11 1 ± 0
Z(→ ττ → eµ)+jets 37 ± 18 2 ± 1
Misidentified leptons 164 ± 65 116 ± 55
Total background 1370 ± 120 340 ± 88

σt t̄ = 818± 8 (stat)± 27 (syst)± 19 (lumi)± 12 (beam) pb ( δσ
σ

= 4%)
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Inclusive t t̄ production cross-section
√

s = 13 TeV [CMS PAS TOP-16-013]

Fully hadronic topology
2 approaches:
resolved (low top pT ) and
boosted (high top pT )

Resolved Boosted
lepton veto lepton veto

AK4 jets AK8 jets
pT > 30 GeV and |η| < 2.4 pT > 200 GeV, |η| < 2.4, mSD > 50 GeV

Njets ≥ 6 Njets ≥ 2
HT > 500 GeV, p(6)T > 45 GeV p(1)T > 450 GeV

at least two b-tagged jets both jets should contain one b-tagged subjet
∆Rbb > 2.0 F > 0

kin. fit probability > 0.02 150 < m(1)
SD < 200 GeV

150 < mt < 200 GeV
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Dominant systematic
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σt t̄ = 834± 25 (stat)+118
−104 (syst)± 23 (lumi) pb ( δσ

σ
= 15%)
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Inclusive t t̄ production cross-section
√

s = 13 TeV
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Inclusive t t̄ production cross-section
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11 / 35



Top quark results from the LHC | Nuno Castro | QCD@LHC 2016

Inclusive t t̄ production cross-section in the forward region

√
s = 7, 8 TeV [PRL 115 (2015) 112001]

Forward t production different from central: qq and qg
dominates over gg.

NLO: ∼75% t t̄ and about ∼25% t-channel single t

Constraint on large x gluon PDF

Relies on the detection of an energetic, large |η|, muon

+ First observation (5.4σ)
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Inclusive t t̄ production cross-section in the forward region

√
s = 8 TeV [LHCb-PAPER-2016-038, in preparation]

High pT , isolated, e or µ + 2 heavy-flavour tagged jets
Moderate pT cuts, tight |η| cuts
Relies on the use of mjj and an MVA analysis
Simultaneous fit of µ−, µ+, e− and e+ samples
Allows the measurement of Wbb̄, Wcc̄ and t t̄ cross-sections
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Differential t t̄ production cross-section (parton level)
√

s = 8 TeV [CMS PAS TOP-14-013]

Double differential cross sections: bin t t̄ events in 2 variables:
e.g. pT (t t̄) vs. y(t t̄), pT (y) vs. y(t t̄), etc
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Particle level objects and pseudo-top quarks
parton level: e.g. top quarks before
decay, but after radiation

particle level: stable particles
(τ > 0.3× 10−10 s)

+ corrections to particle level allow to
minimize the extrapolation and the
theoretical uncertainty

full phase space

pass selection at

                detector level

inside ducial region

at particle level

top quark proxy reconstructed from decay products after hadronization
[https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ParticleLevelTopDefinitions]
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Differential t t̄ production cross-section (particle level)

√
s = 13 TeV [ATLAS-CONF-2016-040]

Differential cross-sections in resolved and boosted `+jets events
and unfolded to particle level, in fiducial phase-space

pT (t), pT (t t̄), m(t t̄), |y(t)|, |y(t t̄)|
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Differential t t̄ production cross-section (particle level)
√

s = 13 TeV [ATLAS-CONF-2016-040]
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Dominant uncertainties: JES and b-tagging

Trends of NLO predictions observed to be similar as in 8 TeV results

Data tends to be softer than NLO MC at high pT (t) in both resolved and
boosted cases
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Differential t t̄ production cross-section (particle level)

√
s = 13 TeV [ATLAS-CONF-2016-040]
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Differential t t̄ production cross-section (particle level)

√
s = 13 TeV [CMS PAS TOP-16-007]

Dilepton topology:
e+e−, µ+µ−, e±µ∓

Fiducial measurement

Object Definition Selection criteria
Prompt neutrino neutrinos not from hadron decay none

Dressed lepton
anti-kT jet with a distance parameter of 0.1
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not from hadron decay

b quark jet

anti-kT jet with a distance parameter of 0.4
using all particles and ghost B hadrons pT > 30 GeV, |η| < 2.4
not including any neutrinos with ghost B hadrons
nor particles used in dressed leptons
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Differential t t̄ production cross-section (particle level)
√

s = 13 TeV [CMS PAS TOP-16-007]
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Dominant uncertainties: MC modelling

Similar trend on pT (t) observed
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Additional jet activity in t t̄ events
√

s = 8 TeV [CMS PAS TOP-15-006] [arXiv:1606.09490]

Differential cross section for t t̄
production as a function of jet
multiplicity

`+jets (CMS) and dilepton e±µ∓ + bb̄
(ATLAS)
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Additional jet activity in t t̄ events
√

s = 13 TeV [ATLAS-CONF-2015-065] dilepton events with 2 b-tagged jets
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σ(t t̄bb̄)/σ(t t̄ jj) ratio
√

s = 13 TeV [CMS PAS TOP-16-010] dilepton events
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Phase Space σttbb [pb] σtt jj [pb] σttbb /σtt jj

Measurement
Visible 0.085 ± 0.012 ± 0.029 3.5 ± 0.1 ± 0.7 0.024 ± 0.003 ± 0.007
Full 3.9 ± 0.6 ± 1.3 176 ± 5 ± 33 0.022 ± 0.003 ± 0.006
Simulation (POWHEG)
Visible 0.070 ± 0.009 5.1 ± 0.5 0.014 ± 0.001
Full 3.2 ± 0.4 257 ± 26 0.012 ± 0.001

+ 8 TeV: PLB 746 (2015) 132, EPJC 76 (2016) 11
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t t̄W and t t̄Z production
√

s = 13 TeV [ATLAS-CONF-2016-003]

Final states with either 2 SS-µ or
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2 control regions
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2 (8) signal regions used for the
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t t̄W and t t̄Z production

√
s = 13 TeV [CMS PAS TOP-16-017]

t t̄W measured in 2 SS
leptons events
(BDT used)

t t̄Z measured in 3 or 4
leptons events
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t t̄W and t t̄Z production
√

s = 13 TeV

[CMS PAS TOP-16-017]

σ(t t̄W ) = 0.98+0.23
−0.22 (stat)+0.22

−0.18 (syst)

σ(t t̄Z ) = 0.70+0.16
−0.15 (stat)+0.14

−0.12 (syst)
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Channel Expected significance Observed significance
2`ss analysis (ttW) 2.6 3.9

3` analysis (ttZ) 5.4 3.8
4` analysis (ttZ) 2.4 2.8

3` and 4` combined (ttZ) 5.8 4.6
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t t̄H production

√
s = 13 TeV

[ATLAS-CONF-2016-068]

[https://twiki.cern.ch/twiki/bin/view/CMSPublic/TTHCombMoriond2016]
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+ 13 TeV sensitivity already surpasses the 8 TeV one

27 / 35



Top quark results from the LHC | Nuno Castro | QCD@LHC 2016

Single t production: t-channel differential cross-section

√
s = 13 TeV

[CMS PAS TOP-16-004]
single muon topology
(µ, ≥ 1b-jet, ≥ 1 fwd jet, MET)

BDT used (t t̄ and W+jets rejection)

Unfolding pT (t + t̄) and |y |(t + t̄) to parton level
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Single t production: Wt-channel inclusive cross-section
√

s = 13 TeV [ATLAS-CONF-2016-065] At least one jet with pT > 25 GeV

Exactly two leptons of opposite charge with pT > 20 GeV

At least one lepton with pT > 25 GeV, veto if third lepton with pT > 20 GeV

At least one lepton matched to the trigger object
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Single t production: inclusive cross-sections and Vtb

]Ve [Ts

In
cl

us
iv

e 
cr

os
s-

se
ct

io
n 

[p
b]

1

10

210

7 8 13

WGtopLHCATLAS+CMS Preliminary
Single top-quark production
June 2016

t-channel

Wt

s-channel

ATLAS t-channel

ATLAS-CONF-2015-079
112006, ATLAS-CONF-2014-007, (2014) PRD90

CMS t-channel

CMS-PAS-TOP-16-003
090, (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt
064 (2016) 142, JHEP01 (2012) PLB716

CMS Wt
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel

228 (2016) PLB756
L., ATLAS-CONF-2011-118 95% C.

CMS s-channel

L.      7+8 TeV combined fit 95% C.×
L. arXiv:1603.02555 95% C.

58 (2014) PLB736NNLO 

scale uncertainty

091503, (2011) PRD83NNLL  + NLO
054028 (2010) 054018, PRD81 (2010) PRD82

 contribution removedtWt: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ
CT10nlo, MSTW2008nlo, NNPDF2.3nlo

VeG 60 =  removalt veto for tb

T
Wt: p

VeG 65 =
F

µ                              and 
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

VeG = 172.5topm

stat  total

|tbVLV|f

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

ATLAS+CMS Preliminary WGtopLHC

  from single top quark production
theoσ
measσ

| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD83 (2011) 091503, PRD82 (2010) 054018,       
PRD81 (2010) 054028       

 PDF⊕: scale theoσ∆
 = 172.5 GeVtopm

June 2016

 including top-quark mass uncertainty1 

 including beam energy uncertainty2 

total  theo

 (theo)± (meas) ±| tbVLV|f

t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

CMS 13 TeV
 )1−CMS-PAS-TOP-16-003  (2.3 fb

 0.02± 0.07 ±1.02 

ATLAS 13 TeV
 )1−ATLAS-CONF-2015-079  (3.2 fb

 0.02± 0.11 ±1.03 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb

 0.04− 0.13  −
 0.03+ 0.16  +1.01 

 1,2ATLAS 8 TeV
 )1−JHEP 01 (2016) 064  (20.3 fb

 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

 0.04± 0.08 ±1.02 

 2ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 

30 / 35



Top quark mass measurement in the fully hadronic channel
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Top quark mass measurement using alternative observables
√

s = 8 TeV [CMS PAS TOP-15-008 ]
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Mb` =
√

(pb + p`)2

MT2 = min
~pa

T +~pb
T =~pmiss

T

[max Ma
T ,M

b
T ]

–!Nathan Mirman!

`+

`�

b

b

W+

W�

t

t

⌫

⌫

Mbb
T2

Mb`
T2

M``
T2

 [GeV]blM
40 60 80 100 120 140 160 180

ar
b.

 u
ni

ts

0

2

4

6

8

10
12

14

16

18

20

22

3−10× ]
-3

[G
eV

0

2

4

6

8

10

12

14

16
6−10×

 = 166.5 GeVMC
tM

 = 172.5 GeVMC
tM

 = 178.5 GeVMC
tM

local shape sensitivity

8 TeV

CMS
Simulation Preliminary

 [GeV]bb
T2M

120 140 160 180 200

ar
b.

 u
ni

ts

0

5

10

15

20

25

30

35

3−10× ]
-3

[G
eV

0

5

10

15

20

25

6−10×

 = 166.5 GeVMC
tM

 = 172.5 GeVMC
tM

 = 178.5 GeVMC
tM

local shape sensitivity

8 TeV

CMS
Simulation Preliminary

 [GeV]tM
171.8 172 172.2 172.4 172.6 172.8 173

ps
eu

do
-e

xp
er

im
en

ts
 p

er
 0

.1
 G

eV

0

20

40

60

80

100
 (8 TeV)-119.7 fb

CMS
Preliminary

1D fit

 = 172.39 GeVtM
 = 0.17 GeV

tMσ

mt = 172.39± 0.17 (stat)+0.91
−0.95(syst) GeV

32 / 35



Top quark results from the LHC | Nuno Castro | QCD@LHC 2016

Top quark mass: summary of the direct measurements

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHCtop WG

shown below the line
(*) Superseded by results

Aug 2016

World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 

ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 

CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 

LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [11] 0.74)± 0.81 (0.34 ±172.99 

ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.80 

)
l+jets, dil.
June 2016(ATLAS comb.  7+8 TeV  [11] 0.61)± 0.70 (0.34 ±172.84 

CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.60 

CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
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Top mass from the t t̄ production cross-section
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July 2016Top-quark pole mass measurements
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Summary

With the LHC data the top quark physics has entered in a
precision era
The top-quark observables constitute a powerful test of the SM
(and perturbative QCD): NNLO precision is required to describe
data
Differential measurements play a very important role
Pseudo-top definitions and fiducial particle level measurements
allow to reduce the uncertainty related to the MC-based
extrapolation to parton level results in the full phase-space
Many measurements dominated by systematics, but not all:

rare processes
differential measurements

No evidence for physics beyond the SM (yet?)
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Backup Slides

36 / 35



Inclusive t t̄ production cross-section
√

s = 5.02 TeV [CMS PAS TOP-16-015]

Event selection:
≥ 2 OFOS leptons (e±µ∓)
≥ 2 jets (anti-kT , R = 0.4)

Source Number of events
e±µ∓

Drell–Yan 1.6± 0.4
Non W/Z 1.0± 0.9
t W 0.89± 0.02
WV 0.41± 0.02
Total background 3.9± 0.8
Signal (tt̄→e µ) 17.0± 0.2
Data 24

Number of jets
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2.7
 %qg

simulation CMS
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σt t̄ = 82± 20 (stat)± 5 (syst)± 10 (lumi) pb ( δσ
σ

= 23%)

+ reference for future heavy ions measurement
+ uncertainty statistically dominated
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Boosted topology in `+jets events
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Differential t t̄ production cross-section (particle level)
√

s = 13 TeV [ATLAS-CONF-2016-040]
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Top quark pT mismodelling at 8 TeV

√
s = 8 TeV [CMS PAS TOP-14-018]
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Top quark pT mismodelling at 8 TeV

√
s = 8 TeV
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Top quark pT mismodelling at 8 and 13 TeV
√

s = 8/13 TeV [ATLAS-CONF-2016-040]
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Similar trends in Powheg + Pythia 8 at 13 TeV compared to 8 TeV
Powheg + Herwig++ agrees better with data at 8 TeV than at 13 TeV
Comparable total uncertainty sizes as both energies
NNLO corrections appear to bring pT (t) into agreement
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Additional jet activity in t t̄ events

√
s = 8 TeV [CMS PAS TOP-15-006]

dσ/dN Stat. Exp. Theo. Total Prediction
[pb] [pb]

tt̄ + ≥ 0 jet 239.9 0.3% 6.2% 11.2% 13.0% 252.9+2.5%
−3.4%(scale)± 4.6%(PDF+αs)

tt̄ + ≥ 1 jet 81.4 0.5% 7.2% 11.7% 14.0% -
tt̄ + ≥ 2 jets 20.1 0.8% 8.5% 13.6% 16.3% 20.97−15.5%

−13.3%(scale)
tt̄ + ≥ 3 jets 4.06 1.6% 10.3% 18.4% 21.3% -
tt̄ + ≥ 4 jets 0.71 3.4% 13.1% 30.5% 33.4% -
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Top quark pole mass from σ(t t̄)
√

s = 7, 8 TeV [JHEP 08 (2016) 029]

44 / 35



Top quark results from the LHC | Nuno Castro | QCD@LHC 2016

Top quark mass: alternative measurements
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ATLAS, CDF, CMS, D0
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