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Event shape variables, constructed from the four-momenta of the final-state objects in an event, are
sensitive to the models of Quantum Chromodynamics in hadronic final states. These are sensitive
to the perturbative as well as non-perturbative aspects of Quantum Chromodynamics. The study
of these variables can help us in understanding the geometrical structure of the hadronic final
states. In this note, we present two such recent measurements by the CMS Collaboration and

comparison with the predictions of QCD inspired theoretical models.
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1. Introduction

Event shape variables (ESV), constructed from the four-momenta of the final-state objects in
an event, are infrared and collinear safe and provide information of energy flow in the hadronic
final states. They are sensitive to both perturbative and non-perturbative aspects of Quantum
Chromodynamics (QCD), and can be used to test various aspects of QCD. They are robust against
various sources of systematic uncertainties. In this note, we present two recent measurements of
several ESVs by the CMS Collaboration using data of proton-proton collisions at /s = 13 TeV
collected by the CMS detector [1, 2], during the Run 2 of the Large Hadron Collider. CMS is a
general-purpose detector with four sub-detectors, i.e., a tracker made of silicon pixels and strips,
an electromagnetic calorimeter made of PbWQOy crystals, a brass and plastic scintillator hadron
calorimeter and a muon system. CMS uses particle flow approach to combine information from all
the sub-detectors to reconstruct each single particle. Detector level distributions of the ESVs are
corrected for the detector effects to obtain the true distributions. This makes comparison with the
theoretical predictions and results from other experiments easier.

2. Measurement of event shape variables using charged particles inside jets in
proton-proton collisions at /s = 13 TeV

2.1 Introduction

In this analysis [3], the ESVs are constructed using the four-momenta of the charged particles
inside jets. Using particles instead of jets reduce theoretical issues, e.g. collinear and soft emissions
of partons and the dependence of the jet clustering algorithm. However, events in Run 2 of LHC
have large pile-up (PU) contamination and its effect is mitigated at the jet level but not at the particle
level. On the other hand, charged particles are much less affected by PU, and hence, have been used
for evaluating the ESVs.

The ESVs are defined such a way that they have a minimum value of zero for events with two
back-to-back jets, and a higher value for spherical, multijet events where the jets are distributed
isotropically. The five ESVs are defined below.
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According to the definitions 7, is sensitive to the initial perturbative part (hard scattering, hard
gluon emission, etc.) whereas the jet masses and jet broadening depend more on the subsequent
non-perturbative part (fragmentation, hadronization, etc.).

2.2 Event Selection and Samples

Five ESVs are studied using data corresponding to an integrated luminosity of £ = 138 fb~!
collected during 2016-2018. Particle flow objects are combined to form jets using the anti-kt
algorithm [4] with R=0.4. Events are selected by requiring at least two jets with p7 > 30 GeV and
|7| < 2.1. Charged particles inside jets with |n7| < 2.5 are used to evaluate the ESVs.

The data sample is divided into eight Hr > phase-space regions, depending on the trigger
efficiency curves, where Hr  is defined as the average prof the jets having the highest (p7 ;) and
the second highest (pr ;,) in an event. The eight Hr > ranges which are used in this analysis are (in
GeV) — 83-109, 109-176, 176247, 247-318, 318-387, 387477, 477-573 and > 573.

Three Monte Carlo generators PyTHIA8 v8.240 [5], MADGRAPHS_AMC@NLO v2.6.5 [6] and
HEerwiG7 v7.2.2 [7] are used to simulate pp collision at 4/s = 13 TeV. Simulated events are passed
through GEanT4 [8] package for considering CMS detector response. Simulated events are selected
using the same criteria as collision events.

2.3 Unfolding & Uncertainties

In this analysis, two-dimensional (2D) unfolding is considered for each ESV involving the
variable itself and Hr ». The unfolding is performed using the TUnrFoLD [9] framework to obtain
the particle-level information. A number of closure tests have been done to ensure that the unfolding
is done correctly.

For this analysis, possible sources of experimental systematic uncertainty are considered — jet
energy scale (JES), jet energy resolution (JER), pileup, track reconstruction efficiency, track pr
resolution, etc. Monte Carlo model dependence of unfolding and parton density function (PDF)
have been considered for theoretical uncertainties. The major contributions to the uncertainty are
from JES ( 1-3%) and Monte Carlo model dependence (1-5%). The contribution from statistical
uncertainty is small, < 1%, for all the five variables. The total relative uncertainty is 1-6% for all
of them.

2.4 Results

Normalized unfolded distributions of the five ESVs are compared with the predictions of
PyTtHIA8, MADGRAPHS_AMC@NLO and HeErwiG7, see Figure 1. PyTtHIA8 shows overall good
agreement with data for 7, and p%o ;» and overestimates the spherical, multijet events for pro;, Y23
and Br. The agreement improves with increasing Hr > for all the ESVs. HErwiG7 shows similar
trends like PytHia8. The agreement between data and MADGrRAPHS_AMC@NLO + PyTHIAS is
good in lower Hr » values, whereas it overestimates the share of 2-jet events and correspondingly
underestimates the fraction of spherical, multijet events for all the ESVs except Y>3 for higher Hr »
values. Overall, the results indicate that our understanding of the energy flow in an event at different
energy scales needs improvement.
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Figure 1: Normalized unfolded distributions of the 7, (row 1), Y2 3 (row 2), By (row 3), pro¢ (tow 4), p;ot
(row 5) compared with the predictions of PytHia8 (CP5 tune) (red, solid), HErwic7 (CH3 tune) (green,
dash-dotted) and MADGrRAPHS_AMC@NLO + PyTHIAS (blue, dotted) for three Hr » ranges (in GeV), i.e.
247-318, 318-387,477-573. For each plot the inner grey band and the yellow band represent the statistical and
total uncertainties and the lower panel shows the ratio of Monte Carlo to data. The error bars corresponding
to PytH1AS8 (in red) and MADGrAPHS_AMC@NLO + PyTHIAS (in blue) represent their respective variation
due to the renormalization and factorization scales.
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3. Measurement of event shapes in minimum bias events from pp collisions at 13
TeV

3.1 Introduction

The study of global event observable measurements in proton-proton collisions, e.g. cor-
relations of outgoing particles [10] and multiplicity of strange hadrons [11] suggests difficulties
in modelling. The models that attempt to describe these effects were developed for heavy ion
collisions and include effects such as collective flow or rope hadronization. Detecting QCD instan-
tons, which produce relatively isotropic distribution of particles is also of interest. These issues
motivate the measurement of observables sensitive to nonpertubative effects in minimum-bias pp
collisions. Moreover, dominant effect of soft QCD uncertainties suggests the need for experimental
input to non-perturbative QCD. In this paper [12], eight event shape observables are studied using
minimum-bias pp collisions.

The following ESVs are studied in this paper.

¢ Particle multiplicity : N

* Total invariant mass : +/s

* Sphericity : measure of how isotropically the momenta are distributed, S =

e Thrust : measure of how highly collimated the momenta in an event along one particular
X pii

axis, T = 1 — max,; (IZIT)

* Broadening : measure of the fraction of energy perpendicular to the thrust axis, B = Bp +Bgr

where, left and right broadening is expressed as, By, = 3, |§"|Xf’", Br =2 %’ile‘ll
iel 4 pi i€R 4 pi

* Transverse sphericity : sphericity in the transverse plane, calculated by setting p? to 0 in
the sphericity definition

* Transverse thrust : the thrust in the transverse plane, calculated by setting p? to 0 in the
thrust definition

* Isotropy : estimated using the distance measure d;; = 2(1 — cos 6;;), where 6;; is the angle
between two particles.

3.2 Event Selection and Samples

Eight ESVs are studied using low PU pp collisions recorded in 2018, with an average of about
one inelastic pp collision per bunch crossing, corresponding to an integrated luminosity of £ = 64
ub~L.

ESVs are calculated with tracks without clustering into jets. Events must have one primary
vertex with = 2 (£ 24) cm in the transverse (longitudinal) direction with at least three tracks
associated with it. All tracks must have pr> 0.5 GeV and || < 2.4. The track impact parameter
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in the transverse (longitudinal) direction must be at most 8 (13) times the vertex resolution in the
transverse (longitudinal) direction.

Simulated events from Monte Carlo event generators PyTHiA8 (CP1), PyTHIAS (A3), PyTHIAS
(A14), PytHia8 (CP5), EPOS LHC [13] and HErwiGg7 (CH3) are used in this study. A minimally
biased set of inelastic collisions is selected by requiring the MC events to have > 2 charged particles
with pr> 0.5 GeV and || < 2.4 at the particle level.

3.3 Unfolding & Uncertainties

Multi-fold machine learning-based unfolding [14] is used in this study. This uses multiple
reweighting steps on each iteration, first correcting the simulation towards the data at detector
level, then correcting the original simulation towards this corrected simulation at the particle
level. Additional sub-steps are also used to account for acceptance and efficiency effects. The
unfolding procedure is iterated multiple times, with iteration serving as a form of regularization.
Fewer iterations provide stronger regularization and bias towards the input simulation. The number
of iterations was determined using goodness-of-fit tests on pseudodata, ensuring no significant
improvement with additional iterations. All the observables are unfolded simultaneously using
neural network, considering the correlation of the observables. Several tests are also conducted for
validating the unfolding process. The final result of the unbinned unfolding is a set of reweighted
MC events, estimating the probability density of real data in phase space. The results are binned
after the unfolding to produce histograms of the differential cross-section as a function of the
observable under study.

In this analysis, systematic uncertainties are larger than the statistical uncertainties. The uncer-
tainty from tracking efficiency is the largest, ~1.7%. The uncertainty from the migration functions
for different physics models combined across all models is ~1.6%. Whereas, the uncertainty from
the regularization bias between the nominal model and other models is typically O(1%), and the
combined uncertainty from regularization bias from all models is 1.2%. The statistical uncertainties
are less than 1%. Total relative uncertainty for one-dimensional distribution is O(5%).

3.4 Results

Normalized unfolded distributions of eight ESVs are compared with the predictions of PyTHIAS
(CP1), PytHIA8 (A3), PyTHIAS (A14), PYyTHIAS (CP5), EPOS LHC and HeErwic7 (CH3), see
Figure 2. All generators overestimate the charged particle multiplicity and invariant mass in the low
multiplicity region and underestimate at intermediate values. Moreover large difference is observed
with data at the high multiplicity region. Other ESVs show a consistent trend where the unfolded
data are more isotropic than the simulation. The discrepancy between data & MC is largest in the
middle of the charged-particle multiplicity for the spherical distributions. Other ESVs also show
similar trends. Variations of PDF, UE tune, colour-reconnection models, and «a; (FSR), etc., do
not change the qualitative nature of the MC predictions vis-a-vis data. These investigations show
that the data continue to prefer more isotropic distributions even within slices of charged-particle
multiplicity and when considering only the plane transverse to the beam direction. The unfolded
distributions from this measurement can be used to improve and develop existing models of pp
collisions. These are also critical for understanding quark-gluon plasma and topological effects in
non-abelian gauge theories.
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Figure 2: Normalized unfolded distributions of the N (row 1, left), v/s¢;, (row 1, middle), S.;, (row 1,
right), S5 (row 2, left), B, (row 2, middle) T, (row 2, right), T<" (row 3, left) and Isotropy“" (row 3,
right) are compared with the predictions PyTHia8 (CP1 tune), PyTHiA8 (A3 tune), EPOS-LHC, PyTHIAS
(A14 tune), PytHia8 (CP5 tune) and Herwic7 (CH3 tune).

4. Summary

The event shape variables are important in understanding both perturbative and non-perturbative
effects in Quantum Chromodynamics at the Large Hadron Collider. In this note, we have presented
two recent measurements of event shape variables using proton-proton collision data collected by
the CMS detector. Detector-level distributions of several event shape observables are unfolded
for correcting the detector effects using standard unfolding technique as well as machine learning
based techniques. Both measurements show that the Monte Carlo models cannot represent the data
completely. These measurements can be used to improve the theoretical predictions.
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