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Abstract

The amount of data collected by the CMS experiment at the CERN LHC in the second data
taking period provides the possibility to study absolute and differential cross sections of
top quark interaction processes with high precision. Utilizing these results, fundamental
standard model parameters such as the top quark mass are extracted. Moreover, given
standard model measurements are interpreted in the context of beyond the standard
model theories. Recent results on top quark properties and rare or anomalous top quark
interactions by CMS are presented in these proceedings. Furthermore, the implications
of experimental results to effective field theory are discussed.
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1 Introduction

The standard model of particle physics (SM) describes successfully a variety of processes in
a wide energy range up to several TeV. Its properties and parameters have been investigated
and determined by different experiments such as the CMS experiment [1] at the CERN LHC
over the past decades. However, open questions such as the origin of dark matter cannot be
explained by the SM, and it is indicated that the SM could be the low energy approximation of
a more general higher order theory. The mass of the most massive elementary particle, the top
quark, suggests that the top quark takes a special role within the SM. Its Yukawa coupling to the
Higgs boson is close to unity and hence it implies its particular importance in the electroweak
symmetry breaking. Therefore, the precise study of processes involving top quarks can shed a
light both on beyond the SM (BSM) physics but also solve the question on the stability of the
electroweak vacuum by performing precise measurements of the top quark mass.

At hadron colliders such as the CERN LHC, top quarks are produced with a high production
rate. They are produced predominantly in pairs (tt production), but also in single top produc-
tion or associated with light or heavy bosons (e.g. ttZ and tty). Thus, with the extensive
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amount of data collected in the second data taking period by the CMS experiment, the intro-
duced processes can be investigated with a precision that is compatible or more precise than
recent theoretical calculations. Because the top quark decays before performing bound states,
it provides also a unique way to study quark properties or to extract other SM parameters.

2 Top quark mass measurements

The value of the top quark mass, m,, can be measured in mainly two different ways, which
involve a different theoretical understanding and can be classified as direct and indirect mea-
surements. Whereas direct measurements have reached a precision up to 0.5 GeV, they lack a
well defined theoretical definition. They are based on the kinematic reconstruction of the top
quark decay products and thus rely on inherent features and the probabilistic modeling of multi
purpose Monte Carlo (MC) generators. On the other hand, indirect measurements extract the
top quark mass in well defined renormalization schemes, such as the pole or modified minimal
subtraction (MS) renormalization scheme, by measuring observables with a direct sensitivity
to the top quark mass. The relation between the top quark MC mass, mi\’lc, from direct mea-
surements, is usually related to the pole mass with an additional uncertainty of the order of
1 GeV motivated by the uncertainty associated to the modeling of MC generators [2, 3].

The top quark mass was measured by the CMS collaboration recently in the single top
t-channel using 35.9 fb™! of pp collision data [4]. By separating events based on the lepton
charge in the analyzed leptonic decay channel of the top quark, both the mass of the top quark
and the top antiquark are additionally measured individually by a functional fit, as it is shown
in Figure 1 left for the combined fit. By making use of multivariate analysis techniques, the
signal sensitivity is enhanced and the combined top quark/antiquark mass is measured to be
172.13+0.7 GeV. The extracted ratio between the quark and antiquark is 0.995 & 0.006, and
their difference is found to be 0.83f1):g. The uncertainties are dominated mainly by the jet
energy scale, final state radiation, and color reconnection modeling uncertainties. This is the

first time that mltvIC was measured with a precision below 1 GeV in the single top phase space.
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Figure 1: Reconstructed data as a function of the natural logarithm of the recon-
structed top quark mass together with a functional fit (left) [4]. Measured scale de-
pendence of the top quark mass as a function of the scale u,, = ms/2 (right) [5,6].

By measuring the top quark mass in the boosted regime of decaying top quarks in the tt
pair production process [7], the relation between direct and indirect measurements can be
probed [8]. The top quark mass is extracted to be 172.6 + 1.9GeV by comparing the unfolded
differential cross section as a function of the jet mass at particle level to theoretical predictions.
The same amount of pp collision data as in the aforementioned analysis was used. The reported
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results significantly improved with respect to former measurements by the usage of the Xcone
jet clustering algorithm. It was used for the first time at LHC to improve the resolution of the
jet mass at particle and detector levels.

The first experimental investigation of the scale dependence (running) of the top quark
mass [6] is performed by analyzing tt events using also 35.9 fb~! of pp collision data. The top
quark mass running in the MS scheme is a fundamental effect of quantum chromodynamics
and analogous to the running of the strong coupling constant. Through a profiled maximum
likelihood fit to final state observables, the differential cross section as a function of the in-
variant mass of the tt system (m;) is measured at parton level. From a comparison of the
measured cross section to fixed order theory prediction, the running is probed up to a scale of
1TeV and found to agree with the SM within 1.10.

3 Measurements of top quark properties

Utilizing the special properties of the top quark, fundamental SM parameters can be extracted
by investigating processes involving top quarks. In the presented measurement, the top quark
Yukawa coupling Y, is determined by a likelihood fit to final state distributions of tt events using
137fb™! of pp collision data [9]. Higher order electroweak effects affecting the Yukawa cou-
pling are modeled using HATHOR [10] predictions, and proxy variables are fitted to mitigate
the dependence of the missing transverse momentum resolution in the leptonic decay channel.
The best fit value for Y, yields Y, = 1. 16+° 03¢ and an upper limit of Y, < 1.5 is extracted at
95% CL.

By separating single top t-channel signal events into multiple contributions depending on
the bottom-bottom and bottom-light quark interactions at both tWb vertices, the CKM ma-
trix elements Vg, Vyq, and V, are measured the first time simultaneously and model inde-
pendent [11]. In pp collision events corresponding to an integrated luminosity of 35.9 fb™1,
multivariate discriminator response observables are fitted in a likelihood fit to determine the
signal strengths of the individual single top t-channel modes. A three-fold interpretation of the
measured signal strength parameters is provided, setting limits on the CKM matrix elements
under SM unitary assumption (|V;,| > 0.970, [V,4|? + [Vi|> < 0.057), allowing for more quark
families (|V;,| = 0.988 £0.051, [Vig|? + |Vis|?> = 0.06 £ 0.06), or leaving the top quark width

unconstrained (V| = 0.988 £ 0.024, [V,4|2 + [Vs|2 < 0.06 £ 0.06, FObS =0.99 £0.42).

Alike, the polarization of the W boson can be extracted from d1fferent1a1 cross sections of tt
and t-channel single top production [13]. Several analyses have been published by the ATLAS
and CMS collaborations for the analyzed pp collision data at 8 TeV, and here a combination of
those results is reported. Correlations of systematic uncertainties have been studied between
the analyses, and by using the best linear unbiased estimator method, combined results for
the right handed, left handed, and longitudinal W boson polarization fractions Fg, F, and F,
are determined. As can be seen in Figure 3, with an overall relative improvement of 25—30%,
the combination yields much more precise results than the individual measurements alone.

Because top quark pairs are produced mainly via gluon fusion at the CERN LHC, mea-
suring the forward-backward asymmetry (Apg) in tt production is a considerable larger chal-
lenge compared to proton-antiproton colliders as the TEVATRON. In the results presented [ 14],
pp collision data corresponding to 35.9 fb™! are analyzed in the boosted and resolved decay
topologies. By means of a likelihood fit to three final state observables, m, the scattering an-
gle c*, and the longitudinal momentum fraction of the top quarks xg, gluon and quark initiated
production modes are separated and the asymmetry is extracted. The resulting value for Agp of
0. 048+8 8ﬁ is found to be consistent with the SM and an upper limits on the chromomagnetic
and chromoeletric dipole moment (CEDM) of the top quark are set.
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Figure 2: Comparison between measured data and SM expectation in different bins
of mass and rapidity bins for a post-fit result of Y; = 1.16 (left) [12]. Distribution of
the multivariate discriminator comparing data to simulation after the fit procedure
(right) [11].

In a similar approach analyzing the same set of pp collision events, the conservation of CP
symmetry in tt decays is examined [12]. Theoretically, a large fraction of CP violation would be
predicted from the CEDM of the top quark. The asymmetry of the Levi-Cita tensors O; and Os
of the four momenta of the top quarks, charged leptons, and b quarks are directly sensitive to
this effect. From their measurement, values for the CEDM (0.058 £0.098 and —0.01 £0.092)
of the top quark are determined and are found to be consistent with the SM expectation.

4 Rare processes & anomalous couplings

One approach to interpret SM measurements is the framework of effective field theory (EFT).
By probing anomalous couplings of higher order operators and their dimensionless coupling
strengths represented by Wilson coefficients (WCs), a model independent picture of BSM ef-
fects can be obtained. Two measurements performed by CMS investigated the absolute and
differential cross section of tt associated production with photons or Z bosons, respectively.
The data sets analyzed correspond to 77.5 fb™! for the tty [15] and 137 fb~? for the ttZ mea-
surement [16]. Of particular sensitivity to EFT operators affecting tty and ttZ production are
the momentum distribution of the Z boson and the photon, and further the angle of the neg-
atively charged lepton in the boson rest frame with respect to the Z boson. Both analyses
together set the tightest constraints on the scrutinized couplings to date.

A novel approach was employed in the presented CMS analysis by parametrizing EFT ef-
fects from multiple operators simultaneously in detector level observables [17]. Multilepton
final state events were analyzed using 137 fb™! pp collision data and the total yields of five
associated production modes of the top quark (ttZ, ttW, ttH, tZq, tHq) are fitted. Using signal
categories enriched and particularly sensitive to one of the five signals studied, the effect of
16 WCs modifying the signal strengths is probed. By profiling them one by one or all WCs
simultaneously, confidence intervals corresponding to two standard deviations are computed.
This analysis represents the first important step to a global EFT interpretation in all relevant
processes.
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Figure 3: Summary plot of the individual measurements of the W polarization frac-
tions and their combination [13].
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Figure 4: Expected signal category yields before (left) and after the fit procedure
(right), together with the comparison to measured data [17].

5 Conclusion

Recent results on top quark mass and properties measurements by CMS have been reported.
Furthermore, measurements of rare and anomalous top quark interactions have been pre-
sented with their implications for physics beyond the standard model. Significant improve-
ments in direct and indirect measurements of the top quark mass have been achieved, analyz-
ing single-top and top pair production events. Several standard model parameters have been
extracted from studying top quark interactions, such as the top quark Yukawa coupling, CKM
matrix elements, or W boson polarization fractions. While good agreement with the standard
model is observed, interpretations of differential cross section measurements in the effective
field theory framework have been highlighted. Together with recent analyses employing novel
parametrization techniques, they set the most stringent limits on various anomalous couplings
to date.

120.5


https://scipost.org
https://scipost.org/SciPostPhysProc.8.120

Scil SciPost Phys. Proc. 8, 120 (2022)

References

[1]

[2]

[3]

[4]

[5]

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

CMS Collaboration, The CMS experiment at the CERN LHC, J. Inst. 3, S08004 (2008),
doi:10.1088/1748-0221/3/08/S08004.

A. H. Hoang, S. Platzer and D. Samitz, On the cutoff dependence of the quark mass
parameter in angular ordered parton showers, J. High Energy Phys. 10, 200 (2018),
doi:10.1007/JHEP10(2018)200.

S. Ferrario Ravasio, T. JeZo, P Nason and C. Oleari, Addendum to: A theoretical study of
top-mass measurements at the LHC using NLO+PS generators of increasing accuracy, Eur.
Phys. J. C 79, 859 (2019), doi:10.1140/epjc/s10052-019-7336-9.

CMS Collaboration, Measurement of the top quark mass in events with a single recon-
structed top quark at /s = 13TeV, CMS-PAS-TOP-19-009, https://cds.cern.ch/record/
2759301 (2021).

CMS Collaboration, Running of the top quark mass from proton-proton collisions
at /s = 13TeV (2021), http://cms-results.web.cern.ch/cms-results/public-results/
publications/ TOP-19-007 /index.html#AddFig .

CMS Collaboration, Running of the top quark mass from proton-proton collisions at
+/s =13TeV, Phys. Lett. B 803, 135263 (2020), doi:10.1016/j.physletb.2020.135263.

CMS Collaboration, Measurement of the jet mass distribution and top quark mass in
hadronic decays of boosted top quarks in pp collisions at /s = 13 TeV, Phys. Rev. Lett.
124, 202001 (2020), doi:10.1103/PhysRevLett.124.202001.

S. Fleming, A. H. Hoang, S. Mantry and I. W. Stewart, Jets from massive
unstable particles: Top-mass determination, Phys. Rev. D 77, 074010 (2008),
doi:10.1103/PhysRevD.77.074010.

CMS Collaborations, Measurement of the top quark yukawa coupling from tt kinematic
distributions in the dilepton final state in proton-proton collisions at /s = 13 TeV, Phys.
Rev. D 102, 092013 (2020), doi:10.1103/PhysRevD.102.092013.

M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P Uwer and M. Wiedermann, HATHOR -
HAdronic Top and Heavy quarks crOss section calculatoR, Comput. Phys. Commun. 182,
1034 (2011), doi:10.1016/j.cpc.2010.12.040.

CMS Collaboration, Measurement of ckm matrix elements in single top quark t-channel
production in proton-proton collisions at /s = 13 TeV, Phys. Lett. B 808, 135609 (2020),
doi:10.1016/.physletb.2020.135609.

CMS Collaboration, Search for CP violating anomalous top quark coupling in pp colli-
sions with the CMS detector at /s = 13 TeV CMS-PAS-TOP-18-007, https://cds.cern.ch/
record/2730231 (2020).

CMS and ATLAS Collaborations, Combination of the W boson polarization measurements
in top quark decays using ATLAS and CMS data at /s = 8 TeV, J. High Energy Phys. 08,
051 (2020), doi:10.1007 /JHEP08(2020)051.

CMS Collaboration, Measurement of the top quark forward-backward production asymme-
try and the anomalous chromoelectric and chromomagnetic moments in pp collisions at /s
=13 TeV, J. High Energy Phys. 06, 146 (2020), doi:10.1007 /JHEP06(2020)146.

120.6


https://scipost.org
https://scipost.org/SciPostPhysProc.8.120
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1007/JHEP10(2018)200
https://doi.org/10.1140/epjc/s10052-019-7336-9
https://cds.cern.ch/record/2759301
https://cds.cern.ch/record/2759301
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-007/index.html#AddFig
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-007/index.html#AddFig
https://doi.org/10.1016/j.physletb.2020.135263
https://doi.org/10.1103/PhysRevLett.124.202001
https://doi.org/10.1103/PhysRevD.77.074010
https://doi.org/10.1103/PhysRevD.102.092013
https://doi.org/10.1016/j.cpc.2010.12.040
https://doi.org/10.1016/j.physletb.2020.135609
https://cds.cern.ch/record/2730231
https://cds.cern.ch/record/2730231
https://doi.org/10.1007/JHEP08(2020)051
https://doi.org/10.1007/JHEP06(2020)146

Scil SciPost Phys. Proc. 8, 120 (2022)

[15] CMS Collaboration, Measurement of the inclusive and differential tt + y cross section and
EFT interpretation in the single lepton channel at /s = 13 TeV, CMS-PAS-TOP-18-010,
https://cds.cern.ch/record /2758332 (2021).

[16] CMS Collaboration, Measurement of top quark pair production in association with a Z
boson in proton-proton collisions at /s = 13 TeV, J. High Energy Phys. 03, 056 (2020),
doi:10.1007/JHEP03(2020)056.

[17] CMS Collaboration, Search for new physics in top quark production with additional leptons
in proton-proton collisions at /s = 13 TeV using effective field theory, J. High Energy Phys.
03, 095 (2021), doi:10.1007/JHEP03(2021)095.

120.7


https://scipost.org
https://scipost.org/SciPostPhysProc.8.120
https://cds.cern.ch/record/2758332
https://doi.org/10.1007/JHEP03(2020)056
https://doi.org/10.1007/JHEP03(2021)095

	Introduction
	Top quark mass measurements
	Measurements of top quark properties
	Rare processes & anomalous couplings
	Conclusion
	References

