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The Top Quark
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� Discovered at the Tevatron in 1995 by the CDF and DØ experiments 
through the top pair production mode

� Till the date heaviest known elementary particle:
mtop = 173.34 ± 0.76 GeV [World combination, 2014]
� Further precision in recent LHC measurements

� Known properties within the 
Standard Model (SM):
� Electric charge +2/3 e
� Strong & electroweak production
� Decays before the hadronization

[lifetime 0.5x10-24 sec]
� Unique opportunity to study 
the bare quark

� Br(t→W+b)≈100%

arXiv:1403.4427 [hep-ex]
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What’s special with Top?
• Strong coupling with the Higgs boson
• Constraints the Higgs mass along with W boson mass 

• Many new physics models result in same signature, e.g, SUSY 
“stop” can decay into top

Prolay Kumar  Mal 3

•  why is it important? 
•  most massive elementary particle 

–  dominant contributor to radiative 
corrections  

–  how is its mass generated? 
•  topcolor? 

–  does it couple to new physics? 
•  massive G, heavy Z’, H+, … 

•  need to know the mass precisely. 
–  Different influence in different final 

states? 
–  Check consistency across channels. 

Meenakshi Narain - Blois 2011 34 
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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

`
),

arXiv:1803.01853
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Top pair production at the LHC
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LHC Top Working Group

90%

10%

² High statistics of pair-produced top events at an 
unprecedented production rate ~834 pb at 
√s=13 TeV

² Many properties can can be explored with high 
precision
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Electroweak Top Production

² Direct determination of the 
CKM Matrix element (|Vtb|)

² Background process for Higgs 
and BSM searches

² Major probe in BSM physics 
scenarios  

Prolay Kumar  Mal 5

Why is the single top quark so interesting?

Single top-quark production via electroweak interaction, involving a Wtb vertex
t-channel Wt channel s-channel

NLO+NNLL with
mt = 172.5 GeV

p
s (pb) � (t-channel) � (Wt) � (s-channel)

87.8 ± 3.4 22.4 ± 1.5 5.6 ± 0.2
8 TeV Phys. Rev. D 83, 091503(R) (2011) Phys. Rev. D 82, 054018 (2010) Phys. Rev. D 81, 054028 (2010)

X Measurements of the single top production provide a test of SM predictions:
Production cross-section and direct determination of the quark mixing matrix element |Vtb|
! Test of unitarity of the CKM matrix
Probe of the b-quark structure function

X Powerful probe for physics beyond the SM (BSM) related to EWSB:
Resonances (W 0,H+,B0), vector-like quarks, anomalous couplings.

X Significant background in search for Higgs and several expected BSM processes

Carolina Gabaldon (LPSC) Single top production at the LHC: other channels September 15, 2015 3 / 22

LHC Top Working Group
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Decay of Top quark

• SM Br(t→W+b)=100%

• Final states determined through the decay 

of W± bosons from top and antitop quarks.

– All jets: 

– lepton+jets:
• Moderately high branching ratio but relatively 

low background

– dilepton:

• Low branching ratio but clean signal

• Similarly different final states for single 

top/electroweak top production

– Dilepton:

– Semileptonic s-channel:

Prolay Kumar  Mal 6

tt→bW+bW−→bbqq 'qq '

tt →bW+bW−→bbqq 'l−ν

tt →bW+bW−→bbl+νl−ν

tW−→bW+W−→bl+νl−ν
tb→bW+b→bbl+ν
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LHC Performance
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� After the glorious Run I, LHC started operating at √s=13 TeV from 2015
� Both ATLAS and CMS have completed Inner detector upgrades during the Extended 

Year-End Technical Stop (EYETS) at the end of 2016 operation
� LHC is performing exceedingly well; so far during Run II, both detectors have 

recorded >100 fb-1 of pp collision datasets at √s=13 TeV
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Top Quark Measurements
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Measurements performed in 23 years (Tevatron +LHC)

W helicity Branching ratio
Rare decays, New physics

Anomalous couplings

Cross sections
Differential cross sections

New physics

Mass, charge, width

+ electroweak single top production

Spin correlation
Charge Asymmetry
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Forward-Backward (AFB) and charge 
asymmetry (AC) in      events
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tt
tree-level and box diagram: +ve asymmetry

ISR and FSR: −ve asymmetry

² No Asymmetry at the LO, neither from gg
fusion processes

² In the SM, small asymmetry originates from 
the interference between ISR and FSR and, 
between the LO and box diagrams for quark-
antiquark annihilation processes. 

² At Tevatron such interference leads to 5-9% 
asymmetry (AFB) while 1% asymmetry (AC) 
at the LHC.

² The asymmetry reduces at the LHC mainly 
due to lower contribution from qq→tt
processes
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Charge Asymmetry (AC)
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² Dilepton channel: Inclusive as well as differential 
measurements as functions of mtt, transverse momentum, 
and longitudinal boost
² Inclusive measurements (SM predictions) 

² AC
ll=0.008 ± 0.006 (0.0064±0.0003) 

² AC
tt=0.021± 0.016 (0.0064±0.0003)

² Lepton+jets channel measurement in highly boosted top 
pair produced topology in fiducial region of mtt>0.75 
TeV and -2<|yt|-|ytbar|<2
² Ac

tt =0.042±0.032 (in agreement with the SM)
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Figure 5: Summary of all the measurements in this paper for the leptonic asymmetry in the fiducial volume (top)
and full phase space (bottom). The predictions shown in blue are obtained using Powheg-hvq + Pythia6 at NLO
where the uncertainties are statistical, and the corresponding theoretical uncertainties are small compared to the
experimental precision. The inclusive measurement in the full phase space is compared to a NLO + EW prediction
[22].

Figure 8 compares the values of A``C and Att̄
C from the inclusive measurements in the full phase space to

the SM predictions and two BSM models [76] compatible with the Tevatron results. Two BSM models
with a new color-octet particle that is exchanged in the s-channel are considered. In the model with the
light octet, the new particle’s mass is below the tt̄ production threshold (m = 250 GeV) and its width
is assumed to be � = 0.2m. The model with the heavy octet uses an octet mass beyond current limits
from direct searches at the LHC. The corrections to tt̄ production are independent of the mass but instead
depend on the ratio of coupling to mass, which is assumed to be 1 TeV�1. The new particles in both

21

arXiv:1604.5538 [hep-ex];
PRD 94, 032006 (2016)
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Figure 6: Summary of all the measurements in this paper for the tt̄ asymmetry in the fiducial volume (top) and full
phase space (bottom). The predictions shown in blue are obtained using Powheg-hvq + Pythia6 at NLO where the
uncertainties are statistical, and the corresponding theoretical uncertainties are small compared to the experimental
precision. The inclusive measurement in the full phase space is compared to a NLO + EW prediction [22].

BSM models would not be visible as resonances in the mtt̄ spectrum at the Tevatron or at the LHC. In
the figures, model predictions for di↵erent left-handed, right-handed, and axial coupling constants to top
quarks are shown. The ellipses correspond to the 1� and 2� total uncertainty in the measurements. The
correlation between these two measurements is taken into account. The statistical and detector systematic
uncertainty correlation between A``C and Att̄

C is found to be 30%. The modeling systematic uncertainties
are assumed to be 100% correlated. The resulting correlation between A``C and Att̄

C is about 48%. The
measurements are compatible with the SM and do not exclude the two sets of BSM models considered.
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Figure 2: A summary of the charge asymmetry measurements. The error bars on the data indicate the modelling and
unfolding systematic uncertainties, shown as the inner bar, and the total uncertainty, which includes the statistical
uncertainty and the experimental systematic uncertainties. The SM prediction of the NLO calculation in Ref. [13]
for the charge asymmetry of top-quark pairs with |�|y|| < 2 is indicated as a shaded horizontal bar in each mtt̄ bin,
where the width of the bar indicates the uncertainty.

mtt̄ > 0.75 TeV and mtt̄ > 1.3 TeV are compared with AFB integrated over mtt̄ in pp̄ collisions at
p

s =
1.96 TeV. The measurements presented in this Letter are indicated as horizontal bands. The measure-
ments of AFB integrated over mtt̄ in top-quark pair production at 1.96 TeV in pp̄ collisions by CDF [7]
and D0 [8] are shown as vertical bands.

The clouds of points in Figure 3 correspond to a number of models in Refs. [80, 81]: a heavy Z0 or W0

boson exchanged in the t-channel, a heavy axi-gluon Gµ exchanged in the s-channel, and doublet (�),
triplet (!4) or sextet (⌦4) scalars. Each point corresponds to a choice of the new particle’s mass, in
the range between 100 GeV and 10 TeV, and of the couplings to SM particles, where all values allowed
give a total cross-section for top-quark pair production at the Tevatron compatible with observations and
a high-mass tt̄ production cross-section (mtt̄ > 1 TeV) at the LHC that is at most three times the SM
prediction. The contribution from new physics to the Tevatron AFB is moreover required to be positive.
The predictions of the Tevatron forward–backward asymmetry and the LHC high-mass charge asymmetry
are calculated using PROTOS [83], which includes the tree-level SM amplitude plus the one(s) from the
new particle(s), taking into account the interference between the two contributions. This measurement
extends the reach of previous ATLAS and CMS measurements to beyond 1 TeV(adding a bin with mtt̄ =

10

arXiv:1512.06092 [hep-ex];
PLB 756, 52 (2016)
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Charge Asymmetry (AC)
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² Dilepton channel: Inclusive as well as 
differential measurements as functions of mtt, 
transverse momentum (pT

tt), and |ytt|
² Inclusive measurements (dilepton):

² AC
ll=0.003±0.006 (stat)±0.003 (syst) 

² AC
tt=0.011± 0.011 (stat)±0.007 (syst) 

² l+jets: Ac
tt=0.33±0.26 (stat)±0.33 (syst)%

² Good agreement with the SM predictions

arXiv:1603.06221 [hep-ex]; 

PLB 760, 365 (2016)
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Figure 1: Background-subtracted and unfolded distributions of D|yt| (left) and D|h`| (right)
from data (points), normalized to unit area. Parton-level predictions from the MC@NLO sim-
ulation and calculations at NLO (QCD+EW) [11] are shown by dashed and solid histograms,
respectively. The ratio of the measured bin values to the MC@NLO prediction is shown in the
bottom panel. The vertical bars show the total uncertainty, the statistical component of which is
marked by a horizonal tick. The first and last bins of each plot include underflow and overflow
events, respectively.
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Figure 11: At top, the negative logarithm of the likelihood is shown as a function of a (upper
axis) and A

y

c (lower axis), for e+jets (closed circles) and µ+jets (open circles) measurements. The
statistical uncertainty in each is given by the intersections of the parabolas with � log L = 0.5,
which are marked by arrows. The 68% confidence interval of the combined A

y

c measurement
is compared with those of the SM predictions by POWHEG, Kühn and Rodrigo [8], and Bern-
reuther and Si [9]. At bottom, the antisymmetric component of the Urec

tt distributions in data
and the model are shown for (left) e+jets and (right) µ+jets, for the central value (solid), and for
the upper (dashed) and lower (dotted) limits of the 68% statistical confidence intervals.
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Figure 11: At top, the negative logarithm of the likelihood is shown as a function of a (upper
axis) and A

y

c (lower axis), for e+jets (closed circles) and µ+jets (open circles) measurements. The
statistical uncertainty in each is given by the intersections of the parabolas with � log L = 0.5,
which are marked by arrows. The 68% confidence interval of the combined A

y

c measurement
is compared with those of the SM predictions by POWHEG, Kühn and Rodrigo [8], and Bern-
reuther and Si [9]. At bottom, the antisymmetric component of the Urec

tt distributions in data
and the model are shown for (left) e+jets and (right) µ+jets, for the central value (solid), and for
the upper (dashed) and lower (dotted) limits of the 68% statistical confidence intervals.

arXiv:1508.03862 [hep-ex]; 

PRD 93, 034014 (2016)
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Summary from LHC (AC)
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Figure 3: Measured inclusive charge asymmetries AC at the LHC at
p

s = 8 TeV (horizontal
line) versus forward-backward asymmetries AFB (vertical lines) at the Tevatron [1, 2], com-
pared with the SM prediction at QCD NNLO (+EW NLO) [19–21] and predictions incorporat-
ing various potential BSM contributions [62, 63]: a W0 boson, a heavy axigluon (Gµ), a scalar
isodoublet (f), a colour triplet scalar (w4), and a colour sextet scalar (W4).
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Figure 4: Charge asymmetry in six bins of the invariant mass of the tt system as measured in
the ATLAS and CMS analyses and the combined results. The last bin includes the overflow.
The gray band indicates the uncertainty in the combined result.

arXiv:1709.05327 [hep-ex];
JHEP 04, 033 (2018)

² LHC Run I legacy Combination (also the first 
time) on ttbar AC using the Best Linear 
Unbiased Estimate (BLUE) method
² 7 TeV: 0.005±0.007 (stat)± 0.006 (syst)
² 8 TeV: 0.0055±0.0023 (stat)± 0.0025 (syst)

² Improves the precision significantly in 
comparison with the individual ATLAS/CMS 
measurements
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AC (LHC) vs AFB (Tevatron)
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20 5 Combination of the results
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Figure 3: Measured inclusive charge asymmetries AC at the LHC at
p

s = 8 TeV (horizontal
line) versus forward-backward asymmetries AFB (vertical lines) at the Tevatron [1, 2], com-
pared with the SM prediction at QCD NNLO (+EW NLO) [19–21] and predictions incorporat-
ing various potential BSM contributions [62, 63]: a W0 boson, a heavy axigluon (Gµ), a scalar
isodoublet (f), a colour triplet scalar (w4), and a colour sextet scalar (W4).
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Figure 4: Charge asymmetry in six bins of the invariant mass of the tt system as measured in
the ATLAS and CMS analyses and the combined results. The last bin includes the overflow.
The gray band indicates the uncertainty in the combined result.

² Selection criteria based on mtt
potentially excludes W’ model

² More data and higher Run II 
beam energy would improve the 
sensitivity greatly

arXiv:1709.05327 [hep-ex];
JHEP 04, 033 (2018)
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Spin correlation in       events
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tt
² Heavy quark spins are correlated in QCD; Top 

quarks decay before their spins de-correlate.
² Dilepton angular distributions: ∆φ (in lab frame) or 

cosθ1, cosθ1cosθ2,(in top rest frame)
² Can also be used to probe BSM physics

² e.g, for stop-pair production, enhanced 
production rate would reduce the spin 
correlation

3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(mt̃1 = 180 GeV, m�̃0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.

E
ve

n
ts

/0
.1

0

2000

4000

6000

8000

10000

12000

14000

16000
ATLAS 

-1 = 8 TeV, 20.3 fbs

Data

tSM t

 (A=0)tt

Background

 , 180 GeV1t
~
1t

~

Fit

π [rad] / φ∆

0 0.2 0.4 0.6 0.8 1

R
a

tio

0.8

0.9

1

1.1

1.2

FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (mt̃1

= 180 GeV and m�̃0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

arXiv:1412.4742 [hep-ex]; PRL 114, 0142001 (2015)fSM = 1.20 ± 0.05 (stat) ± 0.13 (syst)

4

Source of uncertainty �fSM
Detector modeling

Lepton reconstruction ±0.01
Jet energy scale ±0.02

Jet reconstruction ±0.01
Emiss

T < 0.01
Fake leptons < 0.01
b-tagging < 0.01

Signal and background modeling
Renormalization/factorization scale ±0.05

MC generator ±0.03
Parton shower and fragmentation ±0.06

ISR/FSR ±0.06
Underlying event ±0.04

Color reconnection ±0.01
PDF uncertainty ±0.05

Background ±0.01
MC statistics ±0.04

Total systematic uncertainty ±0.13
Data statistics ±0.05

TABLE II. Summary of systematic uncertainties on fSM in the
combined dilepton final state.

impact on the results.
The sizes of the systematic uncertainties in terms of

�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is 1.20
± 0.05 (stat) ± 0.13 (syst). This agrees with previous re-
sults from ATLAS using data at a center-of-mass energy of
7 TeV [41, 42], and compares to the best previous mea-
surement using �� of fSM = 1.19 ± 0.09 (stat) ±
0.18 (syst) [42]. It also agrees with the SM prediction
to within two standard deviations.

This agrees with previous results from ATLAS using
data at a center-of-mass energy of 7 TeV [41, 42] and
agrees with the SM prediction to within two standard devi-
ations. An indirect extraction of Ahelicity can be achieved
by assuming that the tt̄ sample is composed of top quark
pairs as predicted by the SM, but with varying spin corre-
lation. In that case, a change in the fraction fSM leads to a
linear change of Ahelicity (see also Ref. [42]), and a value
of the spin correlation strength in the helicity basis Ahelicity

at a center-of-mass energy of 8 TeV is obtained by apply-
ing the measured value of fSM as a multiplicative factor to
the SM prediction of ASM

helicity = 0.318± 0.005 [36]. This
yields a measured value of Ahelicity = 0.38± 0.04.

The measurement of the variable �� is also used to
search for top squark pair production with t̃1 ! t�̃0

1 de-

cays. The present analysis is sensitive both to changes in
the yield and to changes in the shape of the �� distribu-
tion caused by a potential admixture of t̃1¯̃t1 with the SM
tt̄ sample. An example is shown in Fig. 1, where the ef-
fect of t̃1¯̃t1 production in addition to SM tt̄ production and
backgrounds is compared to data. No evidence for t̃1

¯̃t1
production was found.

Limits are set on the top squark pair-production cross
section by fitting each bin of the �� distribution to the dif-
ference between the data and the SM prediction, varying
the top squark signal strength µ. In contrast to the mea-
surement of fSM where the tt̄ cross section is varied in the
fit, here the tt̄ cross section is fixed to its SM value [71].
In addition, a systematic uncertainty of 7% is introduced,
composed of factorization and renormalization scale varia-
tion, top quark mass uncertainty, PDF uncertainty and un-
certainty in the measurement of the beam energy. All other
sources of systematic uncertainty are identical to ones in
the measurement of fSM. All shape-dependent modeling
uncertainties on the SUSY signal are found to be negligi-
ble. The limits are determined using a profile likelihood
ratio in the asymptotic limit [105], using nuisance parame-
ters to account for the theoretical and experimental uncer-
tainties.
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8.2 Limits on new physics 13

Compared to the measurement of ADf in Table 5, the differential measurement in bins of Mtt
(Fig. 4, top row, left plot) has a significantly reduced (factor of 2.3) systematic uncertainty asso-
ciated with the top quark pT modeling. When the acceptance correction is binned in a variable
that is correlated with the top quark pT (e.g., Mtt), the top quark pT reweighting affects the nu-
merator and denominator in the acceptance ratio similarly, leading to a reduction in the associ-
ated systematic uncertainty. The inclusive asymmetry measured from the projection in |Df`+`� |
of the normalized double-differential cross section is ADf = 0.095 ± 0.006 (stat) ± 0.007 (syst),
which is converted into the value of fSM = 1.12 + 0.12

� 0.15 given in Table 6.

8.2 Limits on new physics

Anomalous ttg couplings can lead to a significant modification of the polarization and spin
correlations in tt events. A model-independent search can be performed using an effective
model of chromo-magnetic and chromo-electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4]. For an anomalous ttg interaction
arising from heavy-particle exchange characterized by a mass scale M & mt, one can write an
effective Lagrangian as

Leff = � eµt

2
tsµn

T
atGa

µn �
edt

2
tisµng5T

atGa

µn, (1)

where eµt and edt are the CMDM (CP-conserving) and CEDM (CP-violating) dipole moments,
G

a
µn is the gluon field strength, and T

a are the QCD fundamental generators. It is usually
preferred to define dimensionless parameters

µ̂t ⌘
mt

gs

eµt, d̂t ⌘
mt

gs

edt, (2)

where gs is the QCD coupling constant [4]. The parameters µ̂t and d̂t correspond to the form
factors in the timelike kinematic domain and are therefore complex quantities, here assumed
to be constant. In general, both the real and imaginary parts of µ̂t and d̂t can be determined,
but the spin correlations and polarization measured in this paper are only sensitive to Re(µ̂t)
and Im(d̂t), respectively [4].

We begin with the determination of Re(µ̂t) using the measured normalized differential cross
section (1/s)(ds/d|Df`+`� |). In the presence of a small new physics (NP) contribution such
that Re(µ̂t) ⌧ 1, one can linearly expand the normalized differential cross section as [4]

1
s

ds

d|Df`+`� |
=

✓
1
s

ds

d|Df`+`� |

◆

SM
+ Re(µ̂t)

✓
1
s

ds

d|Df`+`� |

◆

NP
. (3)

The predicted shapes of the SM and NP terms in Eq. (3) are shown in Fig. 5. The NP term
arises from interference with SM tt production, and therefore gives both positive and negative
contributions to the differential cross section.

To measure Re(µ̂t), the SM and NP contributions to Eq. (3) are parametrized by polynomial
functions (shown in Fig. 5), which are then used in a template fit to the measured normalized
differential cross section. We use the projection in |Df`+`� | of the measured normalized double-
differential cross section in bins of Mtt to minimize the systematic uncertainty from top quark
pT modeling, as for the extraction of fSM. The measurement is made under the assumption
that the A matrix is unchanged by the presence of NP. Studies of the effects of our selection

² Can also be utilized to set limits on 
chromo-magnetic dipole moments 
e.g., assuming

-0.043 <Re(µ)<0.117 @ 95% CL

² Inclusive distributions are unfolded 
at parton level

² Unfolding the angular distributions 
to obtain asymmetries:

8.1 Unfolded distributions 11

a factor of 2. For Acos j and Ac1c2 , these scale uncertainties are summed in quadrature with the
difference between the NLO predictions from Ref. [4] when the ratio in the calculation is ex-
panded in powers of the strong coupling constant and when the numerator and denominator
are evaluated separately.

Table 5: Inclusive asymmetry measurements obtained from the angular distributions unfolded
to the parton level, and the parton-level predictions from the MC@NLO simulation and from
NLO calculations with (SM) and without (no spin corr.) spin correlations [4, 63]. For the data,
the first uncertainty is statistical and the second is systematic. For the MC@NLO results and
NLO calculations, the uncertainties are statistical and theoretical, respectively.

Asymmetry Data MC@NLO NLO, NLO,
variable (unfolded) simulation SM no spin corr.
ADf 0.094± 0.005 ± 0.012 0.113± 0.001 0.107 + 0.006

� 0.009 0.202 + 0.006
� 0.009

Acos j 0.102± 0.010 ± 0.012 0.114± 0.001 0.114± 0.006 0
Ac1c2 �0.069± 0.013 ± 0.016 �0.081± 0.001 �0.080± 0.004 0
AP �0.011± 0.007 ± 0.028 0 0.002± 0.001 —
A

CPV
P

0.000± 0.006 ± 0.005 0 0 —

Using the relationships between the asymmetry variables and spin correlation coefficients given
in Section 1, we find Chel = 0.278 ± 0.084 and D = 0.205 ± 0.031, where the uncertainties
include the statistical and systematic components added in quadrature. Similarly, the CP-
conserving and CP-violating components of the top quark polarization are found to be P =
�0.022 ± 0.058 and P

CPV = 0.000 ± 0.016, respectively. All measurements are consistent with
the expectations of the SM.

The NLO predictions for |Df`+`� |, cos j, and c1c2 with and without spin correlations in Table 5
are used to translate the measurements into determinations of fSM, the strength of the spin
correlations relative to the SM prediction, with fSM = 1 corresponding to the SM and fSM = 0
corresponding to uncorrelated events. The measurements of fSM are shown in Table 6 and are
derived under the assumption that the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for the experimental uncertainties.

Table 6: Values of fSM, the strength of the measured spin correlations relative to the SM pre-
diction, derived from the numbers in Table 5. The last row shows an additional measurement
of fSM made from the projection in |Df`+`� | of the normalized double-differential cross sec-
tion as a function of |Df`+`� | and Mtt. The uncertainties shown are statistical, systematic, and
theoretical, respectively. The total uncertainty in each result, found by adding the individual
uncertainties in quadrature, is shown in the last column.

Variable fSM ± (stat) ± (syst) ± (theor) Total uncertainty
ADf 1.14± 0.06± 0.13+ 0.08

� 0.11
+ 0.16
� 0.18

Acos j 0.90± 0.09± 0.10± 0.05 ±0.15
Ac1c2 0.87± 0.17± 0.21± 0.04 ±0.27
ADf (vs. Mtt) 1.12± 0.06± 0.08+ 0.08

� 0.11
+ 0.12
� 0.15

The dependence of each asymmetry on Mtt, |ytt|, and pT
tt is extracted from the measured nor-

malized double-differential cross section, and the results are shown in Fig. 4. The measure-
ments are all consistent with the MC@NLO predictions, and with the SM NLO prediction for
the Mtt and |ytt| dependencies. No comparison is made with the NLO prediction for the pT

tt

dependence because the substantial effect of the parton shower on the pT
tt distribution means

fixed-order NLO calculations are not a sufficiently good approximation of the data.
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Figure 3: Normalized differential cross section as a function of |Df`+`� |, cos j, cos q?`+ cos q?`� ,
and cos q?` from data (points); parton-level predictions from MC@NLO (dashed histograms); and
theoretical predictions at NLO [4, 63] with (SM) and without (no spin corr.) spin correlations
(solid and dotted histograms, respectively). For the cos q?` distribution, CP conservation is as-
sumed in the combination of the cos q?`± measurements from positively and negatively charged
leptons. The ratio of the data to the MC@NLO prediction is shown in the lower panels. The
inner and outer vertical bars on the data points represent the statistical and total uncertain-
ties, respectively. The hatched bands represent variations of µR and µF simultaneously up and
down by a factor of 2.
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SM

SM Spin Correlation Fraction f
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

May 2016

Standard Model

(syst)±(stat) ± SMf

CMS, dilepton

PRL 112 (2014) 182001,
-1=5 fbint=7 TeV, Ls

 0.22± 0.10 ±1.02 

+jetsµATLAS, e/

PRD 90 (2014) 112016,
-1=4.6 fbint=7 TeV, Ls

 0.22± 0.11 ±1.12 

ATLAS, dilepton

PRD 90 (2014) 112016,
-1=4.6 fbint=7 TeV, Ls

 0.18± 0.09 ±1.19 

ATLAS, dilepton

PRL 114 (2015) 142001,
-1=20.3 fbint=8 TeV, Ls

 0.13± 0.05 ±1.20 

+jetsµCMS, 

PLB 758 (2016) 321,
-1=19.6 fbint=8 TeV, Ls

 0.15± 0.08 ±0.72 

CMS, dilepton

PRD 93 (2016) 052007,
-1=19.5 fbint=8 TeV, Ls

 0.11± 0.06 ±1.12 

 Spin Correlation Measurements Summarytt
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v Top width (Γt) is inversely proportional to its life-time; NLO SM predicted value (ΓSM) is 
1.35 GeV for mtop=173.3 GeV and αs=0.118

v Analysis performed with the ttbaràdilepton (e/µ) +≥ 2 jets (≥1 b-tagged jets, ≥2 b-tagged 
jets) events at √s=13 TeV (13.1 fb-1)

v Discriminating variable Mlb=√(mtop
2 – mW

2)
v Hypothesis testing with the Powheg-Pythia8 generated templates for Γt=1-4xΓSM and 

mtop=169.5-175.5 GeV

Top Width

v Two dimensional likelihood varying the signal 
strength (µ=σobs/σSM) and sample fraction for 
alternate hypothesis x:  

NSM (Nalt) being expectation for SM (alternate) 
hypothesis
v Limits on Γt at 95% CL:

v Observed: 0.6<Γt<2.5 GeV (Expected: 
0.6<Γt<2.4 GeV for mtop=172.5 GeV)

8 5 Statistical analysis

tW/tt interference: At NLO QCD, tW production is expected to interfere with tt production [39–
41]. Two schemes for defining the tW signal in a way which distinguishes it from tt pro-
duction have been compared in our analysis: “diagram removal” (DR) [39], in which all
doubly resonant NLO tW diagrams are removed, and “diagram subtraction” (DS) [39,
42], where a gauge-invariant subtractive term modifies the NLO tW cross section to lo-
cally cancel the contribution from tt. The difference between the samples simulated using
the two approaches is taken as a systematic uncertainty.

5 Statistical analysis

To test different hypotheses for the top quark width, we analyse likelihood ratios calculated
from pairs of shape hypotheses. The adopted procedure is similar to the one used in [43].
Hypotheses differed in the generator-level width, where the null hypothesis was fixed at the
SM-predicted Gt = 1.324 GeV. Below we denote the null hypothesis as SM. The hypotheses
are generated by re-weighting the generator-level top quark mass distribution with ratios of
relativistic Breit-Wigner functions [13] corresponding to the alternative and SM hypotheses
being tested. The procedure has been validated for the observable used in this analyis, using
a dedicated POWHEG simulation with Gt = 4 · GSM

t . For each hypothesis, a two-dimensional
likelihood scan was performed, varying the signal strength (µ ⌘ sobs

sSM

) and the sample fraction of
alternative width hypothesis (denoted x) as parameters of interest. The signal model generated
from these parameters was a scaled linear interpolation between SM and alternate hypotheses:

Nsignal = µ [(1 � x) · NSM + x · Nalt] , (1)

where Nsignal is the total expected number of signal events, and NSM (Nalt) is the expectation
for the SM (alternate) hypothesis. In Equation 1 the expectations for the signal are furthermore
expanded to include the tt and tW expectations for each hypothesis under test. The overall
signal strength therefore corresponds to the ratio of the observed to the expected tt +tW cross
section. This parameter is profiled in the fit.

Figure 4 compares the expected values of the likelihood as functions of x, for different alter-
native top quark width hypotheses. The expected likelihoods are obtained using pseudo-data
where Gt = GSM or Gt = 4 · GSM. In each case, these are compared with the values of the fit
observed in data. Qualitatively, the data prefers an SM-like scenario, with respect to a wide top
quark scenario.

The impact of each uncertainty in the fit, discussed in Sec. 4, is determined by repeating the fit
after fixing each nuisance to its best-fit value in data and evaluating the difference in the un-
certainty attained in the measurement of x. With this procedure we estimate that the dominant
uncertainties in the measurement of x for each pair of width hypotheses being tested is due to
tt and tW modelling and the luminosity, trigger and selection efficiency-related uncertainties.
In general, the post-fit nuisance values and corresponding uncertainties are in good agreement
with the pre-fit ones.

In order to quantify the separation of the different hypotheses and derive the limits on an
SM-like top quark width, we assume a top quark mass of mt = 172.5 GeV and we perform
pseudoexperiments to produce distributions of a test statistic defined from the likelihood ratios
between the alternate and SM hypotheses:

12 6 Conclusion
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Top Width
v Top width (Γt) extraction using the l+jets events at √s=8 TeV (20.2 fb-1 dataset)

v Event reconstruction using Kinematic Likelihood Fitter 
v Analysis performed with the ttbarà e/µ +≥ 4 jets (≥1 b-tagged, ≥2 b-tagged) 
v Template method with sensitive observables:  mlb and ΔRmin (jb, jl )
v Γt=1.76 ± 0.33 (stat)+0.79 

-0.68 (syst) 
v Limited by systematic uncertainties from jet energy scale/resolution and signal modeling

v In agreement with SM NNLO prediction ΓSM =1.322 GeV for mtop=172.5 GeV
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Figure 4: Templates for (a) the reconstructed invariant mass of the b-jet of the semileptonically decaying top quark
and the corresponding lepton, m`b, and (b) �Rmin( jb, jl), the angular distance between the b-jet jb associated with
the hadronic top quark and the closest light jet jl from the hadronically decaying W boson, in the range 0.7  �t 

3.0 GeV in the muon+jets channel for events with at least two b-tags in the |⌘| > 1 region. The lower panel shows
the ratio of the templates with varied �t to the nominal template generated for a decay width of �t = 1.33 GeV.

width in the single-top-quark template was found to be negligible. The number of expected events per
bin i is given by

ni = nsignal,i +

BX

j=1

nbkg, ji ,

where the index j runs over all backgrounds. The likelihood for an observable O is defined as follows:

L (O|�t) =
NbinsY

i=1

Poisson(ndata,i|ni(�t)) ·
BY

j=1

1
p

2⇡�bkg, j
exp

0
BBBBBB@
�(nbkg, j � n̂bkg, j)2

2�2
bkg, j

1
CCCCCCA , (2)

where Nbins is the number of bins in a template and ndata,i is the number of data events in each bin i. The
number of events from a background source j, nbkg, j, is obtained from nbkg, ji by summing over all bins i.
This number of background events varies in the fit but it is constrained by Gaussian terms where n̂bkg, j is
the expected number of background events for source j and �bkg, j is its uncertainty. The total number of
signal events is a free parameter of the fit. For each background source j only one fit parameter nbkg, j is
used for all b-tag bins, lepton channels and |⌘| regions except for the multijet background. For the latter,
separate parameters are defined for each analysis region.

The uncertainties used as constraints in Eq. (2) on the W+jets background components normalisation
originating from data-driven calibration (see Section 3) amount to 7% for W + bb̄ and W + cc̄, 25% for

14

Table 3: Post-fit yields of the tt̄ signal and background contributions. The yields represent the sum of the number
of events in each of the eight analysis regions. Only the normalisation uncertainties are shown.

Sample Post-fit yields
tt̄ 156360 ± 750
Single top 5700 ± 930
W + bb/cc 7060 ± 510
W + c 1650 ± 550
W + light 1603 ± 65
Z + jets 2770 ± 710
Diboson 320 ± 240
Multijet 6070 ± 380
Total 181600 ± 1700
Data 181536
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quadratic fit is performed around the minimum.

8 Conclusion

A direct measurement of the decay width of the top quark exploiting tt̄ events in the lepton+jets channel
was performed using data taken in proton–proton collisions at

p
s = 8 TeV corresponding to an integ-

rated luminosity of 20.2 fb�1 recorded by the ATLAS detector at the LHC. The decay width of the top
quark is extracted using a binned likelihood template fit to data based on two observables related to the
hadronic and the semileptonic decay branches of the tt̄ pair. The top-quark decay width is measured to
be �t = 1.76 ± 0.33 (stat.) +0.79

�0.68 (syst.) GeV for mt = 172.5 GeV, which is in a good agreement with SM
predictions.

21

arXiv:1709.04207 [hep-ex]; EPJC 78, 129 (2018)



HQL 2018, Yamagata Terrsa, Yamagata, Japan, May 27-June 1, 2018 Prolay Kumar  Mal 22



HQL 2018, Yamagata Terrsa, Yamagata, Japan, May 27-June 1, 2018 Prolay Kumar  Mal 23

W helicity
² W boson helicity fractions: FL,R,O=ΓL,R,O/ΓTotal for left-handed, right-handed and 

longitudinal polarization of W boson respectively

² Helicity angle (θ*) defined as the angle between the direction of the charged 
lepton/down-type quark (from W) and the direction of the bottom quark [all in 
the rest frame of W]

² SM (NNLO) Predictions: FL=0.311, FO=0.687 & FR=0.001

² CMS measurement in ttbaràμ+jets & 
ttbaràe+jets channel using Run I dataset at 
√s=8 TeV (19.8 fb-1)

² ATLAS measurement in ttbarà lepton+jets
channel with the Run I dataset at √s=8 TeV (20.2 
fb-1) 

² Helicity analysis are done for both leptonic and 
hadronic W-decays in ttbar events

1

1 Introduction
The data from proton-proton (pp) collisions produced at the CERN LHC provide an excellent
environment to investigate properties of the top quark, in the context of its production and
decay, with unprecedented precision. Such measurements enable rigorous tests of the standard
model (SM), and deviations from the SM predictions would indicate signs of possible new
physics [1–4].

In particular, the W boson helicity fractions in top quark decays are very sensitive to the Wtb
vertex structure. The W boson helicity fractions are defined as the partial decay rate for a given
helicity state divided by the total decay rate: FL,R,0 ⌘ GL,R,0/G, where FL, FR, and F0 are the left-
handed, right-handed, and longitudinal helicity fractions, respectively. The helicity fractions
are expected to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005, and FR = 0.0017 ± 0.0001 at next-to-
next-to-leading order (NNLO) in the SM, including electroweak effects, for a top quark mass
mt = 172.8 ± 1.3 GeV [5]. Anomalous Wtb couplings, i.e. those that do not arise in the SM,
would alter these values.

Experimentally, the W boson helicity can be measured through the study of angular distribu-
tions of the top quark decay products. The helicity angle q⇤ is defined as the angle between the
direction of either the down-type quark or the charged lepton arising from the W boson decay
and the reversed direction of the top quark, both in the rest frame of the W boson. The dis-
tribution for the cosine of the helicity angle depends on the helicity fractions in the following
way,

1
G

dG
d cos q⇤

=
3
8
(1 � cos q⇤)2

FL +
3
4
(sin q⇤)2

F0 +
3
8
(1 + cos q⇤)2

FR. (1)

This dependence is shown in Fig. 1 for each contribution separately, normalised to unity, and
for the SM expectation. Charged leptons (or down-type quarks) from left-handed W bosons are
preferentially emitted in the opposite direction of the W boson, and thus tend to have lower
momentum and be closer to the b jet from the top quark decay, as compared to charged leptons
(or down-type quarks) from longitudinal or right-handed W bosons.
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Figure 1: Predicted cosq⇤ distributions for the different helicity fractions. The distributions for
the fractions F0, FL, and FR are shown as dashed, dotted, and dash-dotted lines, respectively,
and the sum of the three contributions according to the SM predictions is displayed as a solid
line.

The measurement of the W boson helicity is sensitive to the presence of non-SM couplings
between the W boson, the top quark, and the bottom quark. A general parametrisation of the
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Figure 2: Measured and predicted distributions of (a) likelihood and (b) event probability from the kinematic fit
and reconstructed cos ✓⇤ distribution using (c) the leptonic and (d) the hadronic analysers with �2 b-tags. The
displayed uncertainties represent the Monte Carlo statistical uncertainty as well as the background normalisation
uncertainties.
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Figure 2: Distributions for the cosine of the helicity angle in the leptonic (upper row) and
hadronic (lower row) branches, for the e+jets (left) and µ+jets (right) decay channels. The
combined `+jets post-fit measurements of the helicity fractions were used in the simulation of
tt and single top quark events. The data are displayed as solid points, simulated samples of
tt (signal) processes and the contribution from background processes as histograms. At the
bottom of each plot, the ratio between MC simulation and data is displayed. The error bars
correspond to the statistical uncertainties.

be inaccurate, an uncertainty of +100%
�50% is assumed for simulated events involving a W boson

produced in association with b quark jets. The impact of the DY+jets normalisation uncertainty
in the analysis is small, since it corresponds to only a few percent of the sample composition.
The normalisation of the multijet background is estimated from control samples and results in
an uncertainty of +50%

�50% in the e+jets channel and +40%
�50% in the µ+jets channel. Shape uncertain-

ties on the multijet background templates were investigated by comparing the distributions
in several different control regions, both in MC and in data, and were found to be negligible,
compared to the much larger normalisation uncertainties.

Several uncertainties from possible systematic effects related to theoretical modelling of the sig-
nal are estimated by replacing the default tt samples with alternative tt samples and repeating
the entire analysis. Specifically, for the MADGRAPH interfaced with PYTHIA event generation,
the default mt value of 172.5 GeV is shifted up and down by 1 GeV; the renormalisation and fac-
torisation scales are varied down (up) by a factor of 0.5 (2); the kinematic scale used to match
jets to partons (matching threshold) is varied down (up) by factor of 0.5 (2); finally, the parton
shower and hadronisation modelling is studied in a tt sample simulated with MC@NLO v3.41
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Figure 2: Distributions for the cosine of the helicity angle in the leptonic (upper row) and
hadronic (lower row) branches, for the e+jets (left) and µ+jets (right) decay channels. The
combined `+jets post-fit measurements of the helicity fractions were used in the simulation of
tt and single top quark events. The data are displayed as solid points, simulated samples of
tt (signal) processes and the contribution from background processes as histograms. At the
bottom of each plot, the ratio between MC simulation and data is displayed. The error bars
correspond to the statistical uncertainties.

be inaccurate, an uncertainty of +100%
�50% is assumed for simulated events involving a W boson

produced in association with b quark jets. The impact of the DY+jets normalisation uncertainty
in the analysis is small, since it corresponds to only a few percent of the sample composition.
The normalisation of the multijet background is estimated from control samples and results in
an uncertainty of +50%

�50% in the e+jets channel and +40%
�50% in the µ+jets channel. Shape uncertain-

ties on the multijet background templates were investigated by comparing the distributions
in several different control regions, both in MC and in data, and were found to be negligible,
compared to the much larger normalisation uncertainties.

Several uncertainties from possible systematic effects related to theoretical modelling of the sig-
nal are estimated by replacing the default tt samples with alternative tt samples and repeating
the entire analysis. Specifically, for the MADGRAPH interfaced with PYTHIA event generation,
the default mt value of 172.5 GeV is shifted up and down by 1 GeV; the renormalisation and fac-
torisation scales are varied down (up) by a factor of 0.5 (2); the kinematic scale used to match
jets to partons (matching threshold) is varied down (up) by factor of 0.5 (2); finally, the parton
shower and hadronisation modelling is studied in a tt sample simulated with MC@NLO v3.41
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q ATLAS sub-categorization based on number of 
b-tagged jets
q 1 b-tagged jets
q ≥ 2 b-tagged jets  
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Figure 3: Left: the measured W boson helicity fractions in the (F0, FL) plane. The dashed and
solid ellipses enclose the allowed two-dimensional 68% and 95% CL regions, for the combined
`+jets measurement, taking into account the correlations on the total (including systematic)
uncertainties. The error bars give the one-dimensional 68% CL interval for the separate F0 and
FL measurements, with the inner-tick (outer-tick) mark representing the statistical (total) un-
certainty. Right: the corresponding allowed regions for the real components of the anomalous
couplings gL and gR at 68% and 95% CL, for VL = 1 and VR = 0. A region near Re(gL) = 0
and Re(gR) � 0, allowed by the fit but excluded by the CMS single top quark production
measurement, is omitted. The SM predictions are shown as stars.

[38] using the PDF set CTEQ6M and interfaced with HERWIG v6.520 [39].

Uncertainties in the helicity fractions arising from the limited size of the simulated tt samples
are taken into account, both in the main analysis and in the determination of the modelling
uncertainties. In the former case, these effects are added as a separate source of uncertainty. In
the latter case, the systematic uncertainties in the W boson helicity are assigned to be the larger
of either (i) the statistical precision of the limited sample size or (ii) the systematic shift of the
central value with respect to the reference tt sample.

The shape of the pT spectrum for top quarks, as measured by the differential cross section for
top quark pairs [25, 40], has been found to be softer than the predictions from MADGRAPH
simulation. The effect of this mismodelling is estimated by reweighting the events in the simu-
lated tt sample, so that the top quark pT at parton level in the MC describes the unfolded data
distribution. Further, the systematic effects due to the PDFs used to simulate the signal and
background samples are estimated according to the prescriptions described in [41, 42], using
NNPDF21 [43] and MSTW2008lo68cl [44] PDF sets as alternatives to those used at generation.
Finally, uncertainties related to the modelling of the pileup in simulated events are also taken
into account.

The total systematic uncertainty is given by the sum in quadrature of all uncertainties described
above.

v ATLAS measurements are done 
using  both leptonic analyzer and 
hadronic analyzer. Leptonic
analyzer results (F0=0.709±0.019 
& FL=0.299±0.015) are more 
precise than the hadronic one

arXiv:1605.09047 [hep-ex];
PLB 762, 512 (2016)

v CMS measurements (with better than 5% accuracy) are limited 
by the ttbar signal modeling; dominant uncertainties from ttbar
scale and top quark mass
v F0= 0.681 ± 0.012 (stat) ± 0.023(syst) and FL= 0.323 ±

0.008 (stat) ± 0.014(syst) with F0+FL+FR=1

arXiv:1612.02577 [hep-ex];
EPJC 77, 264 (2017)



HQL 2018, Yamagata Terrsa, Yamagata, Japan, May 27-June 1, 2018 Prolay Kumar  Mal 26



HQL 2018, Yamagata Terrsa, Yamagata, Japan, May 27-June 1, 2018

Top quark mass from     events
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² Many experimental methods to extract the top quark 
mass using different decay modes

² Latest measurement using l+jets events 
² At least 4 jets with exactly 2 b-tagged jets
² Kinematic fits for full event reconstruction (W 

mass constraint & decay of two same mass 
heavy particles)

² Template fit as functions of Jet Energy Scale 
Factor (JSF), b-jet JSF (bJSF) and top quark 
mass

² Relative uncertainty (δmtop/mtop): 0.53%

² Dominant Uncertainties stem from 
² Theoretical: MC statistics, ISR/FSR, PDF, 

Underlying events, hadronization, color
reconnection….

² Experimental: Jet Energy Scale, Jet 
Energy Resolution, b-tagging, b-jet energy 
scale, Pile-up, etc.

tt

mtop=172.08 ± 0.39 (stat+JSF) ± 0.82 (syst) GeV

 [GeV]reco
topm

130 140 150 160 170 180 190 200

Ev
en

ts
 / 

G
eV

0

200

400

600

800

1000

1200
data, l+jets
Best fit background
Best fit
Uncertainty

ATLAS Preliminary
-1=8 TeV, 20.2 fbs

(a) Reconstructed top quark mass
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(b) Reconstructed W boson mass
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(c) Reconstructed ratio of jet transverse momenta

Figure 6: Results of the likelihood fit to the data. The figures show the data distributions of the three observables
with statistical uncertainties together with the fitted probability density function for the background alone (barely
visible at the bottom of the figure) and for the sum of signal and background. The uncertainty band corresponds
to the one standard deviation total uncertainty on the fit function. It is based on the total uncertainty in the three
fitted parameters as explained in the text. Figure (a) shows the distribution of the reconstructed top quark mass
m

reco
top , figure (b) the distribution of the reconstructed W boson mass m

reco
W , and finally figure (c) the distribution of

the reconstructed ratio of jet transverse momenta R
reco
bq .

25

 [GeV]reco
topm

130 140 150 160 170 180 190 200

Ev
en

ts
 / 

G
eV

0

200

400

600

800

1000

1200
data, l+jets
Best fit background
Best fit
Uncertainty

ATLAS Preliminary
-1=8 TeV, 20.2 fbs

(a) Reconstructed top quark mass

 [GeV]reco
Wm

60 70 80 90 100 110

Ev
en

ts
 / 

G
eV

0

200

400

600

800

1000

1200

1400

1600

1800 data, l+jets
Best fit background
Best fit
Uncertainty

ATLAS Preliminary
-1=8 TeV, 20.2 fbs

(b) Reconstructed W boson mass

reco
bqR

0.5 1 1.5 2 2.5 3

Ev
en

ts
 / 

0.
05

0
200

400
600
800

1000

1200
1400
1600
1800

data, l+jets
Best fit background
Best fit
Uncertainty

ATLAS Preliminary
-1=8 TeV, 20.2 fbs

(c) Reconstructed ratio of jet transverse momenta
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with statistical uncertainties together with the fitted probability density function for the background alone (barely
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to the one standard deviation total uncertainty on the fit function. It is based on the total uncertainty in the three
fitted parameters as explained in the text. Figure (a) shows the distribution of the reconstructed top quark mass
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top , figure (b) the distribution of the reconstructed W boson mass m
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W , and finally figure (c) the distribution of
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² Latest measurement on lepton+jets using the √s=13 TeV dataset (2016) with at least four 
jets (exactly two are b-tagged jets); Kinematic constraints for full event reconstruction

² Ideogram method (2-D fit for mtop, and JSF)
² Δδmtop/mtop=0.36% - marginally higher than CMS Run I combination (0.28%)

² Dominant systematics: MC modelling, color reconnection, patron showing, JES…. 
² Uses latest theoretical calculations related to ttbar color reconnection

tt

mtop=172.25 ± 0.08 (stat+JSF) ± 0.62 (syst) GeV
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Figure 2: Reconstructed W boson masses mreco
W (left) and fitted top quark masses mfit

t (right)
after the goodness-of-fit selection and the weighting by Pgof. Symbols and patterns are the same
as in Fig. 1. The simulations are normalized to the integrated luminosity.

classified as correct permutations (cp), wrong permutations (wp), and unmatched permutations
(un), where, in the latter, at least one quark from the tt decay is not unambiguously matched
within a distance of DR < 0.4 to any of the four selected jets.

To check the compatibility of an event with the tt hypothesis, and to improve the resolution
of the reconstructed quantities, a kinematic fit [42] is performed. For each event, the inputs
to the algorithm are the four-momenta of the lepton and of the four leading jets, ~pmiss

T , and
the resolutions of these variables. The fit constrains these quantities to the hypothesis that
two heavy particles of equal mass are produced, each one decaying to a bottom quark and a
W boson, with the invariant mass of the latter constrained to 80.4 GeV. The kinematic fit then
minimizes c2 ⌘ (x � xm)T G (x � xm) where xm and x are the vectors of the measured and fitted
momenta, respectively, and G is the inverse covariance matrix which is constructed from the
uncertainties in the measured momenta. The two b-tagged jets are candidates for the b quarks
in the tt hypothesis, while the two untagged jets serve as candidates for the light quarks from
the hadronically decaying W boson. This leads to two possible parton-jet assignments with
two solutions for the longitudinal component of the neutrino momentum each, resulting in
four different permutations per event.

To increase the fraction of correct permutations, we require the goodness-of-fit (gof) probability
for the kinematic fit with two degrees of freedom Pgof = exp

�
�c2/2

�
to be at least 0.2. This

requirement selects 161 496 events in data, while the non-tt background in the simulated data
is reduced from 7.6% to 4.3%. The remaining background consists mostly of single top quark
events (2.5%). Any of the four permutations in an event that passes the selection criteria is
weighted by its Pgof value and is used in the measurement. These steps improve the fraction of
correct permutations from 14.9% to 48.0%. Figure 2 shows the final distributions after the Pgof
selection of the reconstructed mass mreco

W of the W boson decaying to a qq0 pair and the invariant
mass of the top quark candidates from the kinematic fit mfit

t for all selected permutations. These
two observables are used in the mass extraction.

arXiv:1805.01428 [hep-ex]; submitted to EPJC
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What’s next on mtop?
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• Results from Tevatron and LHC 
experiments are combined 
together → World Combination, 
2014

• Reached a precision of 0.5 GeV 
(<0.3%) individually ATLAS 
(Run I) /CMS (Run II) 

• Precision is limited by the 
understanding of  hadronization 
modeling, color reconnection, 
Jet Energy Scale correction….

• Usage of experimentally clear 
observables avoiding jets
– charged track & leptons
– Vertex-lepton invariant mass
– Using Charm mesons

• Top quark ‘pole’ mass?

LHC Top Working Group
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Summary on mt
pole

• Extraction of top quark pole mass (mt
pole) from inclusive production cross-section (σtt)

• σtt can be calculated theoretically at NNLO for different values of mt
pole

– Acceptance also depends on mt
pole

– Fixed value of αs

• ATLAS: 0.9%; CMS: 1%; DØ: 1.5%

170 175 180
 [GeV]pole

tm

)t(tσD0 inclusive  3.3 GeV±172.8 

)t(tσATLAS inclusive  2.6 GeV±172.9 

)t(tσCMS inclusive  1.8 GeV±173.8 

+1j)t(tσATLAS differential  2.2 GeV±173.7 

ATLAS leptonic (8 dist.)  1.6 GeV±173.2 

pole
tm

Stat. Uncertainty
Full Uncertainty

ATLAS

Figure 22: Result of the top quark pole mass determination from the combined fit to eight leptonic distributions
(shown by the red point and grey band), compared to other determinations from inclusive and di↵erential cross-
section measurements in tt̄ events [13, 15, 40, 41]. The statistical uncertainties are shown separately by the thick
error bars where available.

where the three uncertainties arise from data statistics, experimental systematic e↵ects, and uncertainties
in the theoretical predictions, giving a total uncertainty of 1.6 GeV. The theoretical uncertainty is domin-
ated by the comparison of results with di↵erent QCD central scale choices. Figure 22 shows a comparison
with previous determinations of the top quark pole mass from the inclusive tt̄ production cross-section
[13, 15, 40] and from the invariant mass distribution of the tt̄ plus one jet system [41]. The present result
is in agreement with these other results, all of which have larger uncertainties. It is also in agreement
with the Tevatron and LHC average measurement of 173.34 ± 0.76 GeV from reconstruction of the top
quark decay products [121], as well as with more precise recent results using similar techniques [35, 36,
129]. However, the precision of the present pole mass result is not su�cient to probe potential di↵erences
between it and the other techniques at the 1 GeV level.

The theoretical uncertainty of 1.2 GeV on the final result using fixed-order predictions is significantly
smaller than the uncertainties due to tt̄ modelling and potential NNLO e↵ects in the top quark pT spec-
trum for the fits based on Powheg+Pythia6 templates. In the fixed-order approach, the potential missing
NNLO corrections are absorbed into the variations of the QCD scales µF and µR, which are signific-
antly constrained by the fit to the complete set of distributions, including those with little sensitivity to
mt. However, there remains a significant uncertainty of about 1 GeV due to the choice of the functional
form of the QCD scales, limiting the gain from the combined fit. This approach would therefore benefit
significantly from the availability of fixed-order calculations including NNLO e↵ects in the top quark
production and decay [130], which should reduce the uncertainties due to scale choices. O↵-shell and
interference e↵ects in the pp ! WWbb̄ ! eµ⌫⌫̄bb̄ + X process (including both tt̄ and single top Wt
contributions) [131–137], as well as NLO electroweak corrections [138, 139], were not considered in this
analysis. They are expected to be small compared to the theoretical uncertainties of the current result, but
likely cannot be neglected in a determination of mt based on NNLO QCD predictions. These theoretical
advances would allow the power of the full set of distributions to be utilised more e↵ectively, especially

57

arXiv:1709.09407 [hep-ex];
EPJC 77, 804 (2017)

https://twiki.cern.ch/twiki/pub/CMSPublic/
PhysicsResultsTOPSummaryFigures/

30Prolay Kumar  Mal
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² During the LHC era, the top quark properties are being measured with 
unprecedented precision

² Both ATLAS and CMS have completed the Run I legacy papers

² Some measurements are already performed with the Run II dataset

² Measurement of various properties of top quark are providing crucial tests on 
the SM itself while probing the BSM physics; so far no excess observed over 
the SM predictions.

² Key measurements on Top quark properties presented here

² ttbar charge asymmetry, spin correlation

² Top quark width

² W boson helicity

² Mass of top quark

² Some of the limiting systematics affecting these measurements stem from 

² ttbar modeling (top mass, ttbar scale, ttbar matching scale)

² Experimental uncertainties related to the jets (Jet Energy Scale, Jet Energy 
Resolution), W+jets and QCD background determination   

Summary & Conclusions
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LHC Outlook (Run II & beyond)

Prolay Kumar  Mal 32

² LHC Run II at √s=13 TeV began in 2015; Top properties from the full Run II 

dataset are yet to be explored

² New Physics discovery may be at the door-step and top quark properties 

would play the key role; In addition, we would also  be able to probe tiny SM 

predictions

² Many more upgrades with the LHC and the detectors are scheduled for next 

two decades. In addition analyses techniques would be refined further
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² LHCTopWG: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
² ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
² CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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Top pair production
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Physics
Top#antiXtop#quark#production

ŝ = xi s ⋅ x j s ≥ (2mt )
2

xi ≈
2mt

s

x qq vs gg cross section ± scales ± pdf
Tev 1.96 TeV 0.18 90% vs 10% 7.164 pb ~2% ~2%
LHC 7 TeV 0.048 15% vs 85% 172.0 pb ~3% ~3%
LHC 8 TeV 0.043 12% vs 88% 245.8 pb ~3% ~2.5%
LHC 14 TeV 0.025 10% vs 90% 953.6 pb ~3% ~2%

1303.6254NNLO+NNLL

mt=173.3#GeV,#MSTW2008nnlo68cl#
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Electroweak Top Production

² Direct determination of the CKM Matrix element (|Vtb|)
² Background process for Higgs and BSM searches
² Major probe in BSM physics scenarios  

Prolay Kumar  Mal 36

Why is the single top quark so interesting?

Single top-quark production via electroweak interaction, involving a Wtb vertex
t-channel Wt channel s-channel

NLO+NNLL with
mt = 172.5 GeV

p
s (pb) � (t-channel) � (Wt) � (s-channel)

87.8 ± 3.4 22.4 ± 1.5 5.6 ± 0.2
8 TeV Phys. Rev. D 83, 091503(R) (2011) Phys. Rev. D 82, 054018 (2010) Phys. Rev. D 81, 054028 (2010)

X Measurements of the single top production provide a test of SM predictions:
Production cross-section and direct determination of the quark mixing matrix element |Vtb|
! Test of unitarity of the CKM matrix
Probe of the b-quark structure function

X Powerful probe for physics beyond the SM (BSM) related to EWSB:
Resonances (W 0,H+,B0), vector-like quarks, anomalous couplings.

X Significant background in search for Higgs and several expected BSM processes

Carolina Gabaldon (LPSC) Single top production at the LHC: other channels September 15, 2015 3 / 22

√s (pb) σ (t-channel) σ (Wt) σ (s-channel)

8 TeV 84.69 22.37 5.24

13 TeV 216.99 71.7 10.32

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec

NLO+NNLL with
mtop=172.5 GeV
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PRD 93, 092006 (2016)/arXiv:1603.06536 [hep-ex]

mtop using Secondary Vertex tracks

• Mass reconstruction of Lepton + 
Secondary Vertex in bins of SVX-
track multiplicity 

• Leading systematic uncertainties
– B-fragmentation (+1.00 

-0.54 GeV)
– Top quark pT (+0.82 GeV)

• Total experimental uncertainties 
<500 MeV

mtop=173.68 ±0.2 (stat)+1.58
-0.97(syst) GeV



HQL 2018, Yamagata Terrsa, Yamagata, Japan, May 27-June 1, 2018

mtop using charm meson
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CMS: mtop=173.5 ± 3.0 (stat) ± 0.9 (syst) GeV

• Reconstruction of Lepton + J/Ψ invariant mass
• Small branching fractions

– 666 available events in 2012 dataset
– Statistical uncertainty of 3.0 GeV

• However, systematic uncertainty <1 GeV
– b-fragmentation ~ 0.3 GeV
– Limited by top pT modeling, QCD scales
– Relevant experimental uncertainties < 100 MeV

CMS-TOP-15-014

ATLAS-CONF-2015-040
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Top quark pole mass
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19

Top quark pole mass (GeV)
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FIG. 9. The measured tt̄ production cross section dependence
on the top quark mass (points) parametrized by a quartic
function (solid black line) and compared to the dependence
provided by the NNLO pQCD calculation top++ [40], which
implements pQCD calculations according to [37].
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• Extraction of top quark 
pole mass (mt

pole) from 
inclusive production 
cross-section (σtt) using 
lepton+jets and dilepton
events

mt
pole = 172.8 +3.4 
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FIG. 7. Post-fit output distributions of the combined MVA discriminant using the measured combined tt̄ cross section and
mt = 172.5 GeV for the e+ two, three or four or more jets (panels (a) – (c)), and for the µ+ two, three or four or more jets
(panels (d) – (f)). Statistical uncertainties of the data are shown and the post-fit systematic uncertainties are indicated by the
hashed band in the bottom panel of the histogram.

XI. TOP QUARK POLE MASS

Table V presents the measured combined inclusive tt̄
cross section as a function of the top quark mass. For
each top quark mass point shown a separate combined
log-likelihood fit of the ℓ+jets and ℓℓ channel MVA dis-
criminant inputs was performed, as was done for the mass
point of 172.5 GeV. The measured tt̄ cross section only
changes by 0.7% for a change of 1 GeV in the assumed
top quark mass. Systematic uncertainties of the tt̄ contri-
bution are taken from the 172.5 GeV case and assigned
to other masses as a relative systematic uncertainty of
the same size.
Figure 9 shows the measured and theoretical mass de-

pendence of the inclusive tt̄ production cross section as
provided by top++ [40]. We parametrize the experi-
mentally measured dependence with a fourth order poly-
nomial function to the individual cross section measure-
ments at the mass points reported in Table V. There
is negligible change if a cubic function is chosen. Un-
certainties on the measured values include the statistical
and systematic uncertainties discussed in Sec. IX and are
indicated by the dotted lines. Theoretical uncertainties
include those from the variation of the renormalization
and factorization scales by a factor of 2 and PDF uncer-
tainties [39] taken from the MSTW2008 NNLO PDF set.

TABLE V. The measured combined inclusive tt̄ cross section
as a function of the top quark MC mass with statistical and
systematic uncertainties given separately.

Top quark mass [GeV] Cross section σ(tt̄) [pb]

150 9.70 ± 0.16 (stat.)+0.73
−0.67 (syst.)

160 8.25 ± 0.14 (stat.)+0.63
−0.57 (syst.)

165 7.46 ± 0.13 (stat.)+0.58
−0.51 (syst.)

170 7.55 ± 0.13 (stat.)+0.58
−0.55 (syst.)

172.5 7.26 ± 0.12 (stat.)+0.57
−0.50 (syst.)

175 7.28 ± 0.12 (stat.)+0.54
−0.49 (syst.)

180 6.86 ± 0.12 (stat.)+0.53
−0.47 (syst.)

185 6.50 ± 0.11 (stat.)+0.50
−0.43 (syst.)

190 6.70 ± 0.11 (stat.)+0.60
−0.47 (syst.)

These are added in quadrature and indicated by the dot-
ted lines surrounding the central theoretical prediction.
To determine the top quark pole mass from the in-

clusive tt̄ cross section following the method in [54], we
extract the most probable mt value and uncertainty by
employing a normalized joint-likelihood function, which
takes into account the total experimental uncertainty,


