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Outline

motivation & challenges
measurements with boosted top quarks
‣ differential cross sections for top pair production @ 8 & 13 

TeV

‣ top properties

searches with boosted top quarks
‣ new heavy particles decaying to top pairs
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Large Hadron Collider
CMS

ATLAS

‣ superb LHC performance
- large dataset at 8 TeV in Run I
- Run II started very promising (2015)
- 2016 dataset beyond expectations!
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Why boosted tops?

‣ LHC is a top factory
- high centre-of-mass energy combined with large datasets
- access to previously unaccessible corners of phase space
- differential measurements are feasible

• confront the theory predictions and constrain fundamental QCD 
parameters

‣ new physics may manifest in final states with high pT (boosted) top 
quarks

‣ challenge: reconstruction of boosted top quarks
- appear as a large-radius jet
- rule of thumb: pT ~ 2M/R  

Boosted Top Quarks
• Why / how?

‣ Test predictions of high-pT top production

‣ Probe new physics -- many models predict new particles at the TeV scale

‣ Collimated decay products  →  special reconstruction techniques

6
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Introduction

• Top tagging - technique to identify merged 
hadronically decaying boosted top jets 

- CMS JME-13-007 NEW!

• Tagging algorithms are compared in 
simulation

• Algorithm performance is measured in data
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Challenges
Boosted Top Quarks
• Why / how?

‣ Test predictions of high-pT top production

‣ Probe new physics -- many models predict new particles at the TeV scale

‣ Collimated decay products  →  special reconstruction techniques
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Many ATLAS/CMS searches with 
boosted tops:

tt / tb / tH resonances, stop quarks, 
vector-like quarks, ...

-
‣ discriminate boosted tops from ordinary QCD jets
- reconstruct large-radius jets (anti-kT or Cambridge-Aachen algorithms)
- exploit substructure properties 
- established techniques and new ideas (area of active development !)

‣ mitigate pileup contamination
- grooming methods to remove irrelevant soft particles
- reject tracks/particles from pileup vertices

‣ identify leptons within the boosted top
- non-isolated leptons in leptonic decays

‣ tag b-jets within the boosted top
- subjet b tagging with dedicated algorithms

details in J. Caudron’s talk
“Boosted top: new algorithms and perspectives”
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Precision measurements

6
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Pair production of top quarks @ 8 TeV

7

arXiv:1605.00116
(accepted by PRD)

Boosted Tops -- Leptonic Decays

• Shrinking isolation cone  (ATLAS)

• Kinematic cuts  (CMS)

‣ ΔR(lepton, jet) separation 

‣ Component of lepton pT transverse 
to jet axis
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‣ CMS measurement @ 8 TeV
- semileptonic decay

• leptonic top triggers the event
- inclusive & differential vs hadronic top kinematic 

variables (pT, y) 
• for top pT > 400 GeV
• detector, particle, & parton level

‣ reconstruction
- small-R jets (AK5)
- large-R jets (CA8)
- leptons (μ, e)

• pT > 45 (μ), 35 (e) GeV
• ΔR(l, small-R jet) > 0.5 || pTrel > 25 GeV

- top tagging: CMS top tagger
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‣ signal extraction
- maximum likelihood fit in 3 categories based on top 

and b tags 
‣ unfolding to particle & parton level

- separately in electron and muon channels
- SVD in RooUnfold
‣ results 

- integrated cross section overestimated by ~14%, 
but consistent within uncertainties

- significant differences between MC models in the 
description of the differential cross section

Pair production of top quarks @ 8 TeV
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‣ ATLAS measurement @ 8 TeV
- semileptonic decay

• leptonic top triggers the event
- differential vs hadronic top pT 

• for top pT > 300 GeV
• detector, particle, & parton level

‣ reconstruction
- small-R jets (AK4)
- large-R jets (AK10)

• trimming (Rsub = 0.3 & fcut = 0.05)
- leptons (μ, e)

• pT > 25 GeV
• mini-isolation

- top tagging: kt splitting scale & jet mass

PRD 93 (2016) 032009

Boosted Tops -- Leptonic Decays

• Shrinking isolation cone  (ATLAS)

• Kinematic cuts  (CMS)

‣ ΔR(lepton, jet) separation 

‣ Component of lepton pT transverse 
to jet axis
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Pair production of top quarks @ 8 TeV
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‣ signal extraction
- background estimated with data-driven methods
‣ unfolding to particle & parton level

- electron and muon channels combined at 
detector level, before unfolding

- SVD
‣ results 

- all generators predict a harder top pT spectrum
• difference increases with top pT

- predictions are consistent with data within the 
uncertainties (correlated vs top pT)

Pair production of top quarks @ 8 TeV
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‣ CMS measurement @ 8 TeV
- semileptonic decay
- differential vs hadronic top mass

• unfolded to parton level
- normalized cross section used to check the sensitivity 

to the top mass (feasibility study) 

‣ reconstruction
- small-R jets (AK5)
- large-R jets (CA12)
- leptons (μ, e)

• pT > 45 GeV
• ΔR(l, small-R jet) > 0.5 || pTrel > 25 GeV

12 6 Summary
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Figure 6: Normalised particle-level differential tt production cross section in the fiducial re-
gion as a function of the leading jet mass. The measurement is compared to predictions from
MADGRAPH+PYTHIA using three different values of mt. The data are shown with statistical
(inner bars) and total (outer bars) uncertainties.

µR and µF by factors of 0.5 and 2 in the MADGRAPH+PYTHIA simulation. The resulting uncer-371

tainty is added to the covariance matrix. The resulting c2 values for different values of mt are372

fitted by a second-order polynomial to determine the minimum and the uncertainty, defined373

by a change in c2 by one. The result is374

mt =171.8 ± 9.5 GeV (3)
=171.8 ± 5.4 (stat) ± 3.0 (syst) ± 5.5 (model) ± 4.6 (theory) GeV (4)

with a minimum value of c2
min = 2.2 for four degrees of freedom. The individual statistical,375

systematic, modelling and theory uncertainties are obtained by subsequently adding the cor-376

responding uncertainties. The value obtained represents the first determination of mt from377

boosted tt production calibrated to the MADGRAPH+PYTHIA simulation. It is consistent with378

recent direct determinations of mt using MC event generators [23, 25–27], extractions of mt379

from cross section measurements [24, 96, 97] and with indirect constraints from the electroweak380

fit [98]. The result shows the feasibility of the method and will provide an important ingredient381

for studies of the relation between the value of mt obtained using MC event generators and the382

top-quark mass obtained from first-principle calculations.383

6 Summary384

A first measurement of the differential tt cross section as a function of the leading jet mass385

mjet in the boosted regime has been performed. The measurement is carried out in a fiducial386

region with fully-merged hadronic top quark decays and is corrected to the particle level. The387

shape of the mjet distribution agrees with predictions from simulations, showing the overall388

good modelling of the jet mass for top quarks. The total cross section for mjet between 140 –389

350 GeV is 103.5 ± 18.2 fb, which is 20–30% lower than predicted due to the softer top quark pT390

spectrum observed in data than in simulation [7, 8].391

The peak position of the mjet distribution exhibits sensitivity to the top quark mass mt. This can392

11

Differential cross section vs top mass @ 8 TeV

CMS-PAS-TOP-15-015

11

Jet Mass [GeV]
150 200 250 300 350

]
G

eVfb
 [

je
t

dm
σ

d 

0

0.5

1

1.5

2

2.5 Data

MADGRAPH+PYTHIA

MC@NLO+HERWIG

POWHEG+PYTHIA

CMS Preliminary  (8 TeV)-119.7 fb

Figure 5: Fiducial particle-level differential tt production cross section as a function of the
leading jet mass. The combined cross sections obtained from the electron and muon chan-
nels are compared to the predictions from MADGRAPH+PYTHIA, POWHEG+PYTHIA and
MC@NLO+HERWIG. The data are shown with statistical (inner bars) and total (outer bars) un-
certainties.

sections at high top quark pT [7, 8]. A similar trend is observed when comparing the data to350

the prediction from MC@NLO+HERWIG.351

The normalised differential cross section 1
s

ds
dmjet

is obtained by dividing by the total cross section352

in the mjet range from 140 to 350 GeV. The result is shown in Fig. 6 together with the prediction353

of MADGRAPH+PYTHIA using three different values of mt. The data are well described by the354

simulation, showing the overall good modelling of the top quark jet mass once the disagree-355

ment due to the overall cross section at high top quark pT is eliminated by the normalisation.356

The sensitivity of the measurement to mt is clearly visible, albeit compromised by the uncer-357

tainties.358

5 Sensitivity to the top quark mass359

Calculations of mjet for tt production from first principles are not available yet for the LHC. Still,360

a determination of mt using the normalised particle-level cross section measurement provides361

a proof-of principle for the feasibility of the method, a cross check with other determinations362

of mt and an estimate of the current measurement’s sensitivity. The value of mt is determined363

using the normalised measurement since only the shape of the mjet distribution can be reliably364

calculated. Correlations are taken into account using the full covariance matrix of the measure-365

ment. Theory predictions are obtained from MADGRAPH+PYTHIA with different values of mt.366

A template fit is performed based on values of c2, which are evaluated as367

c2 = dTV�1d (2)

where d is the vector of differences between measured normalised cross section values and368

predictions and V is the covariance matrix which includes statistical, experimental systematic,369

modelling and theory uncertainties. Theory uncertainties are calculated by varying the scales370

mt = 171.8 ± 5.4 ± 3.0 ± 5.5 ± 4.6 GeV

stat syst model

theory
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‣ ATLAS measurement @ 8 TeV
- charge asymmetry caused by momentum differences  

(valence vs sea) in quark-antiquark initial states 
• largely diluted by gluonic initial states
• SM prediction ~1% but sensitive to new physics 

- semileptonic decay
- distribution of Δ|y| = |ytop| - |yantitop|

• unfolded to parton level

‣ reconstruction
- small-R jets (AK4)
- large-R jets (AK10)

• trimming (Rsub = 0.3 & fcut = 0.05)
- leptons (μ, e)

• mini-isolation
• leptonic top from lepton + MET

- top tagging: kt splitting scale & jet mass
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In the pp → tt̄ process the angular distributions of top and anti-top quarks are expected to present 
a subtle difference, which could be enhanced by processes not included in the Standard Model. This 
Letter presents a measurement of the charge asymmetry in events where the top-quark pair is produced 
with a large invariant mass. The analysis is performed on 20.3 fb−1 of pp collision data at √s = 8 TeV
collected by the ATLAS experiment at the LHC, using reconstruction techniques specifically designed for 
the decay topology of highly boosted top quarks. The charge asymmetry in a fiducial region with large 
invariant mass of the top-quark pair (mtt̄ > 0.75 TeV) and an absolute rapidity difference of the top and 
anti-top quark candidates within −2 < |yt | − |yt̄ | < 2 is measured to be 4.2 ± 3.2%, in agreement with 
the Standard Model prediction at next-to-leading order. A differential measurement in three tt̄ mass bins 
is also presented.

© 2016 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The charge asymmetry [1,2] in top-quark pair production at 
hadron colliders constitutes one of the more interesting develop-
ments in the last decade of top-quark physics. In the Standard 
Model (SM), a forward–backward asymmetry (AFB), of order αs , is 
expected at a proton–antiproton (pp̄) collider such as the Tevatron, 
with a much enhanced asymmetry in certain kinematical regions. 
Early measurements [3,4] found a larger AFB than predicted by 
the SM. Later determinations confirmed this deviation and mea-
surements in intervals of the invariant mass, mtt̄ , of the system 
formed by the top-quark pair [5–9] found a stronger dependence 
on mtt̄ than anticipated. Recent calculations of electroweak effects 
[10] and the full next-to-next-to-leading-order (NNLO) corrections 
[11] to the asymmetry have brought the difference between the 
observed asymmetry at the Tevatron and the SM prediction down 
to the 1.5 σ level and reduced the tension with the differential 
measurements in mtt̄ [12,13].

At the Large Hadron Collider (LHC), the forward–backward 
asymmetry is not present due to the symmetric initial state, but 
a related charge asymmetry, AC, is expected in the distribution of 
the difference of absolute rapidities of the top and anti-top quarks,

AC = N($|y| > 0) − N($|y| < 0)

N($|y| > 0) + N($|y| < 0)
, (1)

⋆ E-mail address: atlas.publications@cern.ch.

where $|y| = |yt | − |yt̄ | and y denotes the rapidity of the top 
and anti-top quarks.1 For quark–antiquark (qq̄) initial states, the 
difference in the average momentum carried by valence and sea 
quarks leads to a positive asymmetry. These quark-initiated pro-
cesses are strongly diluted by the charge-symmetric gluon-initiated 
processes, yielding a SM expectation for the charge asymmetry of 
less than 1%. Many beyond-the-Standard-Model (BSM) scenarios 
predict an alteration to this asymmetry. Previous measurements at 
7 TeV [14–17] and 8 TeV [18–20] by ATLAS and CMS are consistent 
with the SM prediction.

With a centre-of-mass energy of 8 TeV and a top-quark pair 
sample of millions of events, the LHC experiments can access the 
charge asymmetry in a kinematic regime not probed by previ-
ous experiments. The development of new techniques involving 
Lorentz-boosted objects and jet substructure [21–24] and their use 
in the analysis of LHC data [25,26] have enabled an efficient se-

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis coinciding with 
the axis of the beam pipe. The x-axis points from the IP towards the centre of 
the LHC ring, and the y-axis points upward. Polar coordinates (r, φ) are used in 
the transverse plane, φ being the azimuthal angle around the z-axis. The rapidity 
y is given as y = − 1

2 ln[(E + pz)/(E − pz)], while the pseudorapidity is defined in 
terms of the polar angle θ as η = − ln[tan (θ/2)]. The distance in (η, φ) coordinates, 
$R =

√
($φ)2 + ($η)2, is used to define cone sizes and the distance between re-

constructed objects. Transverse momentum and energy are defined as pT = p sin θ

and ET = E sin θ , respectively.

http://dx.doi.org/10.1016/j.physletb.2016.02.055
0370-2693/© 2016 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

details in M. Naseri’s talk
“Asymmetry measurements in ttbar”
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Pair production of top quarks @ 13 TeV
‣ ATLAS measurement @ 13 TeV

- semileptonic decay
• leptonic top triggers the event

- differential vs hadronic top kinematic variables 
(pT, y) and ttbar system
• for top pT > 300 GeV
• particle level

‣ reconstruction
- small-R jets (AK4)
- large-R jets (AK10)

• trimming (Rsub = 0.3 & fcut = 0.05)
- leptons (μ, e)

• pT > 25 GeV
• mini-isolation

- top tagging: N-subjettiness ratio τ32 + hard 
subjets + mass compatible with a top quark

- resolved & boosted selections (non exclusive)

ATLAS-CONF-2016-040 ljet_m
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Pair production of top quarks @ 13 TeV

The unfolding procedure for an observable X at particle-level is summarised by the expression

d�fid

dXi ⌘
1

L · �Xi ·
1
✏i
·
X

j

M�1
i j · f j

match · f j
acc ·
⇣
N j

reco � N j
bg

⌘
, (2)

where the index j iterates over bins of X at detector-level while the i index labels bins at particle-level;
�Xi is the bin width while L is the integrated luminosity and the Bayesian unfolding is symbolised by
M�1

i j . No matching correction is applied in the boosted case ( fmatch =1). The integrated cross-section
is obtained by integrating the unfolded cross-section over the kinematic bins, and its value is used to
compute the normalised di↵erential cross-section 1/�fid · d�fid/dXi.
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Figure 8: The (a) acceptance, (b) matching and (c) e�ciency, and the (d) detector-to-particle-level migration ma-
trix for the hadronic top-quark transverse momentum in the resolved topology evaluated with the Powheg+Pythia
simulation sample with hdamp=mt and using CT10nlo PDF. In Figure (d), the empty bins contain either no events
or the number of events is less than 0.5%.

20

‣ signal extraction
- background estimated with data-driven methods
‣ unfolding to particle level

- electron and muon channels combined at detector 
level, before unfolding

- d’ Agostini iterative method

acceptance correction
(events that migrate in)

efficiency
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Pair production of top quarks @ 13 TeV

‣ results 
- no MC generator can describe all distributions

• resolved and boosted selections alike
- most significant tension in the top pT

• cannot be accounted for by EWK corrections
• NLO+PS models predict a harder spectrum
• the ag reemen t imp roves w i t h NNLO 

calculations at parton level
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Preliminary‣ CMS measurement @ 13 TeV

- all-hadronic decay
• large BR
• efficiency increases with pT

- differential vs leading top pT

• for top pT > 450 GeV
• parton level

‣ reconstruction
- small-R jets (AK4)
- large-R jets (AK8)

• soft-drop (β=0, identical to 
modified mass-drop tagger)

- dedicated top pair tagging: Fisher 
discriminant using τ31 and τ32 of 
both jets

- subjet b tagging
- resolved & boosted selections 

(non exclusive)
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Pair production of top quarks @ 13 TeV

CMS-PAS-TOP-16-013

boosted boosted

resolved
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Pair production of top quarks @ 13 TeV

resolved boosted

‣ signal extration
- template fit to the data
- data-driven background shape estimate
‣ result at detector level

- resolved: systematics limited
- boosted: statistics limited
- MC generators do not describe the data

• softer measured spectrum
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Pair production of top quarks @ 13 TeV

‣ unfolding to parton level
- d’ Agostini iterative method

‣ results 
- agreement between the two selections in the overlapping region
- all generators predict a harder top pT spectrum

• difference increases with top pT
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Searches for new physics
highlights from ttbar resonances

19

details in dedicated talks
1. M. Missiroli: “Searches for ttbar resonances with the CMS detector at 13 TeV”
2. K. Jones: “Searches for new resonances decaying to top quarks”
3. A. Barker: “Searches for vector like quarks”
4. A. Lipniacka: “Searches for SUSY with top quarks”
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Resonances decaying to top quarks

CMS-PAS-B2G-15-002

‣ CMS search @ 13 TeV
- semileptonic final state
‣ object reconstruction

- small-R jets (AK4)
- large-R jets (AK8)

• soft-drop
- lepton pT > 45 GeV

• mini-isolation
‣ top tagging

- N-subjettiness ratio τ32 + large-R jet mass
‣ results

- 3 categories based on top and b tags
- search performed on the top pair mass
- signal models: Z’ (various widths), KK gluons
- no excess observed !

• same sensitivity as the 8 TeV dataset
• great prospects with the 2016 dataset
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Resonances decaying to top quarks

CMS-PAS-B2G-15-003

‣ CMS search @ 13 TeV
- all-hadronic final state
‣ object reconstruction

- large-R jets (AK8)
• soft-drop

‣ top tagging
- N-subjettiness ratio τ32 + large-R jet mass
- subjet b tagging
‣ results

- 6 categories based on b tags and |Δy|
- search performed on the top pair mass
- signal models: Z’ (various widths), RS 

gravitons
- no excess observed !

• same sensitivity as the 8 TeV dataset
• great prospects with the 2016 dataset
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Resonances decaying to top quarks

ATLAS-CONF-2016-014

‣ ATLAS search @ 13 TeV
- semileptonic final state
‣ object reconstruction

- small-R jets (AK4)
- track jets (AK2)
- large-R jets (AK10)

• trimming (Rsub = 0.2 & fcut = 0.05)
- lepton pT > 45 GeV

• mini-isolation
‣ top tagging

- N-subjettiness ratio τ32 + large-R jet mass
‣ results

- search performed on the top pair mass with 
BUMPHUNTER

- signal models: Z’ (various widths)
- no excess observed !
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Summary
copious production of high pT top quarks at LHC

• high boost ⇒ collimated top decay products

• identification of boosted tops with sophisticated reconstruction techniques

• semileptonic and all-hadronic final states

• ample statistics with the 2016 dataset (stay tuned for many new results !)
precision measurements 

• differential cross sections vs various observables

• top pT spectrum measured beyond the TeV scale

• general observation: NLO+PS generators predict much harder top pT spectrum

• boosted tops have been used to measure other properties, such as the top mass and the charge 
asymmetry 

• the 8 TeV and first 13 TeV analyses have made us wiser: over-conservatism in systematic 
uncertainties is being reconsidered (room for more precise measurements with the 2016 dataset)

new physics with boosted tops

• many searches are being performed in final states with high pT tops

• no hint so far but sensitivity is being pushed to much higher scale


