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1. Introduction

High-momentum partons produced during the initial hard scatterings in heavy ion collisions
are predicted to suffer energy loss as they traverse the quark-gluon plasma (QGP) [1]. The mecha-
nisms by which these partons lose energy to the medium, and their interactions with the medium,
are still not fully understood [2]. The particles resulting from the fragmentation and hadronization
of these partons, can be clustered into jets, and can be used as parton proxies to probe the properties
of the QGP. Parton energy loss manifests itself in various experimental observables, first measured
at BNL RHIC [3, 4], and subsequently at the CERN LHC [5, 6, 7], including suppression of high
transverse momentum, pr, hadrons and jets, as well as modifications of the properties of parton
showers.

After an initial hard splitting, where both resulting partons carry a significant fraction of the
original energy, the two energetic partons then evolve into separate sprays of particles within the
jet. By isolating these two hard-radiation sources and removing the softer wide-angle radiation
contributions, this initial splitting and the interactions of the color charges of the medium with the
two outgoing highly energetic partons can be studied. In experiment, this is achieved using jet
grooming algorithms that attempt to isolate the hard prongs of a jet and remove soft wide-angle
radiation [8, 9]. Interactions of the two outgoing partons with the QCD medium could temporarily
increase their virtuality leading to a different gluon emission probability, subsequently resulting
in modifications of the momentum sharing and the angular separation between the split partons
[10, 11].

In this work we present measurements of shared momentum fraction [12] and groomed jet
mass [13]. Shared momentum fraction, zg, is defined as the ratio between the pr of the less ener-
getic subjet, pt 2, and the pr sum of the two subjets [14], zo = pt.2/(pt,1 + pr2). In pp collisions,
the variable z, corresponds to the QCD splitting function and is independent of the jet pr [15].
In PbPb collisions, this measurement helps to probe the role of color coherence of the jet in the
medium, including the ability of the medium to resolve the partons by breaking the color coherence
between them [16]. If the partons act as a single coherent emitter, the two subjets will be equally
modified, leaving z, unaffected [17]. If, instead, the partons in the medium act as decoherent emit-
ters, the two subjets should be modified differently, thereby altering z,. The ability of the medium
to resolve the traversing partons also depends on the opening angle of their splitting [18, 19], which
motivates studies of the groomed jet mass (My). Jet mass is defined as the invariant mass of the sys-
tem consisting of two subjets, and is sensitive to both the parton splitting function and the opening
angle between the two outgoing partons. The variable used in the groomed jet mass measurements
is M,/ p'TEt as the invariant jet mass scales with jet pr in vacuum [21] leading to partial cancellation
in systematic uncertainties. In addition, both z, and M,/ p'Tet are sensitive to semi-hard medium-
induced gluon radiation [18], modifications of the initial parton splitting [19], and the medium
response [20].

2. Analysis and Results

Data samples of PbPb and pp data at \/snn = 5.02 TeV, corresponding to integrated luminosi-
ties of 404 ub~! and 25 pb~!, respectively, were used in these measurements. Events are selected
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using high pr jet triggers. In pp collisions, an unprescaled trigger with a jet pr threshold of p]Tet
= 80 GeV is used, based on jets reconstructed from particle-flow candidates [22]. In PbPb colli-
sions, triggers are based on jets reconstructed from calorimeter deposits including a subtraction of
the uncorrelated underlying event. The threshold for these triggers is pJTet = 100 GeV. The anti-kt
algorithm [23] with the distance parameter R = 0.4 is used for these measurements in both pp and
PbPb collisions.

In order to remove contributions from the underlying event activity, the “constituent subtrac-
tion” [24] algorithm is performed for each jet. The algorithm takes the per-event background energy
density as input and performs a particle-based background subtraction. The average event activity
is estimated following methods described in Ref. [25]. To compare results from pp collisions with
those of PbPb collisions in a given p’ft and centrality range, a smearing procedure is applied to the
pp data in order to account for the effects of the presence of underlying event activity and differ-
ences in the reconstruction procedure between PbPb and pp data. The corrections for the smearing
procedure are derived by comparing fully simulated and reconstructed PYTHIA [26] events with
PYTHIA events embedded in HYDJET [27] background.

Jet grooming algorithms [8, 9, 21] are used to remove the contributions from large angle soft
radiation of the jet and underlying event activities, and to focus on the hard structure of the jet.
In the soft drop (SD) algorithm [9, 14] that is adopted here, a reconstructed jet (using the anti-kt
algorithm) is first re-clustered using the Cambridge-Aachen algorithm [28] and then de-clustered
by dropping the softer branch until finding two hard branches with the following condition satisfied:

Z R 2.1)

where pr1(pt,2) denote the transverse momentum of the first (second) subjet, and 6 is the angular

min(pr,1,pr2) <AR12 > b
P11+ P12

separation between the two subjets. z., and 3 are free parameters we can choose for different
types of jet grooming. The algorithm terminates if the soft drop condition is met, failing which,
the smaller of the two subjets is discarded and the two subjets of the leading subjet are examined.
In these measurements, two sets of parameters are considered: zcy, = 0.1 with § = 0.0, denoted
as (0.1,0.0) SD setting, and zey = 0.5 with B = 1.5, denoted as (0.5,1.5) SD setting. The first
parameter set has the advantage of being largely insensitive to higher-order QCD corrections, such
as multiple emissions, while the second one is preferred experimentally since it reduces the impact
from underlying event fluctuations by applying a stronger SD constraint for subjets with larger
opening angle, thereby focusing on the core of the jet. An additional cut of ARj» > 0.1 is applied
to account for detector (in)efficiency and to avoid the collinear region.

The per jet normalized z, and M/ p’Tet distributions in pp collisions are presented in Fig. 1,
left and right panels respectively, for p’ft between 160 and 180 GeV for different SD settings. It is
observed that the results from the Monte Carlo (MC) generators and data agree within systematic
uncertainties for both measurements. The z, distribution for pp collisions follows the characteristic
1/z behavior expected from the QCD splitting function [15]. It is also noted that the M,/ p];t
measurements, which are sensitive to large angle soft radiation, are considerably different in the
two grooming settings.

Fig. 2 (left panel) shows the z, distribution measured in PbPb collisions for p'Te’t between 160
and 180 GeV, in different centrality intervals, in comparison to the smeared pp reference data. It
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Figure 1: Left: The z, distribution in pp collisions in the (0.1,0.0) SD setting compared to predictions
from event generators. Right: The M,/ p'Tet distribution for pp collisions using (0.1,0.0) SD setting (left
panels) and (0.5,1.5) SD setting (right panels). Results are shown for 160 < ]fTet < 180 GeV and compared
to PYTHIA and HERWIG++ event generators in both measurements. The shaded area indicate systematic
uncertainties and the statistical uncertainties are less than the marker sizes. For more details please refer to
Ref. [12] and Ref. [13].

is observed that the z, distribution in peripheral PbPb collisions is in agreement with the the pp
measurement and that as the PbPb collisions become more central the splitting into two branches
becomes increasingly more unbalanced. The modification of the zo distribution in central PbPb
collisions is shown in Fig. 2 (right panel) for various kinematic ranges in nget The results are
compared to a prediction from the JEWEL event generator which incorporates medium-induced
interactions while the partons propagate through the QGP [20, 32], and also to predictions from
various theoretical models [19, 29, 30] with different settings.

Fig. 3 and Fig. 4 show the M, / p']?t distributions measured in PbPb collisions for the two groom-
ing settings, in different centrality intervals, in comparison to the smeared pp reference data for p']? ‘
between 160 and 180 GeV. No significant modification in PbPb collisions compared to smeared pp
data is observed for the (0.1,0.0) SD setting, except for a hint of an enhancement of large mass
jets for the 10% most central collisions. For the (0.5,1.5) SD setting, where the grooming is more
likely to remove pairs of subjets with large opening angles or highly imbalanced pt values, no
noticeable modification is observed.

The ratio of M,/ ;f;t distributions in the 0 — 10% PbPb collisions sample to that in pp smeared
sample are shown for several p]{ft intervals in Fig. 5, for the two grooming settings. The results are
compared to two jet quenching event generators which incorporate medium-induced radiation in
the parton splitting process, i.e., JEWEL (with and without the recoil setting) and Q-PYTHIA [31].
It is observed that of the models compared to data here, none describe the jet mass measurements
for the two grooming settings simultaneously.
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Figure 2: Left: The zo distributions in PbPb collisions for 160 < pJTet < 180 GeV, in several centrality
ranges, compared to pp data smeared to account for the differences in resolution. The error bars (shaded
area) represent the statistical (systematic) uncertainty. Right: Ratios of zo distributions in the 10% most
central PbPb collisions to that in the smeared pp collisions, for several p’ft ranges, compared to various
jet quenching theoretical calculations [19, 29, 30]. The error bars (shaded area) represent the statistical
(systematic) uncertainty. The diagonally hatched band denotes the uncertainty from the treatment of the
medium response using the JEWEL event generator. For more details please refer to Ref. [12].
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Figure 3: Left: The centrality dependence of M,/ p"Tet, for PbPb events with 160 < pJTet < 180 GeV for
the (0.1,0.0) SD setting. Results are compared to the smeared pp spectra. Right: The ratio of PbPb data
over smeared pp data. The heights of the vertical lines (colored boxes) indicate statistical (systematic)
uncertainties. Statistical uncertainties are less than the marker sizes in most bins. For more details please
refer to Ref. [13].
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Figure 4: Left: The centrality dependence of M,/ pjl?t, for PbPb events with 160 < p];t < 180 GeV for
the (0.5,1.5) SD setting. Results are compared to the smeared pp spectra. Right: The ratio of PbPb data
over smeared pp data. The heights of the vertical lines (colored boxes) indicate statistical (systematic)
uncertainties. Statistical uncertainties are less than the marker sizes in most bins. For more details please
refer to Ref. [13].



Jet Substructure CMS Dhanush Anil Hangal on behalf of the CMS Collaboration

200<p_ <300GeV

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™ (5.02 TeV) PbPb 404 pb™ (5.02 TeV), pp 27.4 pb™ (5.02 Tev)
r anti-k; R=04,n | <13 ] r anti-ky R=04,n | <13 7
—CMS SoftDropz[-Olﬁ 0.0 15¢ CMS SoftDropzt-O5[3 1.5 4
2ol AR, >0.1 7 r AR, >0.1 ]
[ == Data Centrality: 0-10% _| - == Data Centrality: 0-10%
[ —— Jewel (Recoil off) ] 10— — Jewel (Recoil off) ]
S, Jewel (Recoil on) E [ e Jewel (Recoil on) ]
r QPythia b r QPythia b
10— o L ]
L o 5 e
o [ 140<p, <160GeV e o [ - 140<p <160 GeV E
Q. P P S - o [ ey fsbeeTo '_‘ S L =
a| 210~ ] al® T E
TS S g% °F ]
g r 160<p. <180GeV . . ] gt 160<p,  <180GeV .
(92] g S O e O r—\T’ Feanan £22550 T‘*l_-)—l'_\—:_D—’ n i st —F7
o= == = == = (0 - =
10[- e 5| =
L 180<p, <200 GeV S ] B 180 < p <200 GeV - 1
18’7 B e T =S| N = |

\\\‘\\

200 < ijet < 300 GeV

1k

b 5 L T rT1 f‘-r" == 1——“‘1‘ 1-‘[‘:‘ R —
00 0.1 0.2 00 0.1 0.2
M, / M, /
9 pT,jet 9 pT,jet

Figure 5: Ratios of M/ pJ;t distributions in the 10% most central PbPb collisions to that in the smeared
pp collisions for the (0.1, 0.0) SD setting (left) and (0.5, 1.5) SD setting (right), in several pJTet ranges. The
heights of the colored boxes indicate systematic uncertainties. Statistical uncertainties are less than the
marker sizes. The ratios are compared to smeared JEWEL and Q-PYTHIA generators, shown in blue and
green, respectively. For more details please refer to Ref. [13].

3. Summary

Measurements of the shared momentum fraction (zg) and the groomed jet mass (M, / pjTet) are
reported using pp and PbPb collisions at /sy = 5.02 TeV collected by the CMS experiment. Us-
ing the (zeye = 0.1, B = 0.0) SD grooming setting for which the grooming is independent of the
angular separation of the subjets, we observe an agreement in the z, distribution between periph-
eral PbPb and pp collisions and as the PbPb collisions become more central, a steepening of the
spectrum is observed, implying a more unbalanced splitting. Additionally, no significant modifi-
cation of the M,/ p‘l?t spectra is observed in the 10-80% peripheral PbPb collisions with respect to
the measurement in pp collisions. However, for the 10% most central collisions, a hint of increased
probability to produce jets with large M,/ p’;t is seen when compared to pp collisions for jets with
140 < ﬂet < 180 GeV. For the SD grooming setting that remove more radiation at distances far
away from the jet axis (z¢ye = 0.5, B = 1.5), the M, / p’T distribution in PbPb collisions is in agree-
ment within uncertainties with that measured in pp collisions for all studied centrality (0-80%) and

It (140-300 GeV) regions.
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