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Results on measurements involving jet substructure and boosted jets are presented. The data have
been recorded by the CMSCollaboration in proton-proton collisions at the LHC at a center-of-mass
energy of 13 TeV. The measured cross sections are compared to various theoretical predictions,
including new calculations using analytical resummation. Furthermore, multiple jet substructure
observables measured in CC̄ events are presented.
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1. Introduction

Jets, abundantly produced at the LHC, are collimated sprays of hadrons usually associated
with an elementary particle production carrying colour charge, i.e. quarks and gluons. The
strong force which is described by quantum chromodynamics (QCD) governs the evolution of
jets. Experimentally jets are clustered from the final state particles using the jet reconstruction
algorithms. The anti-:) algorithm is commonly used by the CMS [1] experiment where the signals
from all subdetectors are first combined in a particle flow (PF) algorithm, reconstructing electrons,
photons, and muons as well as charged and neutral hadrons [2].

In recent years, a vibrant research field has emerged on identifying the internal structure of
jets. At high energy collisions electroweak scale resonances such as W/Z/H bosons and the top
quark are produced beyond threshold, i.e. their energy or transverse momentum can significantly
exceed their mass. Hence, strategies developed at earlier colliders where the electroweak scale
particles produced with small velocities, should be reconsidered. Since electroweak resonances
dominantly decay into quarks, the decay products can become collimated in the laboratory frame.
The investigation of the internal structure of jets i.e, jet substructure aims to eliminate contributions
from soft emission.

Jet-grooming techniques [3–5] can be used to separate the soft parts of the jets from the hard
part. The effects of pileup, which is not correlated with the hard part of the jet can be reduced
by using such techniques. The “mass drop” (MD) procedure [6] has been modified into such
a theoretically controlled jet-grooming algorithm [7]. Its generalization, the “soft drop” (SD)
algorithm [8], removes soft parts of a jet, resulting in a dramatically reduced Sudakov peak in the
jet mass distribution. Understanding the behavior of the jet mass and the grooming techniques from
first principles is important to further develop boosted object identification algorithms.

2. Jet mass in dijet events

CMS has measured the differential jet cross section as a function of the jet mass in bins
of jet transverse momentum from dijet events, with and without a jet grooming algorithm [9].
Comparison of the production cross section with respect to the ungroomed (<D) and groomed (<6)
jet mass provides insight into both the soft and hard physics. The data are compared to PYTHIA8,
POWHEG+PYTHIA8, and HERWIG++ predictions including new calculations using analytical
resummation. The events having at least two jets, without an explicit third jet veto, are selected.
The asymmetry between the leading and subleading jet transverse momenta, defined as ?) 1 and
?) 2 respectively, is required by (?) 1− ?) 2)/(?) 1 + ?) 2 < 0.3). The difference in azimuthal angles
is required to satisfy Δ (q1 − q2) > c/2. Jets are clustered using the anti-:) algorithm [10] with
a distance parameter of ' = 0.8 which is chosen to coincide with the majority of CMS beyond
the standard model (BSM) searches using jet substructure techniques. The soft drop algorithm
procedure is applied to groom the jets. Figure 1 shows the normalized cross sections for ungroomed
and groomed jets as a function of the jet mass for all ?) bins. Overall, an agreement is observed
between the theoretical predictions and the measured cross sections within the uncertainties for
masses from 10 to 30% of the jet transverse momentum.
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Figure 1: Normalized cross section for ungroomed (left) and groomed (right) jets for all ?) bins [9].

3. Jet substructure observables in CC̄ events

An analysis of the jet substructure observables in resolved CC̄ lepton + jets events from ??

collisions at
√
B = 13 TeV has been performed by the CMS Collaboration [11]. Multiple jet sub-

structure observables such as generalized angularities, eccentricity, groomed momentum fraction,
#-subjettiness ratios, and energy correlation functions are measured for jets identified as bottom,
light-quark, and gluon jets, as well as for inclusive jets (no flavor information). The results are
compared to theoretical predictions from POWHEG interfaced with the parton shower generators
PYTHIA 8, HERWIG 7, and DIRE 2. After applying SD algorithm to remove the soft radiation,
the groomed momentum fraction is expressed as I6 = ?) ( 92)/?) ( 90) where 92 and 90 are the last
declustering iteration and the softer subjet, respectively. The unfolded I6 distribution for the first
time is shown in Figure 2 (left). An agreement between the data and the prediction of HERWIG7
using the angular-ordered shower is observed. The distribution of angle between groomed subjets,
Δ'6, is shown for charged particles in Figure 2 (right) . This observable is related to jet width and
the groomed jet area and shows a strong dependency on the amount of final state radiation (FSR).
The present data provide useful tests for tuning and improving final-state parton showers as well
as quantum chromodynamics analytical calculations including higher-order fixed and logarithmic
corrections, for infrared- and/or collinear-safe observables.

4. Jet mass in CC̄ events

CMS has been investigating the running of the top quark mass <C for the first time [12].
In the modified minimal subtraction ("() renormalization scheme, the top quark mass and the
strong coupling constant UB depend on the renormalization scale ` which is described by the
renormalization group equations (RGEs) as following:

`2 d<(`)
d`2 = −W(UB (`))<(`) (1)
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Figure 2: Distributions of the groomed momentum fraction I6 (left) and the angle between the groomed
subjets '6 (right) for inclusive jets reconstructed with charged particles [11].

Here, −W(UB (`)) and <(`) represent the quark mass anomalous dimension and the quark mass
evaluated at the scale `, respectively. In order to extract the running of <C , a comparison of
next-to-leading order (NLO) theoretical predictions to a measurement of the differential top quark-
antiquark (CC̄) production cross section as a function of <C C̄ is performed. In order to minimize the
correlation between the extracted ratios (<C (`:)/<C (`2)), the running is determined with respect
to a reference scale `A4 5 which is chosen to be `2 = 476 GeV. The extracted running together with
the RGE prediction at one-loop precision is shown in Figure 3 (left). Good agreement with the
one-loop RGE prediction is observed within 1.1 standard deviations, and the no-running hypothesis
is excluded at above 95% confidence level. Figure 3 (right) shows a comparison between the the
extracted ratios <C (`:)/<C (`2) to the value of <8=2;

C (`:)/<C (`2). The running of <C is probed up
to a scale of the order of 1 TeV.
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Figure 3: Extracted running of <C compared to the RGE prediction at one-loop precision (left) and the
comparison to the value of <8=2;

C (`: )/<C (`2) (right) [12].
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5. Differential CC̄ cross section

Ameasurement of the differential CC̄ production cross section in the boosted regime in the all-jet
and lepton+jets final states is performed by the CMS Collaboration [13]. The measurement is based
on pp collisions at

√
B = 13 TeV corresponding to a total integrated luminosity of 35.9 fb−1. Events

consisting of either one or both top quarks decaying to jets and where the decay products cannot be
resolved but are instead clustered in a single large-radius (') jet with ?) > 400 GeV are used. The
absolute (left) and normalized (right) differential cross sections unfolded to the parton-level as a
function of <C C̄ are shown in Figure 4. The absolute cross section is significantly overestimated by
all the models. However, the normalized differential cross sections are consistently well described.

 (
pb

/G
eV

)
tt

/d
m

σd

5−10

4−10

3−10

2−10

1−10
Parton level

Data
Total unc.
Powheg+Pythia8
aMC@NLO+Pythia8
Powheg+Herwig++

All-jet channel

 (GeV)ttm
1000 1500 2000 2500 3000 3500 4000

(M
C

/d
at

a)
-1

2−
1−
0
1
2

3

 (13 TeV)-135.9 fbCMS )
-1

 (
G

eV
tt

/d
m

σ
) 

d
σ

(1
/

6−10

5−10

4−10

3−10

2−10
Parton level

Data
Total unc.
Powheg+Pythia8
aMC@NLO+Pythia8
Powheg+Herwig++

All-jet channel

 (GeV)ttm
1000 1500 2000 2500 3000 3500 4000

(M
C

/d
at

a)
-1

2−

1−

0

1

2

 (13 TeV)-135.9 fbCMS

Figure 4: Differential cross section unfolded to the parton level, absolute (left) and normalized (right), as a
function of <C C̄ in the all-jet channel [13].

6. Summary

CMS has recently published several studies on various jet substructure observables in order to
characterize the jet evolution. As measurements probe larger energy scales, jet substructure algo-
rithms and boosted objects are increasingly relied upon. Comparison of the normalized groomed
and ungroomed cross sections has shown that the grooming algorithm considerably decreases the
jet mass and reduce the sensitivity of the observable to details of the physics modeling and pileup
effects. The present measurements provide useful tests for improved quantum chromodynamics
analytical calculations as well as tuning and improving final-state parton showers.
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