
P
o
S
(
E
P
S
-
H
E
P
2
0
1
9
)
6
2
5

Recent top quark properties in CMS

Agostino De Iorio∗ for the CMS Collaboration
Università degli Studi di Napoli “Federico II” e INFN sezione di Napoli
E-mail: adeiorio@fisica.unina.it, deiorio@na.infn.it

The top quark is produced at the LHC in pair with its anti-particle via strong interactions and
singly via electroweak interactions. An accurate knowledge of its properties (mass, couplings,
production cross section, decay branching fractions, etc.) can bring key information on fun-
damental interactions at the electroweak symmetry-breaking scale and beyond. Measurements
of top quark properties using data collected by the CMS experiment are presented in this note.
Among them, latest results on top quark mass, tt̄ spin correlations, Yukawa coupling and single
top quark spin asymmetry are the most relevant.

European Physical Society Conference on High Energy Physics - EPS-HEP2019 -
10-17 July, 2019
Ghent, Belgium

∗Speaker.

c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:adeiorio@fisica.unina.it
mailto:deiorio@na.infn.it


P
o
S
(
E
P
S
-
H
E
P
2
0
1
9
)
6
2
5

Recent top quark properties in CMS Agostino De Iorio

1. Top quark properties

The top quark is the heaviest particle known in Nature. It has 1
2 spin, 2

3 e electric charge and
color charge. So the top quark participates to all the interactions. It has a natural mass: its Yukawa
coupling to the vacuum expectation value is close to 1. For this reason it has a privileged relation
with the Higgs boson and it could also have a role in the electroweak (EW) simmetry breaking
mechanism. The top quark decays before the hadronisation can occur: its lifetime is of order of
2×10−25 seconds. So its angular properties are directly accessible through its decay products. The
top quark decays weakly almost exclusively in a W boson and a b quark.

2. Top quark mass

The top quark physics is mainly driven by its large mass. The value of top quark mass signifi-
cantly affects the prediction for many observables, either directly or via radiative corrections. It is
a key input to electroweak precision fits and, together with the values of the Higgs boson mass and
of the strong interactions coupling αS, it has direct implications on the Standard Model (SM) pre-
dictions for the stability of the EW vacuum. The value of the top quark mass has also cosmological
consequences, e.g. on Universe lifetime.
Top quark mass is challenging both for experiments and theory. From the theory side, different
definitions of the top quark mass are used. Top quark MonteCarlo (MC) mass refers to the value
used in the parton shower codes. Top quark pole mass or MS-mass refer to the fixed-order theoret-
ical predictions. In the on-shell (o.s.) and MS schemes the renormalised bare top quark propagator
SR(p) can then be expressed in terms of pole and MS masses, respectively, as follows:

SR
o.s.(p) =

i

/p−mpole
, SR

MS(p,µ) =
i

/p−mMS(µ)− (A−B)mMS(µ)
(2.1)

The relation between top quark pole (mpole
t ) and MS (mt(mt)) masses is calculated up to four loops

in and reads:

mpole
t = mt(mt)[1+0.4244αS +0.8345α

2
S +2.375α

3
S +(8.615±0.017)α4

S +O(α5
S )]

= [163.508+7.529+1.606+0.496+(0.195±0.0004)] GeV.
(2.2)

For a detailed discussion the reader could see Ref. [1]. The top quark mass can be measured both
directly by fitting observables depending on top quark mass and indirectly by studying the property
that depend on the top quark pole mass. The top quark mass measurement can be performed
in many channels by exploiting many experimental observables and this allows to combine the
different results to improve the precision.

2.1 Direct top quark mass in `+jets final state

Top quark mass can be measured in tt̄ events that decay in `+jets final state [2]. The selection
requires 1 high pT isolated e/µ , at least 4 jets, two of them are required to be originated by a b
quark. The full event reconstruction, necessary to access the invariant mass of the two top quarks,
is done via a kinematic fit with the W boson mass constraint. The goodness of fit coming out from
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this procedure is used to weight the distributions of the kinematic variables. Then an ideogram
method is applied to estimate the jet energy scale factor necessary to reduce the impact of the jet
energy calibration uncertainty on the final measurement. Figure 1(a) shows the top quark mass
distribution before, (a), and after the application of the weight, (b).
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Figure 1: The top mass distribution before (a) and after the application of the weights (b) [2] and
the shapes of the likelihood in the semi-leptonic, all-hadronic and combined cases (c) [3].

A simultaneous fit is performed in order to extract the top quark mass and the jet energy scale
factor values obtaining:

mt = 172.25±0.08(stat)±0.62(syst)

JSF = 0.996±0.001(stat)±0.008(syst)
(2.3)

2.2 Direct top quark mass in all-hadronic final state

The top quark mass can also be measured in tt̄ events that decay in all hadronic final state [3].
The selection requires 6 jets, two of them coming from the hadronisation of a b quark. The analysis
strategy is identical to the one used in the case of `+jets final state. The fit in this case obtains:

mt = 172.34±0.20(stat)±0.70(syst)

JSF = 0.997±0.002(stat)±0.007(syst)
(2.4)

Due to the use of the same analysis strategy, it’s possible to combine the two analyses with a
single likelihood and find a more precise value. Figure 1c shows the likelihoods functions for the
semi-leptonic, all-hadronic and combined cases. The results of the combined case are:

mt = 172.26±0.07(stat)±0.61(syst)

JSF = 0.996±0.001(stat)±0.007(syst)
(2.5)

This is the first combined top quark mass extraction from the lepton+jets and all-hadronic channels
through a single likelihood function.
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2.3 Indirect top quark pole mass in di-lepton final state

For the top quark pole mass measurement, the selection requires one opposite flavour lepton
pair with opposite charge [4]. Electrons and muons coming from the τ decay are excluded. A loose
kinematic fit is used for the event reconstruction but the top mass constraint is not used. This allows
to solve for the pair of neutrinos and consequently reconstruct the tt̄ system. The triple differential
cross section in terms of the invariant mass and the pseudorapidity of the tt̄ system and of the
number of extra jets not arising from the decay of a top quark is used to extract the top quark pole
mass as well as αS using several sets of parton distribution functions (PDF), as shown in Figure 2.
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Figure 2: Top pole mass and αS extraction at NLO for different PDF sets [4].

Furthermore, a simultaneous fit of the PDFs, αS, and top pole mass is performed at next-to-leading
order (NLO), demonstrating that the new data have significant impact on the gluon PDF, and at the
same time allow an accurate determination of αS and mpole

t .

αS(mZ) = 0.1135±0.0016(fit)+0.0002
−0.0004(model)+0.0008

−0.0001(param)+0.0011
−0.0005(scale)

mpole
t = 170.5±0.7(fit)±0.1(model)+0.0

−0.1(param)±0.3(scale) GeV
(2.6)

2.4 Direct/Indirect top quark pole mass in di-lepton final state

Top quark MC mass and top quark pole mass are measured in tt̄ events that decay in di-lepton
final state by requiring two opposite flavour leptons with opposite charge [5]. A kinematic fit is
used to fully reconstruct the event. To increase the sensitivity to the top quark mass, the minimum
invariant mass of the lepton and the b jet system is used. 12 regions are defined in terms of the
number of b jets and of extra jets present in the event. Finally, a simultaneous fit is performed to
measure the cross section and the top quark MC mass:

σtt = 815±2(stat)±29(syst)±20(lumi)pb

mMC
t = 172.33±0.14(stat)+0.66

−0.72 (syst)GeV
(2.7)

The cross section has a residual dependence on top quark MC mass and it is used to extract the
value of the top quark mass in the MS scheme for different PDF sets as reported in Table 1. The
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PDF set mpole
t [GeV]

ABMP16 169.9±1.8+0.8
−1.2

NNPDF3.1 173.2±1.9+0.9
−1.3

CT14 173.7±2.0+0.9
−1.4

MMHT14 173.6±1.9+0.9
−1.4

Table 1: Value of the top quark mass
in the MS scheme for different PDF
sets. The first uncertainty is due to the
fit + PDF +αS contributes while the
second is due to the scale variation.
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Figure 3: Indirect determination of mt(mt) and αS for dif-
ferent PDF sets [5].

residual dependence on top MC mass allows also an indirect determination of mt(mt) and αS as
shown in Figure 3.

3. Top quark polarisation

The top quark decay width is larger than the QCD hadronisation scale and of the spin decor-
relation scale. This implies that, not only does the top quark decay before hadronisation occurs,
but also its spin information is preserved in the angular distribution of its decay products. The top
quarks and antiquarks that are produced at the Large Hadron Collider (LHC) via the strong inter-
action are mostly unpolarised at leading order. However, the spins of the top quarks and antiquarks
are strongly correlated. Squared matrix element can be written as reported in Eq. 3.1 by factorizing
decay density matrices ρ and ρ̄ .

|M (qq̄/gg→ tt̄→ (`+νb)(`−ν̄ b̄))|2 ∼ Tr[ρRρ̄] (3.1)

The spin density matrix R can be studied by using the double differential cross section in terms of
the polarization angles of the top quark and antiquark:

1
σ

dσ

d cosθ i
1d cosθ

j
2

=
1
4

(
1+Bi

1 cosθ
i
1 +B j

2 cosθ
j

2 −Ci j cosθ
i
1 cosθ

j
2

)
(3.2)

From Eq. 3.2 single differential cross sections can be derived in order to measure the polarization
and the spin correlation of the tt̄ system.

1
σ

dσ

d cosθ i
1
=

1
2
(
1+Bi

1 cosθ
i
1
) 1

σ

dσ

d cosθ
j

2

=
1
2

(
1+B j

2 cosθ
j

2

)
1
σ

dσ

d cosθ i
1 cosθ

j
2

=
1
2

(
1−Ci j cosθ

i
1 cosθ

j
2

)
ln

(
1

cosθ i
1 cosθ

j
2

) (3.3)

3.1 Measurement of the top quark polarization

The di-lepton channel is perfect for a spin measurement because the spin analysing power of
the leptons is close to one [6]. A kinematic fit is used to reconstruct the event. A χ2 minimization
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technique is used to unfold the distributions and 15 single differential cross sections are analysed
in order to measure the polarization and the spin correlation factors. Figure 4 reports the results
obtained compared to the SM predictions from different MC predictions.
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Figure 4: Polarization and the spin correlation factors compared to the SM predictions [6].

4. Yukawa coupling

Weak force mediated corrections affect the tt̄ cross section at loop-induced order α2αweak and
these become important only in particular kinematic regions with small relative velocity between
the top quark and antiquark. The analysis is performed by requiring 1 high pT isolated lepton, at
least three jets, at least two of them are required to come from a b quark [7]. A new kinematic
technique has been developed to reconstruct events with on missing jet, that correspond to the low
tt̄ system mass, mtt̄, region, the most sensitive to the Yukawa coupling. The extraction is made by
comparing the data yields in mtt̄ and the difference of rapidity between top and antitop quarks for
different number of reconstructed jets with distributions representing different Yukawa couplings.
The results are given in terms of the signal strength Yt, i.e. the ratio of the measured value over the
expected one, and they are reported in Table 2.

Channel Expected 95% CL Observed 95% CL

3 jets Yt < 2.17 Yt < 2.59
4 jets Yt < 1.88 Yt < 1.77
5 jets Yt < 2.03 Yt < 2.23

Combined Yt < 1.62 Yt < 1.67

Table 2: Signal strengths for the Yukawa coupling in the different channels and in the combined
one.

5. Top quark spin asymmetry

At the LHC the top quark can be produced singly via EW interactions. Due to the V −A
structure of the weak interaction the top quark is produced highly polarised along the spectator
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quark direction. A powerful observable to investigate the coupling structure in t-channel production
is the differential cross section in terms of the polarization angle defined as the angle between the
direction of the lepton and of the spectator quark in the top quark rest frame. The analysis requires
a single isolated lepton, 2 or 3 quarks, up to 2 of them coming from a b quark [8]. The result
obtained is Ae/µ = 0.439±0.032(stat)±0.053(syst) and it is in agreement with the SM prediction.

6. Conclusions

Many properties of the top quark have been measured with high precision. Top quark mass is
one of the most important: both direct and indirect measurements have uncertainties below 1 GeV.

The large amount of data collected by the CMS experiment allows measurement of rare pro-
cesses to test the SM predictions. Many Beyond SM (BSM) scenarios can also be tested with
differential and multi-differential measurements.

No deviations from the SM predictions are observed but the top quark sector is one of the most
interesting for BSM manifestation.
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