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Abstract The radial distribution of DY mesons in jets
probes the diffusion of charm quark relative to the jet axis and
provides a new perspective to study the interaction mecha-
nisms between heavy quarks and the medium in the nucleus-
nucleus collisions. The in-medium parton propagations are
described by a Monte Carlo transport model which uses the
next-to-leading order (NLO) plus parton shower (PS) event
generator SHERPA as input and includes elastic (collisional)
and inelastic (radiative) interaction for heavy quarks as well
as light partons. At low DY meson pr, the radial distribution
significantly shifts to larger radius indicating a strong diffu-
sion effect which is consistent with the recent experimental
data. We demonstrate that the angular deviation of charm
quarks declines with pr and is very sensitive to the collisional
more than radiative interaction at pr < 5 GeV. As predic-
tions, we present the D° meson radial distribution in jets in p
+p and 0—10% Au + Au collisions at /sy y = 200 GeV at
the RHIC, and also estimate the nuclear modification factor
of charm jet in central Au + Au collisions at 200 GeV at the
RHIC and central Pb + Pb collisions at 5.02 TeV at the LHC.

1 Introduction

The quark-gluon plasma (QGP) formed in the high-energy
nucleus-nucleus collisions, both at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC),
provides an arena to study the Quantum Chromodynam-
ics (QCD) under such extreme hot and dense deconfined
state of nuclear matter. The strong interaction between the
high-pr parton produced in the hard scattering with the
medium, referred as “jet quenching” effect [1-22], has been
extensively investigated owing to its direct connection to the
properties of the QGP. Especially, owing to the large mass
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(Mg > T), the heavy flavor production is set by the ini-
tial hard scattering before the QGP formed in A + A col-
lisions while the subsequent thermal generation in the hot
and dense medium could be negligible [23,24]. Hence the
heavy quarks are witnesses of the entire bulk medium evolu-
tion and strongly interact with the constituents of the QCD
matter, therefore being ideal probes to the properties of QGP.

The experimental measurements including the nuclear
modification factor R 4 4 [25-27] and the azimuthal anisotropy
vy [28-31] for charmed hadrons in both Au-Au at the RHIC
and Pb + Pb collisions at the LHC show a strong interaction
between the charm quarks and the QGP formed in A + A
collisions. A lot of theoretical calculations [32-39,41-49]
have been made to confront with these measurements, which
greatly improve our understanding of the in-medium heavy
quarks evolution. Heavy quarks are believed to undergo
Brownian motion at low pr due to their large mass, and
behave like light quarks at very high pr [24,42]. Further-
more, it’s generally assumed that the collisional energy loss
should dominate up to pr ~ 5My, and then the radiative
energy loss would become dominant when it goes to higher
pr region where the mass effects disappear.

The heavy-flavour jet measurements such as b-jet [50]
and bb dijet [51] in Pb + Pb collisions also shed new light on
the mass dependence of jet quenching [52-56]. The recent
reported D° meson radial profile in jets (D° meson inside the
jets, denoting as D°—jet below) both in p +p and 0—100% Pb
+ Pb collisions at ,/syn = 5.02 TeV measured by CMS col-
laboration [57] was regarded as a complementary observable
to the previous measurements of heavy-flavour jets [50,51].
Diffusion of low pr D° meson relative to a high p7 jet pro-
vides a new perspective to study the dynamical details of
the heavy quarks in-medium interaction and may act as a
candidate to disentangle the collisional and radiative mecha-
nism more than the charm quark energy loss, then help us to
understand how the non-perturbative interactions (collisional
process) of heavy quarks at low pr give way to the perturba-
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tive interaction (radiative process) at high pr. Besides, the
recent measured production of c-jet, which is defined as a jet
containing charm quark inside the jet cone, both in p + p and
p + A collisions [58-60] can be exploited as a baseline to
address the final state in-medium modification of charm jet
production in A + A collisions.

With a Monte Carlo (MC) transport simulation combin-
ing elastic (collisional) and inelastic (radiative) interaction
of the energetic heavy (light) quarks with the hot and dense
medium, employing a next-to-leading order (NLO) plus par-
ton shower (PS) generated initial events as input, we study
the in-medium modification of the radial distribution of D°
meson in jets both at the RHIC and the LHC. We find the net
effects of collisional and radiative energy loss in the charm
quarks radial diffusion in jets is quite different, providing a
good chance to constrain the essential difference of the colli-
sional and radiative energy loss. Furthermore, we will present
our predictions of the nuclear modification factor of charm
jet for the future experimental measurements.

The paper is organized as follows. In Sect. 2, we will show
our p + p setups used in the MC simulation and confront our
p+p baseline with the experimental results. The framework
of in-medium parton energy loss both for heavy quark and
light partons would be introduced in Sect. 3. In Sect.4, we
will present our calculations of the radial distribution of D°
meson in jets in p + p and Pb + Pb collisions and compare
them with the recent preliminary experimental data. Also the
predictions of the nuclear modification factor of the charm
quark tagged jet both at the RHIC and the LHC will be given.
A summary will be given in Sect. 5.

2 Charm jet production and D° meson radial profile in
jets in p + p collisions

In this work, we use the event generator SHERPA, which
computes the NLO QCD matrix elements matched with par-
ton shower, to generate the inital parton-level c-jet events in
p + p collisions as input of for Monte Carlo simulation. The
NLO matrix elements are matched with the parton shower
using the MC@NLO method [62]. The NNPDF 3.0 NNLO
parton distribution function (PDF) with 4-flavor sets [63]
have been chosen in the computation. The jet reconstruc-
tion and event selection are implemented with anti-k7 algo-
rithm [64] within FASTJET [65]. To compare with the exper-
imental data, the fragmentation process c(c) — DY of charm
quark is performed based on the Peterson fragmentation func-
tions (FFs) [66] D(z) = N/z/(1—1/z—¢€./(1 —z))z, where
N = 0.183, €. = 0.01 (which has been chosen in Refs. [67]
to reprodue the D meson spectra in p+p collisions at LHC
energy using FONLL [68,69]) and z refers to the longitu-
dinal momentum fraction carried by the D° meson. And the
branch ratio (BR) (¢ — D%)=0.168 [70] is used. We note
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that the fragmentation is the dominant process to the charm
quark hadronization at pr > 5 GeV, hence we neglect the
colesence effect [42,71] in this study. We have not include
the hadronization effect of light partons in this work. Because
of the small modification on the c-jet production observed
in p+A collisions [60], we ignore the Cold Nuclear Matter
(CNM) effects in our current study.

The selected jets which reconstructed with radius param-
eter AR = /(Ag)2+ (An)? = 0.3 must satisfy ps" >
60 GeV and |p/¢¥| < 1.6, where ¢ and 5 are the
azimuthal angle and the pseudorapidity of the particles. r =
V(A1) + (Anyp)? is defined by the relative azimuthal
angle A¢yp and relative pseudorapidity Anyp between the
DO meson and the jet axis. We are able to see that SHERPA
could well describe the CMS data [57] measured in p+p col-
lisions both at low D° meson pr (4 GeV < p? < 20 GeV)
and high D° meson PT (p? > 20 GeV) as shown in Fig. 1.
We also note that the shapes of 1/N;pdN;p/dr for the two
p? range are very different. It is understood that, the jets con-
taining high pr charm quark (later fragments into D° meson
in the hadronization process) are more likely produced in the
initial hard scattering, and the charm quark is still near the
jet axis even though after the soft radiation, this is to say, the
power-law for the r distribution holds. As for the low p D°
meson, charm quarks can be produced by the gluon splitting
(GSP) processes during the initial or final state parton shower
and unlikely lead the high pr jets with p;" > 60 GeV. The
simulation by SHERPA is also compared with the CMS mea-
surement on c-jet [60] in p + p collisions at 5.02 TeV shown
in Fig. 2 indicating that SHERPA could provide a good p +
p baseline.

3 The framework of in-medium parton evolution

To implement the parton propagation in the QGP, we treat
the p + p events produced by SHERPA with vacuum par-
ton shower as input, and then simulate the subsequent in-
medium jet evolution. We initialize the spacial distribution
of production vertices via a MC glauber model and assume
that all of the partons move like the classical particle. The
modified discrete Langevin equations have been considered
for the updating of the position and momentum of heavy
quarks [40,42,55,56],

X+ A =)?(t)+%At (D
Pt + A1) = p@t) — T(p)pAL +E(1) — P )

where At is the time step of the simulation, and I" the
drag coefficient. %(t) is the stochastic term representing the
Gaussian random kicks by the constituents in such thermal
medium, which satisfies (£’ (1)&7 (1)) = k8" 8(1 — '), where
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Fig. 1 The normalized radial distributions of D° meson in jets as a
function of the angular distance from the jet axis in p + p collisions
at 5.02 TeV provided by SHERPA are compared with CMS data. The

jets are selected at |n-f ¢!l < 1.6 and with transverse momentum pJTet >

60 GeV, the proposed pr constrain for D meson are a 4 GeV < pr <
20 GeV and b pr > 20 GeV

« is the diffusion coefficient. Based on the so called Einstein
relation, the relationship between I" and « could be expressed
ask = 2ETIl = ZDLZ, where D; denoting the spacial dif-
fusion coefficient is épproximatively fixed at 2nTD; = 4
in our simulations according to the Lattice QCD calcula-
tion [72]. The last term in Eq. (2) represents the modification
due to the medium-induced gluon radiation which is sampled
based on the higher-twist spectra [73-76]:

4
dN  20,C;P(x)§ Gin? (r - ti> K
dxdk>dt — wk} 2ty ) \ k2 +x2M2
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Fig. 2 The c-jet cross section versus c-jet transverse momentum in p
+ p collisions at 5.02 TeV with R = 0.3 and |5/¢’| < 2.0 and compared
with CMS data [60]

where x and k; are the energy fraction and transverse
momentum of the radiated gluon, the last quadruplicate term
represents the mass effect of heavy quarks. Cy is the quadratic
Casimir in color representation, and P (x) the splitting func-
tion in vacuum [77], s = 2Ex(1 — x)/ (kf_ + x2M2) the
gluon formation time. § o qo(T/Tp)> is the jet transport
parameter [78], where Ty is the highest temperature in the
most central A + A collisions,andgg = 1.2 GeV2/fmis deter-
mined by a global extraction of the single hadron production
in Pb + Pb collisions at the LHC energy (go = 0.5 GeV?/fm
in Au + Au at the RHIC energy) [79]. This spectra has also
been used to simulate the radiative energy loss of light quarks
and gluon.

Please note the correction term accounted for medium-
induced gluon radiation will destroy the fluctuation-dissipation
relation. In principle, it will prevent the heavy quark to reach
thermal equilibrium in a static medium after evolving for a
sufficient long time. However, as an effective way to include
the contribution of the radiative energy loss, it is widely used
in the simulation with a lower energy cut of the radiated gluon
to take into account of the detailed balance between gluon
absorption and radiation [42,80], in this work, we impose the
lower energy cut to be Eg = up = «/4ma;T where up is
the Debye screening mass. This treatment makes it possible
for the heavy quark to archive thermal equilibrium [42]. To
take into account the collisional energy loss of light quarks
and gluon, the result calculated under the Hard Thermal Loop

(HTL) approximation [81] dEdL:” =2 C; “h In “{57 has been
used to simulate the collisional energy loss in this work.
The background hydrodynamic profile of the expanding bulk
QGP medium is provided by the smooth iEBE-VISHNU
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Fig. 3 Radial distributions of D° meson in jets at a 4 GeV < p? <
20 GeV and b p? > 20 GeV both for p + p and Pb + Pb are compared
to the CMS data [57]

hydro code [82]. The parton evolution stops when the local
temperature is under 7, = 165 MeV.

4 Results and discussions

In Fig. 3, we show our calculated results of the D meson
radial distribution in jets in the 0—100% Pb + Pb collisions
at ./syny = 5.02 TeV and find that our results can provide
quite decent descriptions on the CMS data [57]. At low D°
meson pr (4—20 GeV), a visible shift towards large r is
found in the normalized distribution ﬁ ’“Zj” in Pb + Pb
collisions relative to the p + p baseline. Whereas, for high
pr D mesons, no significant modification is observed for
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Fig. 4 Ratios of the radial distribution of D? meson in jets of Pb +
Pb to p + p in the two pr range a 4 GeV < p? < 20 GeV and b
pIT) > 20 GeV are compared with the CMS data [57]

the D'-jet correlation in the Pb + Pb collisions. It indicates
that the low py D° mesons are obviously farther away from
the jet axis due to the in-medium interaction in Pb + Pb
collisions. To make a quantitative description of this effect,
the ratio of the radial distribution of D° meson in jets of Pb
+ Pb to p + p has also been estimated in Fig. 4. The ratios
increase with r and the magnitude are well consistent with
the CMS measurement both for low pr and high pr D°
mesons.

The diffusion of charm quarks in the hot and dense QGP
medium results from the joint effect of elastic and inelas-
tic processes. In our framework, the Langevin mechanism
(Brownian motion) and induced gluon radiation describe the
elastic and inelastic interaction between the charm quarks
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Fig. 5 The ratio of D° meson radial distribution in jets of 0—10% Pb +
Pb to p + p, when only collisional interaction considered (green dotted
line), only radiative process considered (red dashed line), and both of
them considered (blue line) for charm quarks

and the constituents of the QGP medium respectively. On
the one hand, the stochastic term g in Eq. (2) representing
the elastic collisions is the main source of the charm quark
diffusion at not very large pr within Langevin mechanism. A
mass of random kicks from medium cause the spacial diffu-
sion and also change the moving direction of charm quarks,
and subsequently the charm quarks near the jet axis will dif-
fuse to larger r. On the other hand, the last term — p, in Eq.
(2) denotes the recoil momentum of charm quarks caused by
the medium-induced gluon radiation. Due to its significant
contribution to the charm quark energy loss, this radiative
process would also play an important role in the charm dif-
fusion in the QGP medium.

To estimate the net effect from collisional process and
radiative process, we show the radial distribution modifica-
tion of D° meson in jets in Pb + Pb collisions result from
different mechanism in Fig. 5. We find that both of colli-
sional and radiative mechanisms play important role in the
diffusion of charm quark inside the jets, but the effect from
latter is more pronounced. We also note that the collisional
process shifts this distribution to moderate » (0.1—0.25), but
has little effect at the region » ~ 0.3, shows a quite different
behavior as compared to the radiative process which strongly
enhances the distribution even to the boundary of the jet. We
can make sense as following: elastic collisions diffuse the
charm quarks closing to the jet axis to larger radius inside
the jet cone, but the stronger effect from inelastic collisions
diffuse them even to outside of the jets.

To further study the diffusion effects result from the
collisional and radiative interaction in the QGP, we define
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Fig. 6 a Angular deviation of charm quark relative to it’s initial direc-
tion versus transverse momentum, the net effect from collisional process
(red) and radiative process (blue) as well as the total (black) are shown. b
Comparison of the ratio of angular deviation to energy loss as a function
of transverse momentum, both for collisional and radiative, are shown
with different parameters

Ar = [(¢¢ — ¢5)* + (n° — n)? to quantify the angular
deviation of charm quark from its original moving direction
during the propagation in medium, where ¢ and 7 are the
initial azimuthal angle and initial pseudorapidity of charm
quarks. We show in Fig. 6a the Ar as a function of the ini-
tial transverse momentum of charm quark. At very low pr
(0-5 GeV), we observe alarge Ar which is dominated by col-
lisional process. As pr goes higher, the diffusion effect due
to elastic collision falls quickly and then below that due to
the radiation when pr > 5 GeV and also the total effects fall
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Fig. 7 The normalized radial distribution of D? meson in jets in p +p
and 0 — 10% Au + Au collisions at ./syny = 200 GeV as well as the
ratio of Au+ Autop +p

with increasing pr. The pr dependence of the charm angu-
lar deviation explains the different modification between low
and high p? range in the CMS measurement [57], and it also
indicates that the low p7 D° meson in jets may act as a new
sensitive probe to the disentangling of collisional and radia-
tive mechanisms when the future precise measurements are
available. Even though the angular deviation caused by radi-
ation is also small at high DY meson pr, a none-zero Ar
due to radiation still exists and dominates the total diffusion
effect even at pr ~ 50 GeV. Beyond that, to estimate the dif-
fusion strength per unit energy loss in the two mechanisms,
the ratios of angular deviation to the energy loss as a func-
tion of D meson pr are shown in Fig. 6b. Distinctly, the
ratios Ar/AE decline rapidly due to the increasing energy
loss when pr increases. However, The Ar/AE of collisional
interaction is much larger than that of radiative mechanism
especially at pr < 5 GeV. In addition to this, we discover
that the Ar/AE of radiative mechanism is not sensitive to
the variance of gg, which controls the strength of in-medium
gluon radiation, because that Ar and A E are all proportional
to ¢ as implied in the Eq. (3), which is in contrast with the col-
lisional mechanism. The differences in the angular deviation
between these two mechanisms may be helpful to disentan-
gle the collisional and radiative contribution for heavy quarks
in-medium interaction.

We also present the prediction on the radial distribution
of the D meson in jets in p + p and central 0—10% Au +
Au collisions at the RHIC energy shown in Fig. 7. Using the
same configuration in the jet reconstruction as above, we can
also observe a visible modification of D radial distribution
in jets in 0—10% Au + Au collisions at 200 GeV, but it seems
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Fig. 8 a The c-jet cross section versus transverse momentum in a p +
p and 0—10% Au + Au collisions at 200 GeV, b p + p and 0—10% Pb
+ Pb collisions at 5.02 TeV, as well as the nuclear modification factor
R (pr). The charm jets are reconstructed with cone size R = 0.3 and
[niet| < 2.0.

weaker than that in the 0—10% Pb+Pb collisions at 5.02 TeV
shown in Fig. 5. This mainly due to the fact that both x and
g which control the collisional and radiative strength are all
proportional to the T3, hence the diffusion effects of charm
quarks strongly dependent on the local temperature of the
formed medium during their propagation.

For completeness, we also give predictions on the nuclear
modification of c-jet production. Shown in Fig. 8, we cal-
culate the differential cross section of c-jet as a function of
pr inp + p and A + A collisions both at the RHIC and the
LHC energy respectively, as well as the predicted nuclear
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modification factor R44 of c-jet (R4 4 of D-jet is very close
to that of c-jet). In 0—10% Au + Au collisions at 200 GeV,
the Raa ~ 0.4 shows a weak dependence on c-jet pr. At the
Pb+Pb collisions at 5.02 TeV, the R4 4 varies from 0.4 to 0.6
with increasing pr at 50—400 GeV.

5 Summary

In summary, we study the charm diffusion effects, which dif-
fer from the perspective of heavy quarks energy loss, on the
DP-jet angular correlations within a Monte Carlo simulation
method. Our simulated results can provide a quite decent
description on the experimental data within the uncertainty
bothin p + p and Pb + Pb collisions. We estimate the net effect
on the charm diffusion from collisional and radiative mech-
anism and demonstrate the pr dependence of this diffusion
effect. We find that collisional process has significant effects
at low pr, especially dominates at 0—5 GeV, and the radia-
tive process has a non-zero effect even at high pr ~ 50 GeV.
The total diffusion effect decreases with D meson p7 which
explains the significant modification at low D meson pr
measured in experiment. Besides, for unit energy loss, the
collisional interaction shows much stronger angular devia-
tion than radiative interaction at pr < 5 GeV. The strong
diffusion effects of low p7 charm quarks relative to jets may
act as a sensitive probe to the distinction between collisional
and radiative interaction, and the prospective measurements
would provide more precise estimations on the heavy quarks
diffusion coefficient and also give additional constrains for
the current theoretical models on heavy quark energy loss. As
our theoretical predictions, we present the DY meson radial
distribution in jets in p + p and 0—10% Au + Au collisions
at ./syny = 200 GeV at the RHIC, a visible modification is
observed in our results. We also estimate the nuclear modi-
fication factor for charm jet in 0—10% Au + Au collisions at
/SNn = 200 GeV at the RHIC and 0—10% Pb + Pb colli-
sions at ,/syn = 5.02 TeV at the LHC as predictions for the
future measurements.
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