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Abstract

Data from heavy ion collisions suggest that the evolution of a parton shower is mod-
ified by interactions with the color charges in the dense partonic medium created in
these collisions, but it is not known where in the shower evolution the modifications
occur. The momentum ratio of the two leading partons, resolved as subjets, provides
information about the parton shower evolution. This substructure observable, known
as the splitting function, reflects the process of a parton splitting into two other par-
tons and has been measured for jets with transverse momentum between 140 and
500 GeV, in pp and PbPb collisions at a center-of-mass energy of 5.02 TeV per nucleon
pair. In central PbPb collisions, the splitting function indicates a more unbalanced
momentum ratio, compared to peripheral PbPb and pp collisions. The measurements
are compared to various predictions from event generators and analytical calcula-
tions.
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Scattering processes with large momentum transfer Q between the partonic constituents of
colliding nucleons occur early in heavy ion collisions. Further interactions of the outgoing
partons with the produced (colored) hot and dense quantum chromodynamics (QCD) medium
(the quark-gluon plasma, QGP) may modify the angular and momentum distributions of final-
state hadronic jet fragments relative to those in proton-proton collisions. This process, known
as jet quenching, can be used to probe the properties of the QGP [1} 2]. Jet quenching was
tirst observed at RHIC [3-9] and then at the LHC [10-25]. This Letter reports an attempt to
isolate parton splittings to two well separated partons with high transverse momentum (pr),
probing medium induced effects during the parton shower evolution in the QGP. Information
about these leading partons of a hard splitting can be obtained by removing the softer wide-
angle radiation contributions, done through the use of jet grooming algorithms that attempt to
split (“decluster”) a single jet into two subjets [26-30]. For a parton shower in vacuum, these
subjets provide access to the properties of the first splitting in the parton evolution [31, 32].
Interactions of the two outgoing partons with the QGP potentially modify the properties of
subsequent splittings resulting in different subjet properties. This Letter reports a study of
hard parton splittings in pp and PbPb collisions.

An observable characterizing the parton splitting, denoted by z,, is defined as the ratio between

the pr of the less energetic subjet, p1, and the pr sum of the two subjets [32], zg = pr2/ (p11 + P12)-
A measurement of the zg distribution in pp collisions, using CMS open data, was recently re-
ported [33] 34]. In PbPb collisions, this measurement reflects how the two color-charged par-
tons produced in the first splitting propagate through the QGP, probing the role of color coher-
ence of the jet in the medium [35]. If the partons act as a single coherent emitter, the two subjets
will be equally modified, leaving z, unaffected [36]. If, instead, the partons in the medium act

as decoherent emitters, the two subjets should be modified differently, thereby altering z;. In
addition, zg is sensitive to semi-hard medium-induced gluon radiation [37], modifications of
the initial parton splitting [38], and the medium response [39].

The analysis uses data collected by the CMS experiment in 2015. The PbPb and pp data sam-
ples, both at a nucleon-nucleon center-of-mass energy of 5.02TeV, correspond to integrated
luminosities of 404 ub~! and 27.4pb !, respectively. The central feature of the CMS appara-
tus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T.
Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal elec-
tromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed of a
barrel and two endcap sections. Forward calorimeters extend the pseudorapidity, 77, coverage
provided by the barrel and endcap detectors. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [40].

The particle-flow (PF) algorithm reconstructs and identifies each individual particle with an
optimized combination of information from the various elements of the CMS detector [41].
The PF candidates identified as a photon or a neutral hadron are treated as massless, while
for charged hadrons the pion mass is assumed. The electron and muon PF candidates are
assigned the corresponding lepton masses. Jets are reconstructed from the PF candidates using
the anti-kt jet algorithm [42-44] with a distance parameter R = 0.4. The kinematics of the jet
are determined using the vectorial sum of all particle momenta in the jet. For this analysis, jets
are required to have prje; > 140GeV and || < 1.3.

The online event selection trigger also uses the anti-kt algorithm with R = 0.4 but applies a
lower threshold on prjet: all events with a PF jet with prjer > 80 GeV were recorded in the pp
case, while in PbPb collisions the triggers (based on jets reconstructed from calorimeter deposits



including a subtraction for the uncorrelated underlying event) use a 100 GeV threshold. Non-
collision events, such as beam-gas interactions or cosmic-ray muons, are rejected offline [19].
The events are required to have a primary vertex reconstructed within 15cm (0.15cm) of the
nominal interaction point along the beam direction (in the transverse plane). The average num-
ber of additional collisions per bunch crossing is less than 0.9 in both data sets, having a neg-
ligible effect on the measurement. The PbPb event sample is divided into centrality intervals,
reflecting the impact parameter of the colliding nuclei, using the percentage of the total inelas-
tic hadronic cross section, which is evaluated using the sum of the total energy deposited in
both forward hadron calorimeters, covering the 3 < || < 5 range [45].

The PYTHIA 6.423 [46] event generator (tune Z2* [47, 48]) is used to calculate Monte Carlo
(MC) corrections. For PbPb simulations, the PYTHIA 6 events are embedded into an underlying
event produced with HYDJET 1.9 [49]. All generated events undergo a full GEANT4 [50] simula-
tion of the CMS detector response. Additional cross check samples are produced with PYTHIA
8.212 [51] (tune CUETP8MI1 [48]) and HERWIG++ [52] (tune EE5C [53]).

In PbPb collisions, the constituents of the jet are corrected for the underlying event contribution
using the “Constituent Subtraction” method [54], a particle-by-particle approach that removes
or corrects jet constituents based on the average underlying event density. The subtraction
corrects both the four-momentum of the jet and its substructure. Underlying event densities
are determined by calculating the median pt per unit area, p, and a density term related to
the jet mass, pm, using a procedure in which all of the particles in the event are clustered into
jets using the kt algorithm with R = 0.4 [42, 43, 55]. To match the jets used in this analysis,
only kr jets with || < 1.3 are included in the density determination. The influence of true
hard jet fragments on the background estimation is reduced by excluding the two leading kt
jets. The constituent-subtracted jets are corrected for the detector response with jet energy
corrections derived from independent pp and PbPb simulations. Additional corrections for the
mismodeling of the detector response are also applied [56].

Jet grooming algorithms aim to isolate the hard prongs of a jet and remove soft wide-angle
radiation. The “soft drop” declustering procedure, used in this analysis, is an extension of the
modified mass drop tagger [29]. The procedure starts by selecting an anti-kr jet that has al-
ready been constituent-subtracted and reclustered with the Cambridge/ Aachen algorithm [57]
to form a pairwise clustering tree with an angular-ordered structure. A pairwise declustering is
performed on this tree. In each step of the declustering, a branching into two subjets is accepted
if they pass the soft drop condition [30],

min(pr;, PT,j) _—_ (ARij>ﬁ
Y T PT,j cu ’
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where the subscripts “i” and “j” indicate the subjets at that step of the declustering, AR;; is the
distance between the two subjets in the #-¢ plane, Ry is the cone size of the anti-kt jet, and
Zeut 18 an adjustable parameter. If the soft drop condition is not satisfied, the softer subjet is
dropped. For this study, zcu is set to 0.1 [30]. The parameter  is set to 0, which satisfies an
extended version of infrared and collinear safety by absorbing the collinear divergences into a
generalized fragmentation function recovering the QCD splitting function [32]. Once the soft
drop condition is satisfied, the two subjets at that position in the tree are used in the analysis. If
the soft drop condition is never satisfied, the jet is not used. This is the case for 1.5% of the jets
measured at prjer = 140GeV, increasing to 3.0% at prjer = 300 GeV, independent of collision
centrality.
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Groomed jets with a small distance between the two subjets frequently result from the ambigu-



ous case where the two subjets cannot be distinctly resolved, leading to a significant misas-
signment of particle constituents to subjets. An additional selection of ARj» > 0.1 is applied,
removing 40% (60%) of the jets measured at low (high) prjet, to avoid an unphysical modifica-
tion of zg. This selection rejects an additional 15% (5%) of the jets at low (high) prjet in the 10%
most central PbPb collisions, in comparison to the non-central collisions, an effect well repro-
duced by the simulation. The systematic uncertainty on the z; variable is evaluated by varying
the ARj» minimum distance requirement by its one standard deviation MC resolution of 10%;
this variation results in a 2% uncertainty, independent of centrality.

The transverse momentum of the jet after grooming, prg, is identical to or smaller than the
original prje;. The groomed pr fraction, prg/ prjet, is compared to simulations in Fig. for jets
with 160 < prjer < 180GeV, in pp and central PbPb collisions. The measured and simulated
distributions are in agreement.

{Suy = 5.02 TeV, pp 27.4 pb™, PbPb 404 pb™

102 T SN B
FCMS e  PbPb0-10% E
L PYTHIA6+HYDJET 0-10% |
r o pp
AE 10 PYTHIAG6
= F160<p_ <180 GeV ]
z< Fantik, R=0.4,In [<13 1
~ - | =
5 S [ anti-k; A4, |nlet| . ]
9/_ ?Soft Drop 3 =0, zcm—O.l 4
=] EA|:z12>o.1 » -
|2 L ]
zZ L i
107 ? E
ku‘é‘ \ff”m”m””f
0.5 0.6 0.7 0.8 0.9 1
/
pT,g pT,jet

Figure 1: Groomed jet energy fraction in pp and in the 10% most central PbPb collisions, for
jets with 160 < prjer < 180GeV and |#;et| < 1.3. The pp (PbPb) data are compared to PYTHIA 6
(embedded in HYDJET) distributions.

The potential bias due to the online jet trigger is evaluated by using events collected with a
lower threshold and also minimum bias events. For the 10% most central PbPb collisions, a
bias is found in the lowest prjet range, 140 < prjer < 160GeV, changing the yield by values
linearly decreasing from +6% at z; = 0.1 to —15% at z; = 0.5. In the 10-30% centrality class,
the bias is half as large, and it vanishes for more peripheral events. The full bias is corrected for
and the magnitude of the correction is treated as a zg systematic uncertainty. The trigger has
no effect on the measurements at higher prjet.

The systematic uncertainty in the jet energy scale, on the measured and simulated distributions,
is obtained by propagating the uncertainties in the jet response correction [56,58]. A maximum
deviation in yield of 4% is found in central PbPb collisions, decreasing to 2% in pp and periph-
eral PbPb collisions. This effect tends to increase (decrease) the pr of the leading (subleading)
subjet. The systematic uncertainty in the normalization of the zg distributions is estimated to be
5% (3%) in central (peripheral) collisions. The relative uncertainty in the jet energy resolution
is 10%, leading to an uncertainty smaller than 0.5% on the zg distribution.

Figure 2 shows the zg distribution measured in pp collisions, together with results obtained
with PYTHIA 6, PYTHIA 8, and HERWIG++, including a full simulation of detector effects. Both
PYTHIA simulations have a slightly steeper z; distribution than the data, while HERWIG++



CMS pp Vs =5.02 TeV 27.4 pb*
1O}Soft Drop B =0, z =01A4R,> 0.1{
F160 <p_ <180 GeV ]
8; T,jet b
C s e Data ]
Z| 1
2N oo & 1 PYTHIAG

| E C o PYTHIA8
Z 4 . % HERWIG++_]
Eanti-kT . E
2FR=0.4 ® .
“in <13 ® e e 9

n P R | 4 | P R S |
'.('E 1.25T T { L { L { L { L {i
‘3!‘ 1 B oo & B T 7 - 3
O : > v o® O g 0 ¢ M
E 0-8%1 e e b b e 19
01 0.2 0.3 0.4 0.5

Zg

Figure 2: The zg distribution in pp collisions for 160 < prjet < 180GeV, compared to predic-
tions from event generators. The error bars (shaded area) represent the statistical (systematic)
uncertainty.

shows an opposite trend.

To compare the zg distribution in pp and PbPb collisions, in given prjet and centrality ranges,
the measurements in pp collisions are adjusted to match the subjet resolution in PbPb data. The
resolution correction is derived, for each prje; and collision centrality range, from full detector
simulation studies of the ratio of the zg distributions between PYTHIA and PYTHIA embed-
ded into HYDJET. The ratio between simulated PbPb and pp zg distributions shows a relative
decrease in the number of PbPb events at high zg, reaching ~40% in central collisions and neg-
ligible in peripheral collisions. The uncertainty in the correlation between the response of the
two subjets is estimated by varying the individual subjet resolution by 10%, the relative cor-
relation by 15%, and the subjet energy scale by 5%, corresponding to one standard deviation
in resolution. This results in an uncertainty of 8-10% in zg. The mismodeling of the z, distri-
bution in PYTHIA, evaluated by reweighting to the z; measurement in pp collisions, adds an
uncertainty of 4-5%. These uncertainties are assigned to the “smeared” pp data points. The res-
olution correction is validated with a parametric resolution model that uses the jet resolution
and a sampled zg in each prjet range, and recreates the correction function for each centrality
selection by sampling the individual subjet resolutions.

Figure shows the z, distributions measured in PbPb collisions, for several centrality intervals,
in comparison to the smeared pp reference data. The systematic uncertainties on the zg distri-
butions are fully correlated from point-to-point, resulting in an anti-correlated uncertainty on
the self-normalized distributions, and are uncorrelated between the pp and PbPb data sets.
The Zg distribution in peripheral PbPb collisions agrees with the pp reference, while the more
central collisions exhibit a steeper zg distribution. Differences between the zg of quark- and
gluon-initiated jets are found to be a few percent [32], so that the observed modification cannot
be attributed to the flavor composition within a fixed prje; interval. The observation indicates
that the splitting into two branches becomes increasingly more unbalanced as the PbPb colli-
sions become more central.

The modification of the zg distribution in central PbPb collisions is shown in Fig. ] over a
wide kinematic range in prje;. The measurement is compared to a prediction of the JEWEL
event generator (shown with statistical and theoretical uncertainties originating from the treat-
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Figure 3: The zg distributions in PbPb collisions for 160 < prjet < 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.

ment of the medium response), which incorporates medium-induced interactions while the
partons propagate through the QGP [39, 160, |61]. The measurement is also compared with
a soft-collinear effective theory (SCET) with Glauber gluon interactions [38] for two differ-
ent quenching strengths, with a calculation incorporating multiple medium-induced gluon
bremsstrahlung (BDMPS) [2} 162, 163] assuming that the two hard partons radiate gluons as a co-
herent emitter [37], and with a higher twist (HT) approach employing both coherent and inco-
herent energy loss [59]. Each of the three models is presented for two settings of the parameters
reflecting their medium properties, as indicated in the legends, where L is the medium length, §
and 4y denote medium transport coefficients, and g is the coupling strength between the jet and
the medium. The BDMPS medium effect is too weak to describe the observed prjet dependence,
while the other models reproduce the data at low and high prjet, using medium properties pre-
viously tuned to match measurements of the nuclear modification factors of charged hadrons
and jets. For the HT calculation, the presence or absence of color coherence makes a signifi-
cant difference. Since the detector resolution effects have a negligible impact on the theoretical
calculations, given that they largely cancel in the PbPb to (smeared) pp ratio, the theoretical
curves are shown without detector smearing.

In summary, the first measurement of the splitting function in pp and PbPb collisions at a
center-of-mass energy of 5.02 TeV per nucleon pair has been presented. This represents the first
application of a grooming technique to PbPb data, removing soft wide-angle radiation from
the jet and thereby isolating the two leading subjets. The momentum sharing between these
subjets is used to obtain information about hard parton splitting processes during the shower
evolution. The PYTHIA and HERWIG++ event generators reproduce the measured splitting
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Figure 4: Ratios of zg distributions in PbPb and smeared pp collisions in the 10% most central
events, for several prjet ranges, compared to various jet quenching theoretical calculations [37-
39, 59]. 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.

function in pp and peripheral PbPb collisions, at the level of 15%. In central PbPb collisions,
a steeper zg distribution is observed, indicating that the parton splitting process is modified
by the hot medium created in heavy ion collisions. These results provide new insight into the
role of color coherence and other attributes of the interactions of partons in the quark-gluon
plasma.
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