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• Top quark mass 
• Top quark properties 

• Jet pull 
• Single top 

• Interference with di-top 
• BSM with top quarks 

• stops in SUSY



�3Why is the top quark special?
•Very heavy (mass ~ 175 GeV) 

• Decays ~100% of the time to bW (W on-shell) 
• Quadratic contributions to Higgs boson mass 

•Short lived (lifetime ~ few 10-25 s) 
• ~Doesn’t form hadrons

https://www.quantumdiaries.org/tag/top-quark/


�4Identifying top quark final states
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Figure 13: Schematic representation of the object selection. At least four jets are required: two b-tagged
jets B1, B2 and at least two non b-tagged jets, labelled J1, J2. The charged lepton is used to trigger and a
cut on the missing energy from the neutrino is used to purify the sample in tt̄ events.

Selection Data E�ciency Powheg Fullsim E�ciency
Skim+Slim 2.33e8 100% 1.50e7 100%

GRL 2.23e8 96% 1.50e7 100%
Detector Problems 2.23e8 100% 1.50e7 100%

Vertex 2.23e8 100% 1.50e7 100%
Muon Trigger 2.23e8 100% 3.53e6 100%
� 1 muon 1.08e8 49% 2.74e6 78%
= 1 muon 1.01e8 93% 2.62e6 96%

No electrons 1.01e8 100% 2.48e6 95%
No bad jets 6.68e7 66% 1.94e6 78%
� 2 jets 3.77e6 6% 1.80e6 92%
� 3 jets 1.01e6 31% 1.42e6 79%
� 4 jets 3.16e5 88% 8.40e5 59%
MET 2.78e5 96% 7.75e5 92%

MET+MT 2.57e5 92% 7.33e5 95%
� 1 b-jet 1.36e5 53% 6.32e5 86%
� 2 b-jets 5.77e5 43% 3.07e5 49%
� 2 non b-jets 5.49e4 95% 2.92e5 95%

Table 4: Cutflow for the muon channel in data. E�ciencies are computed with respect to the previous
cut. MC event counts are unweighted.
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�5Top quark mass
• MC mass methods 
• mjjj in semi-leptonic 

• mbl / mT2 in di-leptonic 
• Spectra of decay  

products (e.g. J/y) 

• … 

• Pole mass methods 
• top cross section 

• top jet mass 
• …

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
WGtopLHC

November 2018

World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 

ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 

CMS, l+jets 7 TeV  [9] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [10] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [11] 1.23)± 1.41 (0.69 ±173.49 

CMS, l+jets 8 TeV  [12] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [12] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [12] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [13] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [12] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [14] 0.62)± 0.63 (0.08 ±172.25 

CMS, dilepton 13 TeV  [15] 0.69)± 0.70 (0.14 ±172.33 

CMS, all jets 13 TeV  [16] 0.76)± 0.79 (0.20 ±172.34 
[1] ATLAS-CONF-2013-102
[2] arXiv:1403.4427
[3] Eur.Phys.J.C75 (2015) 330
[4] Eur.Phys.J.C75 (2015) 158
[5] ATLAS-CONF-2014-055
[6] Phys.Lett.B761 (2016) 350

[7] JHEP 09 (2017) 118
[8] arXiv:1810.01772
[9] JHEP 12 (2012) 105
[10] Eur.Phys.J.C72 (2012) 2202
[11] Eur.Phys.J.C74 (2014) 2758
[12] Phys.Rev.D93 (2016) 072004

[13] EPJC 77 (2017) 354
[14] arXiv:1805.01428
[15] CMS PAS TOP-17-001
[16] CMS PAS TOP-17-008



�6Top quark mass
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Figure 2: (Top) phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM
region. Ellipses show the 68%, 95% and 99% contours based on the experimental uncertain-
ties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the ↵s experimental uncertainty
and the theory uncertainty. (Bottom) phase diagram in the mpole

t /↵s(mZ) plane, with un-
certainty on the boundaries given by combinations of uncertainty on mpole

h and theory. The
dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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Figure 5: Contours at 68% and 95% CL obtained from scans of MW versus mt for the fit including (blue)
and excluding the MH measurement (grey), as compared to the direct measurements (green vertical and
horizontal 1� bands, and two-dimensional 1� and 2� ellipses). The direct measurements of MW and mt are
excluded from the fits.

When evaluating sin2✓`e↵ through the parametric formula from Ref. [69], an upward shift of 2 ·10�5

with respect to the fit result is observed, mostly due to the inclusion of MW in the fit. Using
the parametric formula the total uncertainty is larger by 0.6 · 10�5, as the global fit exploits the
additional constraint from MW . The fit also constrains the nuisance parameter associated with the
theoretical uncertainty in the calculation of sin2✓`e↵ , resulting in a reduced theoretical uncertainty
of 4.0 · 10�5 compared to the 4.7 · 10�5 input uncertainty.

The mass of the top quark is indirectly determined to be

mt = 176.4± 2.1 GeV , (4)

with a theoretical uncertainty of 0.6 GeV induced by the theoretical uncertainty on the prediction of
MW . The largest potential to improve the precision of the indirect determination of mt is through
a more precise measurement of MW . Perfect knowledge of MW would result in an uncertainty on
mt of 0.9 GeV.

The strong coupling strength at the Z-boson mass scale is determined to be

↵S(M
2
Z) = 0.1194± 0.0029 , (5)

which corresponds to a determination at full next-to-next-to leading order (NNLO) for electroweak
and strong contributions, and partial strong next-to-NNLO (NNNLO) corrections. The theory
uncertainty of this result is 0.0009, which is shared in equal parts between missing higher orders
in the calculations of the radiator functions and the partial widths of the Z boson. The most
important constraints on ↵S(M2

Z) come from the measurements of R0
` , �Z and �0

had, also shown in
Fig. 6. The values of ↵S(M2

Z) obtained from the individual measurements are 0.1237±0.0043 (R0
` ),

lifetime of the universeconsistency of Standard Model
(unique input from hadron collider)

https://arxiv.org/pdf/1707.08124.pdf
https://arxiv.org/pdf/1803.01853.pdf


�7Top quark mass: lepton + jets
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Use templates to fit mjjb, constrain jet energy with fit to mjj

parton 
matching to jets

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-007/index.html
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Figure 7.1: (left) Pull distribution (mmeas � mgen)/smeas for the top-quark mass (other masses
are fixed) across 150 MC pseudo-experiments. (right) Fit results obtained in MC tt-only sam-
ples generated with MADGRAPH for various top-quark masses. The best-fit calibration is
shown by the solid line and the line of unit slope is shown in the dashed line. Data points
are from doubly-constrained fits. The line of unit slope agrees with the fit results with
c2/degree of freedom =10.7/9.

sitive volume. Varying the lepton energy scale accordingly leads to a systematic uncertainty in
Mt of +0.3

�0.4 GeV.

The choice of fit range in µbb and Mb` introduces an uncertainty due to slight deviations from
linearity in the descending portion of these distributions. Separately varying the upper and
lower ends of the µbb and Mb` fit range gives an estimate of ±0.6 GeV for the systematic uncer-
tainty. The uncertainty is mainly driven by dependence on the lower end of the µbb range. A
cross-check study based on the methods of Ref. [37] confirms the estimate.

The AKDE shape which is used to model the mistag background in µbb and Mb` is non-
parametric and derived from data. For this reason, the AKDE is not subject to biases stemming
from assumptions about the underlying background shape or those inherent in MC simulation.
However, one could also model the mistag background with a parametric shape, and we use
this alternative as a way to estimate the uncertainty due to background modeling. Based on
comparisons among the default AKDE background shape and several parametric alternatives,
we assign a systematic uncertainty of ± 0.5 GeV.

Efficiency can affect the results of this analysis if it varies across the region of the endpoint in
one or more of the kinematic plots. The Mb` observable is sensitive to both b-tagging and lepton
efficiency variations, whereas µbb is only sensitive to uncertainties due to b-tagging efficiency.
By varying the b-tagging and lepton selection efficiencies by ±1s, including their variation
with pT, we estimate that the effect of the efficiency uncertainty contributes at most +0.1

�0.2 GeV
uncertainty to the measured top-quark mass.

The dependence on pileup is estimated by conducting studies of fit performance and results
with data samples that have been separated into low-, medium-, and high-pileup subsamples
of equal population; these correspond to 2–5, 6–8, and �9 vertices, respectively. The depen-
dence is found to be negligible. In addition, direct examination of the variables µbb and Mb`

(measured - true)/uncertainty

Remember: hc⇥ xi = c⇥ hxi
�(c⇥ x) = c⇥ �(x)

Top quark mass: lepton + jets

https://arxiv.org/pdf/1304.5783.pdf
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-15-008/index.html


�10MC-template-based top quark mass

Warning: the “kinematic mass”, aka MC mass is not 
the pole mass (or any well-defined mass in QFT)

There is a O(1) GeV ambiguity between the 
quantity we measure (which is MC-dependent) 
and the top quark mass in the Standard Model.
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Experimental uncertainties

Method calibration 0.05 <0.1 0.05 0.05 <0.1
JEC (quad. sum) 0.13 0.2 0.83 0.18 0.3
– InterCalibration (�0.02) (<0.1) (+0.16) (+0.04) (<0.1)
– MPFInSitu (�0.01) (<0.1) (+0.23) (+0.07) (<0.1)
– Uncorrelated (�0.13) (+0.2) (+0.78) (+0.16) (+0.3)
Jet energy resolution �0.08 +0.1 +0.04 �0.04 +0.1
b tagging +0.03 <0.1 +0.01 +0.03 <0.1
Pileup �0.08 +0.1 +0.02 �0.05 +0.1
Non-tt background +0.04 �0.1 �0.02 +0.02 �0.1

Modeling uncertainties
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– light quarks (uds) (+0.10) (�0.1) (�0.01) (+0.06) (�0.1)
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– semileptonic B decays (+0.11) (<0.1) (+0.08) (+0.10) (<0.1)
PDF 0.02 <0.1 0.02 0.02 <0.1
Ren. and fact. scales 0.02 0.1 0.02 0.01 <0.1
ME/PS matching �0.08 +0.1 +0.03 �0.05 +0.1
ME generator +0.19 ± 0.14 +0.1 +0.29 ± 0.08 +0.22 ± 0.11 +0.1
ISR PS scale +0.07 ± 0.09 +0.1 +0.10 ± 0.05 +0.06 ± 0.07 <0.1
FSR PS scale +0.24 ± 0.06 �0.4 �0.22 ± 0.04 +0.13 ± 0.05 �0.3
Top quark pT +0.02 �0.1 �0.06 �0.01 �0.1
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Early resonance decays �0.22 ± 0.09 +0.8 +0.42 ± 0.05 �0.03 ± 0.07 +0.5
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Early resonance decays �0.22 ± 0.09 +0.8 +0.42 ± 0.05 �0.03 ± 0.07 +0.5
Color reconnection +0.34 ± 0.09 �0.1 +0.23 ± 0.06 +0.31 ± 0.08 �0.1

Total systematic 0.72 1.0 1.09 0.62 0.8

Statistical (expected) 0.09 0.1 0.06 0.08 0.1

Total (expected) 0.72 1.0 1.09 0.62 0.8

…

…
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How would you measure the mass?

One possibility is to use the inclusive cross-section.  
This is the safest approach, but least sensitive.  
Would be nice to have a energy scan in e+e-!
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How would you measure the mass?

Another possibility is to use 
differential cross-sections.  
These require unfolding to 

parton level in order to 
compare with calculations*. *also true for the inclusive cross 

section, but less sensitive.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/fig_08a.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-09/fig_04.pdf


�14Alternative approaches

 [GeV] pole

 t
m

140 150 160 170 180 190

Top quark pole mass from cross-section
compared to direct measurement

Direct reconstruction LHC+Tevatron 2014

ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014

ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014

ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014

CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013

D0 approx NNLO: MSTW08, 1.96 TeV 2011

D0 approx NNLO: MSTW08, 1.96 TeV 2009

 0.8±173.3 

+2.5

- 2.6
172.9

 2.6±174.1 

 2.6±171.4 

+3.0

- 2.8
176.7

+5.2

- 4.7
167.5

+5.9

- 5.1
169.1

ATLAS

150 160 170 180 190
[GeV]t

polem

PRD 94, 092004 (2016)
= 1.96 TeVs, tt

incl.σD0 

JHEP 08 (2016) 029
= 7+8 TeVs, NNPDF3.0,  incl.

ttσCMS 

JHEP 09 (2017) 051
= 13 TeVs, tt

incl.σCMS 

arXiv:1904.05237
= 13 TeVs, tt

diff.σCMS 

EPJC 77 (2017) 804
= 8 TeVs, tt

diff.σATLAS 

EPJC 74 (2014) 3109
= 7+8 TeVs, tt

incl.σATLAS 

JHEP 10 (2015) 121
= 7 TeVs, +1 jettt

diff.σATLAS 

this analysis
= 8 TeVs, +1 jettt

diff.σATLAS  

  GeV 3.2− 
 3.4+ 172.8 

  GeV 1.8− 
 1.7+ 173.8 

  GeV 2.7− 
 2.7+ 170.6 

  GeV 0.8− 
 0.8+ 170.5 

  GeV 1.6− 
 1.6+ 173.2 

  GeV 2.6− 
 2.5+ 172.9 

  GeV 2.1− 
 2.3+ 173.7 

  GeV 1.1− 
 1.2+ 171.1 

tot∆  ±  pole
t  mATLAS 

16

of Ref. [21] where it was shown that MPI in Pythia for
the ungroomed jet mass spectrum can be well modeled
by simply changing parameters in the nonperturbative
shape function. This occurs because the dominant im-
pact of MPI is to populate the jet with uncorrelated soft
radiation of somewhat higher energy than that associ-
ated to the soft hadronization. We adopt this approach
to account for hadronization plus UE, replacing

⌦��
nq

! ⌦��MPI

nq

. (66)

Estimating that this treatment of UE is uncertain at
the . 30% level, this induces a residual uncertainty of
�m

t

. 0.3GeV for our soft drop top mass extraction,
compared to �m

t

. 1.4GeV without soft drop. With
additional dedicated studies this uncertainty may be fur-
ther reduced. Lastly, we note that from the work in
Ref. [17] we only know about the universality properties
of the first moment ⌦��

1q

of the shape function, whereas
the higher moments n � 2 may depend on the grooming
parameters and the kinematic variables in a manner that

is not determined solely by C

q(pp)

1

, although its inclusion
does capture the proper power counting for these terms.
Technically, the higher moment ⌦��

2q

should involve an
additional Wilson coe�cient which we have not derived.
Since ⌦��

2q

gives a sub-dominant power correction our ap-
proximation should be reasonable.

For the Pythia8 results we use the Monte-Carlo mass
m

MC

t

= 173.1GeV as input and employ the default
Monash 2013 tune [29] of the Lund string fragmenta-
tion model for its hadronization corrections. To achieve
a meaningful comparison of our factorization prediction
with the Pythia8 results we carry out a simultaneous
fit for m

MSR

t

(R
m,0

= 1GeV), ⌦��
1q

and x

2

entering the
formula in Eq. (64) to the Pythia8 results simultane-
ously including p

T

� 750GeV and p

T

� 1000GeV bins.
For the fit range we take M

J

2 [173, 180]GeV and utilize
10 M

J

bins in this range, over which the central fac-
torization curve and the Pythia curve are also normal-
ized. The fits are carried out independently for Pythia8
with only hadronization (with the results shown in
Figs. 13a,b), and for Pythia8 with both hadronization
and MPI (with the results shown in Figs. 13c,d). The
resulting best fit values for m

MSR

t

(1GeV), ⌦��
1q

(⌦��MPI

nq

)
and x

2

(xMPI

2

) are displayed in the panels of Fig. 13. For
the fits to Pythia8 with both hadronization and MPI
turned on we expect from our treatment of MPI e↵ects
modified fit results for the non-perturbative parameters
⌦��MPI

1q

and x

MPI

2

in comparison to ⌦��
1q

and x

2

obtained
without MPI while the fit result for m

MSR

t

(1GeV) should
remain unchanged.

The jet mass spectra obtained from the factorization
theorem and Pythia8, shown in the panels of Fig. 13,
are in quite good agreement for both p

T

bins as well as
for the di↵erent treatments of MPI. As expected from the
general structure of the factorization theorem the peak is
essentially at the same location for each p

T

bin. However,
there is a noticeable di↵erence between the factorization

a)

b)

c)

d)

FIG. 13. Comparison of Pythia8 without and with MPI to
the factorization theorem at NLL with mt in the MSR mass
scheme.

theorem results and Pythia8 for the tail on the left of the
peak. This is related to the grooming of radiation that is

How would you measure the mass?

What about combining theoretical soundness 
+ kinematic shape + jet substructure ??

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2013-04/fig_08a.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-09/fig_04.pdf
https://arxiv.org/pdf/1708.02586.pdf


�15Beyond the mass

The top quark has many interesting 
properties that can be measured at the LHC.
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correlations in dilepton events

Unfolded to 
parton level

(BSM may add an uncorrelated 
component - more on that later)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
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We are quite sure of the 
charge now, but early in 

the LHC, it was 
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exotic electric charges.
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(requires methods for 
estimating the “jet charge”)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-13/fig_07b.pdf
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The top quark has many interesting 
properties that can be measured at the LHC.
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than the Tevatron because we 

are gg dominated. 
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1 Introduction

The large mass of the top quark, which is close to the electroweak symmetry breaking scale, indicates
that this particle could play a special role in the Standard Model (SM) as well as in beyond the Standard
Model (BSM) theories. Due to the high top-pair production (tt̄) cross section for 13 TeVproton–proton (pp)
collisions [1], the Large Hadron Collider (LHC) experiments collect an unprecedented number of events in
which a tt̄ pair is produced. The top quark has a very short lifetime (⌧t ⇡ 0.5 ⇥ 10�24 s) and decays before
hadronisation (⌧had ⇠ 10�23 s), therefore, several of its properties may be measured precisely from studies
of the top quark’s decay products. These measurements probe predictions of quantum chromodynamics
(QCD), which provides the largest contribution to tt̄ production. They also probe potential contributions
from couplings between the top quark and BSM particles [2–4].

Production of top quark pairs is symmetric at leading-order (LO) under charge conjugation. The asymmetry
between the t and t̄ originates from interference of the higher-order amplitudes in the qq̄ and qg initial
states, with the qq̄ annihilation contribution dominating. The contribution from electro-weak corrections is
about 13% for the inclusive asymmetry and almost 20% for high mt t̄ bins [5–7] in the di�erential case.
The qg ! tt̄g production process is also asymmetric, but its cross section is much smaller than qq̄. Gluon
fusion production is symmetric to all orders. As a consequence of these asymmetries, the top quark is
preferentially produced in the direction of the incoming quark.

At a pp̄ collider, where the preferential direction of the incoming quark (antiquark) always almost coincides
with that of the proton (anti-proton), a forward-backward asymmetry AFB can be measured directly [8–11].
At the LHC pp collider, since the colliding beams are symmetric, it is not possible to measure AFB as there
is no preferential direction of either the top quark or the top antiquark. However, due to the di�erence
in the proton parton distribution functions, on average the valence quarks carry a larger fraction of the
proton momentum than the sea antiquarks. This results in more forward top quarks and more central top
antiquarks. A central–forward charge asymmetry for the tt̄ production, referred to as the charge asymmetry
(AC) is defined as [8, 12, 13]:

AC =
N (�|y | > 0) � N (�|y | < 0)
N (�|y | > 0) + N (�|y | < 0)

, (1)

where �|y | = |yt | � |yt̄ | is the di�erence between the absolute value of the top-quark rapidity |yt | and the
absolute value of the top-antiquark rapidity |yt̄ |. At the LHC, the dominant tt̄ production mechanism is via
gluon fusion, especially for collisions with higher centre of mass energy. The contributions from qq̄ and
qg are small, so the charge symmetric gg ! tt̄ process dilutes the measureable asymmetry.

Several BSM processes, such as anomalous vector or axial couplings (e.g. axigluons), heavy Z’ bosons,
or processes which interfere with the SM can alter AC [2–4, 12, 14–21]. Several BSM models predict
charge asymmetries which vary as a function of the invariant mass mt t̄ and the longitudinal boost of the tt̄
system along the z-axis �z,t t̄ .1 In particular, BSM e�ects are expected to be enhanced in specific kinematic
regions, for example, when the �z,t t̄ or mt t̄ are large [22]. Previously the CDF and D0 collaborations
reported measurements of AFB larger than the LO SM prediction [10, 11, 23–26], however these are in

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 along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

q
(�⌘)2 + (��)2.

2

This spurred a big program to 
probe the “charge asymmetry” 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-13/fig_07b.pdf
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As top-quark pair 
production is a 

background for many 
searches, it is important to 
study the kinematic tails.

Long-standing 
observation that the 

spectrum is harder in 
simulation than data.

This seems to be partially 
accounted for at NNLO, 
but full story still under 

investigation.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://arxiv.org/abs/1511.00549


�19Boosted top quarks

At high pT, don’t get 3 isolated 
jets from hadronic top quark 

�R ⇠ 2mt/ptT
(where does this come from?)
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In the “boosted” regime, need 
to use large(r)-radius jets

These jets have a 3-prong 
substructure and mass ~ mt

Jet substructure tagging is 
therefore important part for 
SM measurements, not just 

BSM searches!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-09/
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Figure 13: Schematic representation of the object selection. At least four jets are required: two b-tagged
jets B1, B2 and at least two non b-tagged jets, labelled J1, J2. The charged lepton is used to trigger and a
cut on the missing energy from the neutrino is used to purify the sample in tt̄ events.

Selection Data E�ciency Powheg Fullsim E�ciency
Skim+Slim 2.33e8 100% 1.50e7 100%

GRL 2.23e8 96% 1.50e7 100%
Detector Problems 2.23e8 100% 1.50e7 100%

Vertex 2.23e8 100% 1.50e7 100%
Muon Trigger 2.23e8 100% 3.53e6 100%
� 1 muon 1.08e8 49% 2.74e6 78%
= 1 muon 1.01e8 93% 2.62e6 96%

No electrons 1.01e8 100% 2.48e6 95%
No bad jets 6.68e7 66% 1.94e6 78%
� 2 jets 3.77e6 6% 1.80e6 92%
� 3 jets 1.01e6 31% 1.42e6 79%
� 4 jets 3.16e5 88% 8.40e5 59%
MET 2.78e5 96% 7.75e5 92%

MET+MT 2.57e5 92% 7.33e5 95%
� 1 b-jet 1.36e5 53% 6.32e5 86%
� 2 b-jets 5.77e5 43% 3.07e5 49%
� 2 non b-jets 5.49e4 95% 2.92e5 95%

Table 4: Cutflow for the muon channel in data. E�ciencies are computed with respect to the previous
cut. MC event counts are unweighted.

As the W bosons produced from top quarks are on-shell, top 
quark pairs offer unique LEP-like laboratory for QCD studies.

One can identify (‘tag’) events using the leptonic W decay and 
the study (‘probe’) the structure of the hadronic W decay.



�22Tops as a source of “singlet jets”
The only way to get a clean sample of jet 

originating from a singlet decay (since LEP)

detector tracks, and simulated stable particles.

Given two jets J1 and J2, the jet-pull vector, ~P (J1), can be used to construct another observable, the jet-pull
angle ✓P (J1, J2), which relates the local colour structure information of J1 to the global superstructure of
the two jets. This is defined as the angle between the pull vector ~P (J1) and the vector connecting J1 to
another jet J2 in rapidity - azimuth - space,

�
yJ2 � yJ1, �J2 � �J1

�
. Figure 1 illustrates the jet-pull vector

and angle for an idealised di-jet system. As the jet-pull angle is symmetric around zero and takes values
ranging from �⇡ to ⇡, it is convenient to consider the normalised absolute pull angle |✓P | /⇡ instead as
observable. The measurement presented here is performed using this normalisation.

Figure 1: Illustration of jet-pull observables for a di-jet system. For a jet J1 the jet-pull vector (blue dashed) is
calculated using an appropriate set of constituents (tracks, calorimeter clusters, truth particles, . . . ). The variable
of particular sensitivity to the colour structure of J1 with respect to J2 is the jet-pull angle (red) which is the angle
between the pull vector for J1 and the vector connecting J1 to another jet J2 in localised y-�-space (green).

The jet-pull angle is particularly suited for studying the colour structure of an object decaying into a di-jet
system as the inputs into the calculation are well-defined and the observable is expected to be sensitive to
the presence or absence of a colour connection.

For such a system of two colour-connected jets, it is expected that ~P is aligned with the jet connection axis,
i.e ✓P ⇠ 0. Experimentally, the observable is smeared out but should exhibit a peak at small values and a
sloped reduction from there on. If ✓P is calculated for two jets without any particular colour connection,
the jet-pull vector and the connection axis are not expected to be aligned and thus ✓P is expected to be
distributed uniformly.

In this note, the normalised jet-pull angle is measured for two di�erent systems of di-jets in tt̄ events
using 36.1 fb�1 of pp collision data recorded by the ATLAS detector at

p
s = 13 TeV. The first targets the

jets originating from the hadronic decay of a W boson and thus from a colour singlet, while the second
targets the two b-jets from the top decays, which are not expected to be colour connected. Furthermore,
the magnitude of the jet-pull vector is measured. The results are presented as normalised distributions
corrected for detector e�ects.

In Section 2, the ATLAS detector is introduced. Section 3 discusses the data used by this analysis as well
as the simulation samples. The reconstruction procedures and event selection are presented in Section 4.

3

Step 1: How singlet-like is it?

Tool: Jet superstructure - 
the interplay between jet 
substructure and global 
radiation / kinematics.

1 Introduction

In high energy hadron collisions, such as those produced at the Large Hadron Collider (LHC) [1] at
CERN, quarks and gluons are produced abundantly. However, due to the confining nature of Quantum
Chromodynamics (QCD), the direct measurement of the interactions that occur between these particles
is impossible and only colour neutral hadrons can be measured. In practice, the high energy quarks and
gluons are measured as jets, which are bunches of collimated hadrons that form in the evolution of the
coloured initial particles. The colour connections between the high energy particles a�ect the structure of
emitted radiation and therefore also the structure of the resulting jets. For example, soft gluon radiation
is suppressed in some regions of phase space compared to others. A smaller e�ect arises in the process
of hadronisation, where phenomenological models are used to provide an approximate description, as for
example the colour string model [2].

Providing evidence for the existence of the connections — the colour flow — between particles is important
for the validation of the phenomenological description. Using the energy-weighted distributions of
particles within and between jets has been a long-standing tool for investigating colour flow, with early
measurements at PETRA [3] and LEP [4, 5] using a leptonic initial state. Later, using the abundance of
a hadronic initial state at the Tevatron, a precursor of the jet pull was studied [6]. Recently, the colour
flow was measured in tt̄ events at the LHC with the ATLAS experiment at a centre-of-mass energy ofp

s = 8 TeV [7] using the jet-pull angle.

Despite the long standing history of measurements of the colour connections, they remain a poorly
constrained e�ect of QCD and require further dedicated experimental input to be improved. Furthermore,
it may be possible to use the extracted colour information to distinguish between event topologies with
di�erent colour structure. In this case, it may provide knowledge complementary to the kinematic
properties of jets, allowing to handle otherwise irreducible backgrounds or facilitate the correct assignment
of jets to a desired physical process. For example, a colour flow observable could be used to resolve the
disambiguity in assigning b-jets to the Higgs boson decay in tt̄H (! bb̄) events. In this note the observed
data are compared to simulated colour flow consistent with the Standard Model (SM) expectation as well as
events which contain hypothetically colour-charged W bosons to investigate and illustrate the capabilities
of the method.

An observable predicted to encode colour information about a jet is the jet-pull vector ~P [8], a pT-weighted
radial moment of the jet. For a given jet J with transverse momentum pJT, the observable is defined as

~P (J) =
X

i2J

��� ~�r i
��� · piT

pJT
~�r i , (1)

where the summation runs over the constituents of J which have transverse momentum piT and are located
at ~�r i = (�yi,��i), which is the o�set of the constituent from the jet axis (yJ, �J ) in rapidity (y) - azimuth
(�) - space.1 Examples of constituents that could be used in Eq. 1 include calorimeter clusters, inner
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 along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Using these coordinates, the radial distance
�R between two objects is thus defined as �R =

q
�⌘2 + ��2 where �⌘ and �� are the di�erences in pseudorapidity and

azimuthal angle between the two objects, respectively.

2

Question: how much does 
the radiation from one jet 
lean towards the other?

https://arxiv.org/abs/1506.05629
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Figure 13: Schematic representation of the object selection. At least four jets are required: two b-tagged
jets B1, B2 and at least two non b-tagged jets, labelled J1, J2. The charged lepton is used to trigger and a
cut on the missing energy from the neutrino is used to purify the sample in tt̄ events.

Selection Data E�ciency Powheg Fullsim E�ciency
Skim+Slim 2.33e8 100% 1.50e7 100%

GRL 2.23e8 96% 1.50e7 100%
Detector Problems 2.23e8 100% 1.50e7 100%

Vertex 2.23e8 100% 1.50e7 100%
Muon Trigger 2.23e8 100% 3.53e6 100%
� 1 muon 1.08e8 49% 2.74e6 78%
= 1 muon 1.01e8 93% 2.62e6 96%

No electrons 1.01e8 100% 2.48e6 95%
No bad jets 6.68e7 66% 1.94e6 78%
� 2 jets 3.77e6 6% 1.80e6 92%
� 3 jets 1.01e6 31% 1.42e6 79%
� 4 jets 3.16e5 88% 8.40e5 59%
MET 2.78e5 96% 7.75e5 92%

MET+MT 2.57e5 92% 7.33e5 95%
� 1 b-jet 1.36e5 53% 6.32e5 86%
� 2 b-jets 5.77e5 43% 3.07e5 49%
� 2 non b-jets 5.49e4 95% 2.92e5 95%

Table 4: Cutflow for the muon channel in data. E�ciencies are computed with respect to the previous
cut. MC event counts are unweighted.

One-lepton 
top pair 

selection:

�23Hadronic Correlations: Jet Superstructure
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�24Hadronic Correlations: Jet Superstructure

Given the above procedure for selecting the two jets from the hadronically decaying W boson, the jets
are labelled as jW1 and jW2 with the indices referring to their pT ordering. This allows calculation of two
jet pull angles: ✓P

⇣
jW1 , j

W
2

⌘
and ✓P

⇣
jW2 , j

W
1

⌘
which are labelled as “forward pull angle” and “backward

pull angle” respectively. Although the two observables probe the same colour structure, in practice the
two values obtained for a single event have a linear correlation of less than 1 % in data and can be used
for two practically orthogonal measurements. Figures 2(a) and 2(b) compare the distributions observed
for these two pull angles to those predicted by simulation at detector level.
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Figure 2: Detector-level distributions for the four considered observables: the forward (a) and backward (b) pull
angle for the hadronically decaying W boson daughters, the forward di-b-jet-pull angle (c), and the leading W
daughter jet-pull vector magnitude (d). Uncertainty bands shown include the experimental uncertainties to the event
selection and observable calculation. Details of the uncertainties considered can be found in Section 7.
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Given the above procedure for selecting the two jets from the hadronically decaying W boson, the jets
are labelled as jW1 and jW2 with the indices referring to their pT ordering. This allows calculation of two
jet pull angles: ✓P

⇣
jW1 , j

W
2

⌘
and ✓P

⇣
jW2 , j

W
1

⌘
which are labelled as “forward pull angle” and “backward

pull angle” respectively. Although the two observables probe the same colour structure, in practice the
two values obtained for a single event have a linear correlation of less than 1 % in data and can be used
for two practically orthogonal measurements. Figures 2(a) and 2(b) compare the distributions observed
for these two pull angles to those predicted by simulation at detector level.
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Figure 2: Detector-level distributions for the four considered observables: the forward (a) and backward (b) pull
angle for the hadronically decaying W boson daughters, the forward di-b-jet-pull angle (c), and the leading W
daughter jet-pull vector magnitude (d). Uncertainty bands shown include the experimental uncertainties to the event
selection and observable calculation. Details of the uncertainties considered can be found in Section 7.
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peak at 0 - W daughters 
are “connected”

no peak - b’s are 
not connected

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-13/


�25Jet Pull for MC Tuning
namely P����� 6, P����� 8, and H����� 7. One main di�erence between these predictions is that the
P����� family uses a fundamentally di�erent hadronisation model than the H����� family. One SM
prediction uses M��G����5_aMC@NLO to produce the hard-scatter event, the hadronisation is then
performed using P����� 8. Finally, one SM prediction is obtained from events generated with S�����.
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Figure 3: Normalised fiducial di�erential cross-sections as a function of the forward (a) and backward (b) pull angle
for the hadronically decaying W boson daughters, the forward di-b-jet-pull angle (c), and the leading W daughter
jet-pull-vector magnitude (d). The data are compared to various SM predictions. The statistical uncertainties on the
predictions are smaller than the marker size.

Figure 4 compares the unfolded data to the SM prediction as well as a prediction obtained from the exotic
model with flipped colour flow described in Section 3. Both predictions are obtained from MC generated
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Challenging 
measurement, but we 
can reach to the 1%-

level for precision.

Interestingly, there is a 
rather large spread in 
the MC predictions.

(useful for tuning!)
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by P����� + P����� 8. The data agrees better with the SM prediction than the colour flipped sample.

1
�

Fi
d

d�
Fi

d
d✓

P
� jW 1

,jW 2
�

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6
ATLAS Preliminaryp

s = 13 TeV, 36.1 fb−1
Data
Statistical Unc.
Total Unc.
Powheg+Pythia8
Powheg+Pythia8
(Colour-Flipped)

Charged particle ✓P
�
jW1 , jW2

�
[rad]/⇡

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P
re

di
ct

io
n

U
nf

ol
de

d

0.9
0.95

1
1.05

(a) ✓P
⇣
jW1 , j

W
2

⌘

1
�

Fi
d

d�
Fi

d
d✓

P
� jW 2

,jW 1
�

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35 ATLAS Preliminaryp
s = 13 TeV, 36.1 fb−1

Data
Statistical Unc.
Total Unc.
Powheg+Pythia8
Powheg+Pythia8
(Colour-Flipped)

Charged particle ✓P
�
jW2 , jW1

�
[rad]/⇡

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P
re

di
ct

io
n

U
nf

ol
de

d

0.95

1

1.05

(b) ✓P
⇣
jW2 , j

W
1

⌘

1
�

Fi
d

d�
Fi

d
d✓

P
� jb 1

,jb 2
�

0.98

1

1.02

1.04

1.06

1.08

1.1 ATLAS Preliminaryp
s = 13 TeV, 36.1 fb−1

Data
Statistical Unc.
Total Unc.
Powheg+Pythia8
Powheg+Pythia8
(Colour-Flipped)

Charged particle ✓P
�
jb1 , jb2

�
[rad]/⇡

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P
re

di
ct

io
n

U
nf

ol
de

d

0.99

1

1.01

(c) ✓P
⇣
jb1 , j

b
2

⌘

1
�

Fi
d

d�
Fi

d
d|

~ P
� jW 1

� |

0

50

100

150

200

250

300

350

400 ATLAS Preliminaryp
s = 13 TeV, 36.1 fb−1

Data
Statistical Unc.
Total Unc.
Powheg+Pythia8
Powheg+Pythia8
(Colour-Flipped)

Charged particle |~P
�
jW1

�
|

0 0.005 0.01 0.015 0.02

P
re

di
ct

io
n

U
nf

ol
de

d
0.9

1

1.1

(d) | ~P
⇣
jW1
⌘
|

Figure 4: Normalised fiducial di�erential cross-sections as a function of the forward (a) and backward (b) pull angle
for the hadronically decaying W boson daughters, the forward di-b-jet-pull angle (c), and the leading W daughter jet-
pull-vector magnitude (d). The data are compared to a Standard Model prediction produced by P����� + P����� 8
as well as the model with exotic colour flow also created with P����� + P����� 8. The uncertainty bands presented
on these plots combine the baseline systematics set with e�ects due to considering the alternative colour-flipped
model as a source of signal modelling uncertainty. The statistical uncertainties on the predictions are smaller than
the marker size.

The uncertainty bands on the unfolding results shown in Figure 4 have been inflated by a “colour model
uncertainty”. This uncertainty is obtained using the same procedure as used for the signal modelling
uncertainties with the sample with exotic colour flow as alternative tt̄ MC and has a similar size as the
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Jet Pull: Much more to learn!

An important message: if we 
artificially make W’s in Pythia 

octet-like, then we only 
marginally prefer the singlet.

clearly there is something we 
can learn for here!

How do we know the W is not an octet?



�27Back to top properties: decays
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�28Associated production: photons
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5.4.2.2 Relating t¯t+ � to t¯t+ Z at Leading Order

The properties of t¯t+Z and t¯t+� matrix elements are similar: the sets of Feynman
diagrams are nearly identical. In addition to the final state radiation diagrams in
Fig. 5.24, the other leading order diagrams with the boson radiated in the initial
state are shown in Fig. 5.25. Since the gluon is not charged under the electroweak
force, only q¯q initial states contribute to the ISR diagrams while both gluon-gluon
and q¯q diagrams contribute at leading order to the FSR diagrams. The only diagrams
which are different between t¯t+ Z and t¯t+ � are the ones that begin at NLO (such
as Fig. 5.26) due to the coupling of neutrinos to Z bosons that does not exist for
photons.

Z
¯t

t

�
¯t

t

Figure 5.25: Leading order Feynman diagrams for t¯t+ Z (left) and t¯t+ � (right).

Even though the set of Feynman diagrams are basically identical for t¯t + Z and
t¯t+�, the relative contributions are different because the Z boson couples stronger to
down-type quarks and the photon couples stronger to up-type quarks. In particular,
the photon couples with strength eQq which is Qq = 2/3 for up-type quarks (including
the top quark) and Qq = 1/3 for down-type quarks. The Z boson coupling is different
for left- and right-handed fermions with e(T3- sin

2 ✓WQq)/(cos✓W sin ✓W), where T3

is weak isospin. For up-type quarks, the first term is (1
2
- 2

3
sin

2 ✓W) for left-handed
quarks and - 2

3
sin

2 ✓W for right-handed quarks. Likewise, for down-type quarks, the
Z boson coupling strength is proportional to (- 1

2
+ 1

3
sin

2 ✓W) for left-handed quarks
and 1

3
sin

2 ✓W for right-handed quarks. The t¯t + Z to t¯t + � cross-section ratio for a
fixed quark type is given by

Dominated by 
qq production

Powerful tool for 
EFT, etc.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-14/
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5.4.2.3 Simulation and Matrix Element Photons

The discussion in Sec. 5.4.2.2 was focused on photons originating directly from the
hard scatter process. However, there are two significant sources of additional photons
at particle-level: radiation from charged particles from the top quark decays and the
decays of neutral pions, ⇡0 ! ��. Figure 5.31 shows representative diagrams from
MadGraph when the photon is radiated from one of the charged decay products
from the top quark. As noted in Sec. 5.4.2.2, Z Bremsstrahlung is highly suppressed
compared to photon radiation and so these photons are not directly useful for con-
straining the t¯t + Z cross-section. The fraction of photons from the charged decay
products of the top quark decreases with photon pT. Figure 5.32 shows the fraction of
photons produced from the charged top quark decay products (b,W±, l) as a function
of the photon pT. In agreement with the fractions reported by Ref. [544], photons
from the charged top quark decay products dominate until about pT & 60 GeV and
this fraction decreases to reach about 25-30% by pT & 100 GeV.
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Diagrams made by MadGraph5_aMC@NLO
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Diagrams made by MadGraph5_aMC@NLO
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Diagrams made by MadGraph5

e+

3

ve 4w+

b
5

t

d

1

d~

2

g

t~

e-
7

a
9

e-

ve~

8

w-

b~
6

 diagram 7 QCD=2, QED=5

ve~

8

e- 7w-

b~
6

t~

d

1

d~

2

g

t
e+

3

a
9e+

ve 4

w+

b
5

 diagram 8 QCD=2, QED=5

ve~

8

e- 7w-
b~

6

t~

e+
3

ve 4

w+

b
5

t

d

1

a
9

d

d~

2

g

 diagram 9 QCD=2, QED=5

ve~

8

e- 7
w-

b~
6

t~

e+
3

ve
4

w+

b 5

t

d~

2

a 9

d

d

1

g

 diagram 10 QCD=2, QED=5

Figure 5.31: Representative diagrams from MadGraph where the photon originates
from one of the charged decay products of the top quark.

High pT photons are also abundantly produced from neutral pions. A majority
of the hadrons from quark and gluon fragmentation are pions and about 1/3 of the
pions are ⇡0. When one of the ⇡0 inside a jet carries a large momentum fraction
of the initiating quark or gluon, the photons from the ⇡0 decay can have significant
pT. Most of these photons can be separated from the hard-scatter photons because
they are non-isolated from the remaining hadronic activity inside the jet. However,
on occasion a real photon from a ⇡0 will be reconstructed as an isolated photon,
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Figure 5.32: The fraction of photons radiated from the charged top quark decay
products (Top Decay) versus the fraction of photons directly from the hard-scatter
(Not from Top Decay) as a function of the photon pT. Events are generated with
MG5_aMC at leading order with the full process generate p p > t t~ > l+
vl b b~ l- vl~ a. Photons are categorized as originating from the charged de-
cay products of the top quark by parsing the ancestry stored in the LHE output of
MG5_aMC. The band is the MC statistical uncertainty.

which will artificially decrease the t¯t+ Z to t¯t+ � cross-section ratio. Experimental
tools for suppressing these photons are described in Sec. 5.4.2.5. The remainder of
this section focuses on the labeling of photons in the simulation and the removal of
overlap between different generators that cover the same regions of phase space.

Photons are generated at nearly every stage of event simulation. The MadGraph
(or MG5_aMC) matrix elements include t¯t + � (but not the Powheg-Box matrix
elements), Pythia and Photos (

p
s = 8 TeV only) add photons as ISR and FSR

during fragmentation, and photons can be generated by Geant4 during the interac-
tions of particles with the detector. Furthermore, photons generated at one stage can
be removed at another stage. For example, there is a small probability that photons
from the ME can be converted to fermion pairs in Pythia and photon conversions
in the detector are common. It is therefore crucial to specify a hierarchy in order to

Warning: any electrically charged 
object can radiate a photon!
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5.4.2.2 Relating t¯t+ � to t¯t+ Z at Leading Order

The properties of t¯t+Z and t¯t+� matrix elements are similar: the sets of Feynman
diagrams are nearly identical. In addition to the final state radiation diagrams in
Fig. 5.24, the other leading order diagrams with the boson radiated in the initial
state are shown in Fig. 5.25. Since the gluon is not charged under the electroweak
force, only q¯q initial states contribute to the ISR diagrams while both gluon-gluon
and q¯q diagrams contribute at leading order to the FSR diagrams. The only diagrams
which are different between t¯t+ Z and t¯t+ � are the ones that begin at NLO (such
as Fig. 5.26) due to the coupling of neutrinos to Z bosons that does not exist for
photons.

Z
¯t

t

�
¯t

t

Figure 5.25: Leading order Feynman diagrams for t¯t+ Z (left) and t¯t+ � (right).

Even though the set of Feynman diagrams are basically identical for t¯t + Z and
t¯t+�, the relative contributions are different because the Z boson couples stronger to
down-type quarks and the photon couples stronger to up-type quarks. In particular,
the photon couples with strength eQq which is Qq = 2/3 for up-type quarks (including
the top quark) and Qq = 1/3 for down-type quarks. The Z boson coupling is different
for left- and right-handed fermions with e(T3- sin

2 ✓WQq)/(cos✓W sin ✓W), where T3

is weak isospin. For up-type quarks, the first term is (1
2
- 2

3
sin

2 ✓W) for left-handed
quarks and - 2

3
sin

2 ✓W for right-handed quarks. Likewise, for down-type quarks, the
Z boson coupling strength is proportional to (- 1

2
+ 1

3
sin

2 ✓W) for left-handed quarks
and 1

3
sin

2 ✓W for right-handed quarks. The t¯t + Z to t¯t + � cross-section ratio for a
fixed quark type is given by
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�33Interference with pair production
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However, beyond leading 
order, single top and top 
pair production interfere!

Many searches where top-
pairs are a background are 

finding that Wtb is a significant 
residual background.

This makes the modeling of 
this process complicated!
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�35Top quark width 
4

mminimax
b` spectra for each value of the top-quark width

and to extract the �2-minimizing value for each variation.
An uncertainty due to the finite number of simu-

lated events is estimated from an ensemble of pseudo-
experiments where the predicted yields for all bins of each
value of the top-quark width are varied within their un-
certainties. A width is obtained for each trial to assess
the impact on the final extracted parameter.

For the MG5 aMC@NLO signal model, an identical set
of uncertainties are assessed, employing the same esti-
mation methods, with the following modification: the
NNPDF23 nlo as 0119 PDF set is used as the nominal
value for this sample. The top-quark mass uncertainty
is assessed using samples with mt = 170, 175 GeV, in-
terpolating to obtain the same 1 GeV variations as used
above.

The nominal b bbar 4l prediction is compared to AT-
LAS data in Figure 1. Predictions for alternate values of
the top-quark width are also shown, as well as the theo-
retical uncertainty on the nominal estimate. A summary
of the uncertainties on the width extracted using both
signal models is presented in Table I. Changes to the
top-quark width are found to produce larger variations
in the relative fraction of events in the mminimax

b` tail for
samples generated using MG5 aMC@NLO than b bbar 4l.
As a result, the impact of uncertainties on the extracted
width parameter is generally smaller when using the LO
simulation, despite the impact on the normalized di↵er-
ential cross section being similar. This e↵ect leads to a
smaller uncertainty due to scale variations, among others,
in the LO sample than in the more accurate b bbar 4l
calculation.

TABLE I. Uncertainty on the top-quark width extracted for
data, with individual contributions shown from experimental,
theoretical, and statistical sources.

Uncertainty [GeV] b bbar 4l MG5 aMC@NLO

Experimental +0.27/-0.26 ±0.20

Theory

PDF ±0.06 ±0.04
Scale ±0.10 ±0.06
mt ±0.03 ±0.03
↵s ±0.06 ±0.04
Combined ±0.14 ±0.10

Simulation Stats. ±0.04 ±0.04
Total ±0.30 ±0.22

RESULTS

Using the b bbar 4l signal description, a top-quark
width of 1.28 ± 0.30 GeV is extracted (1.33 ± 0.29 GeV
expected), as shown in Figure 2. A width is also ex-
tracted using the leading order MG5 aMC@NLO simulation,
obtaining 1.18 ± 0.22 GeV (1.33 ± 0.23 GeV expected).
These measurements are more precise than the previously
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FIG. 1. The mminimax

b` spectrum predicted using b bbar 4l is
shown for various values of the top-quark width. Data from
the unfolded ATLAS measurement are included for compari-
son. The grey band shows the theoretical uncertainty for the
simulated sample corresponding to the predicted SM value of
the width.

most precise direct measurement of (1.76+0.86
�0.76 GeV) [5].
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FIG. 2. Observed and expected top-quark widths for the
b bbar 4l and MG5 aMC@NLO signal models.

These results can also be interpreted into a limit on
the BSM decays of the top-quark through the relation

BR(t ! BSM) <
�+95%
ext � �SM

t!bW

�+95%
ext

, (6)

where �SM
t!bW is the SM partial width for t ! Wb

and �+95%
ext is the (one-sided) upper limit on the top-

quark width at the 95% confidence level. The limit is
BR(t ! BSM) < 29% using the b bbar 4l model (30%
expected) and 18% using the MG5 aMC@NLO model (26%
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These results can also be interpreted into a limit on
the BSM decays of the top-quark through the relation

BR(t ! BSM) <
�+95%
ext � �SM

t!bW

�+95%
ext

, (6)

where �SM
t!bW is the SM partial width for t ! Wb

and �+95%
ext is the (one-sided) upper limit on the top-

quark width at the 95% confidence level. The limit is
BR(t ! BSM) < 29% using the b bbar 4l model (30%
expected) and 18% using the MG5 aMC@NLO model (26%

In fact, this region is rather 
sensitive to the top quark width!

Stronger sensitivity than the 
peak region (traditional method)

(why?)

The top quark width is 
precisely known, but 

experimental precision 
is only ~20%

https://arxiv.org/abs/1903.10519
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where �SM
t!bW is the SM partial width for t ! Wb
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certainties. A width is obtained for each trial to assess
the impact on the final extracted parameter.
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NNPDF23 nlo as 0119 PDF set is used as the nominal
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is assessed using samples with mt = 170, 175 GeV, in-
terpolating to obtain the same 1 GeV variations as used
above.

The nominal b bbar 4l prediction is compared to AT-
LAS data in Figure 1. Predictions for alternate values of
the top-quark width are also shown, as well as the theo-
retical uncertainty on the nominal estimate. A summary
of the uncertainties on the width extracted using both
signal models is presented in Table I. Changes to the
top-quark width are found to produce larger variations
in the relative fraction of events in the mminimax

b` tail for
samples generated using MG5 aMC@NLO than b bbar 4l.
As a result, the impact of uncertainties on the extracted
width parameter is generally smaller when using the LO
simulation, despite the impact on the normalized di↵er-
ential cross section being similar. This e↵ect leads to a
smaller uncertainty due to scale variations, among others,
in the LO sample than in the more accurate b bbar 4l
calculation.

TABLE I. Uncertainty on the top-quark width extracted for
data, with individual contributions shown from experimental,
theoretical, and statistical sources.

Uncertainty [GeV] b bbar 4l MG5 aMC@NLO

Experimental +0.27/-0.26 ±0.20

Theory

PDF ±0.06 ±0.04
Scale ±0.10 ±0.06
mt ±0.03 ±0.03
↵s ±0.06 ±0.04
Combined ±0.14 ±0.10

Simulation Stats. ±0.04 ±0.04
Total ±0.30 ±0.22

RESULTS

Using the b bbar 4l signal description, a top-quark
width of 1.28 ± 0.30 GeV is extracted (1.33 ± 0.29 GeV
expected), as shown in Figure 2. A width is also ex-
tracted using the leading order MG5 aMC@NLO simulation,
obtaining 1.18 ± 0.22 GeV (1.33 ± 0.23 GeV expected).
These measurements are more precise than the previously
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These results can also be interpreted into a limit on
the BSM decays of the top-quark through the relation

BR(t ! BSM) <
�+95%
ext � �SM

t!bW

�+95%
ext

, (6)

where �SM
t!bW is the SM partial width for t ! Wb

and �+95%
ext is the (one-sided) upper limit on the top-

quark width at the 95% confidence level. The limit is
BR(t ! BSM) < 29% using the b bbar 4l model (30%
expected) and 18% using the MG5 aMC@NLO model (26%

One can use this to set model-
independent limits on the BSM 

branching ratio.

These are quite week 
compared to the FCNC 
results shown earlier! 

https://arxiv.org/abs/1903.10519
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Top quarks feature 
prominently in many 

searches, either as the target 
or as the main background.

I’ll briefly discuss the interplay 
between the stop search and 

SM top measurements. 

https://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_feynman_diagrams.html
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Stop decays
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�41BSM with top quarks

on-shell top quarks
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In this “stealth” region, the neutralinos have little momentum.
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�45Warning: sneaky light stop
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A light stop could 
introduce a bias in the 

top mass measurement.

If we measure the 
mass too low*, we 

will predict too high a 
ttbar cross-section. 

The added cross-
section from the stop 
can then be hidden!*it is always low because m(blv) or m(bjj) 

are always less for the stop than the top. 
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B. Nachman (SLAC) Charge and Pull Performance in ATLAS August 6, 2014 2 / 2

Figure 13: Schematic representation of the object selection. At least four jets are required: two b-tagged
jets B1, B2 and at least two non b-tagged jets, labelled J1, J2. The charged lepton is used to trigger and a
cut on the missing energy from the neutrino is used to purify the sample in tt̄ events.

Selection Data E�ciency Powheg Fullsim E�ciency
Skim+Slim 2.33e8 100% 1.50e7 100%

GRL 2.23e8 96% 1.50e7 100%
Detector Problems 2.23e8 100% 1.50e7 100%

Vertex 2.23e8 100% 1.50e7 100%
Muon Trigger 2.23e8 100% 3.53e6 100%
� 1 muon 1.08e8 49% 2.74e6 78%
= 1 muon 1.01e8 93% 2.62e6 96%

No electrons 1.01e8 100% 2.48e6 95%
No bad jets 6.68e7 66% 1.94e6 78%
� 2 jets 3.77e6 6% 1.80e6 92%
� 3 jets 1.01e6 31% 1.42e6 79%
� 4 jets 3.16e5 88% 8.40e5 59%
MET 2.78e5 96% 7.75e5 92%

MET+MT 2.57e5 92% 7.33e5 95%
� 1 b-jet 1.36e5 53% 6.32e5 86%
� 2 b-jets 5.77e5 43% 3.07e5 49%
� 2 non b-jets 5.49e4 95% 2.92e5 95%

Table 4: Cutflow for the muon channel in data. E�ciencies are computed with respect to the previous
cut. MC event counts are unweighted.
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The top quark is unique in 
the Standard Model.

In many ways, it produces the 
most BSM-like phenomenology 
and by studying it more detail, 

we can learn about QCD as well 
as prepare for the unknown. 

Many of its properties are 
being studied for precision at 

the LHC for the first time.
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