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Open HF in A-A collisions / 10

Diffusion of heavy quarks in the early stage of high energy nu-
clear collisions

Authors: Dana Avramescu™°"; Marco RuggieriN(’“E; Pooja N/A'; Santosh Kumar Das?; Vincenzo Greco™°"; Virgil
Baran®

! Indian Institute of Technology, Goa, India
2 School of Physical Science, Indian Institute of Technology Goa, India

3 . . . .
Universitatea din Bucuresti

Corresponding Authors: virbaran@yahoo.com, santosh@iitgoa.ac.in, marco.ruggierichina@yahoo.it, greco@Ins.infn.it,
avrames.d@gmail.com, pooja19221102@iitgoa.ac.in

Heavy quarks are considered potential probes of the QCD matter produced in high-energy heavy-
ion collisions. In the pre-equilibrium stage of relativistic heavy-ion collisions, strong quasi-classical
gluon fields emerge at about 79 = 0.08 fm/c which evolves according to the classical Yang-Mills
(CYM) equations. These set of classical fields are known as Glasma. We study the diffusion of
the heavy quarks, namely, charm and bottom quarks in the early stage of heavy-ion collisions. The
diffusion in the evolving Glasma fields is compared with that of the Markovian-Brownian motion in a
thermalized medium. The diffusion of HQs in the evolving glasma (EvGlasma) is investigated within
the framework of Wong equations while we use famous Langevin equations for the Brownian motion
with diffusion coefficients evaluated within the pQCD framework.We observe that for a smaller value
of saturation scale, ()5, the average transverse momentum broadening is approximately the same
for the two cases, but for larger (), Langevin dynamics underestimates the o,. This difference is
related to the fact that heavy quarks in the Glasma fields experience diffusion in strong, coherent
gluon fields that lead to a faster momentum broadening due to memory, or equivalently to a strong
correlation in the transverse plane. We present another interesting result related to bottom quarks.
We have observed that bottom quarks are more affected by the pre-equilibrium phase due to their
large masses. Their slow motion makes them spend a longer time within a single filament and
experience the coherent gluonic fields for a longer time .

Open HF in A-A collisions / 45

ATLAS open HF results in A-A collisions

Corresponding Author: martin.spousta@cern.ch

Open HF in A-A collisions / 46

CMS open HF results in A-A collisions

Corresponding Author: jing. wang@cern.ch

Open HF in A-A collisions / 3

Analyzing the mass ordering in heavy flavor suppression through
theory and data

None

Author: Bojana Ilic (Blagojevic)
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Co-author: Magdalena Djordjevic

Corresponding Authors: magda@ipb.ac.rs, bojanab@ipb.ac.rs

One of the intrinsic features of parton’s energy loss is the evident flavor dependence. Inspired by the
dead-cone effect in radiative energy loss and experimentally detected suppression mass hierarchy,
we address the mass ordering in heavy flavor suppression.

While mass hierarchy is analyzed within radiative models, collisional interpretation is still lacking.
To this end, we apply recently developed DREENA framework, which is based on our dynamical
energy loss formalism. Within this [1] we provide 1) A novel observable, which can disentangle
collisional from radiative energy loss, to be rigorously tested by the upcoming high-precision mea-
surements at RHIC and LHC; 2) Analytical derivation of a direct relation between collisional suppres-
sion/energy loss and heavy quark mass; 3) Analytical and numerical extraction of the mass ordering
in collisional energy loss through this observable.

[1] Bojana Ilic and Magdalena Djordjevic, arXiv:2203.06646 [hep-ph].

Open HF in A-A collisions / 48

Open HF measurements at RHIC (STAR+PHENIX)

Corresponding Author: sonja.kabana@cern.ch

Quarkonia in A-A collisions / 7

A kinetic model for J/psi production in heavy ion collisions

Authors: Denys Arrebato!; Joerg Aichelin?; Pol Gossiaux’

! Subatech
2 SUBATECH

Corresponding Authors: aichelin@subatech.in2p3.fr, gossiaux@subatech.in2p3.fr

A new Model for J/psi Production in Heavy Ion Collisions

Denys Yen Arrebato Villar, Joerg Aichelin, Pol Gossiaux
SUBATECH, Universite de Nantes, IMT Atlantique, IN2P3/CNRS,
4 rue Alfred Kastler, 44307 Nantes cedex 3, France

The experimental observation of J/psi and Bc mesons multiplicities, distributions and azimuthal flows
plays a key role in understanding of the properties of the quark gluon plasma (QGP) which is
formed in ultrarelativistic heavy ion collisions. This is due to the fact that the heavy quarks can
come from different vertices in the initial stage and that the J/psi are not stable when the QGP is
produced with a temperature above the J/psi dissociation temperature while resonant states can be
achieved before the transition to the hadronic phase, offering the possibility to probe directly these
high temperatures.

In our recently developed approach [1], the hidden heavy flavor mesons production rate is described
by solving the von Neumann equation of the two body density matrix in the expanding N-body
system, following a method introduced by Remler et al. to predict deuteron production in HIC at
lower energies [2]. In this formalism, the rate of mesons formation is based on the semi-classical
trajectories of c and b quarks, what naturally encodes possible off-equilibrium effects of these quarks.
The trajectories are based on the description of the expanding QGP by the EPOS event generator,
supplemented by the Nantes energy loss model which have demonstrated successful agreement with
the data for open heavy flavor mesons.

This allows for the prediction of the hidden heavy flavor observables (J/psi and Bc) which are con-
fronted with the experimental results on multiplicity, RAA and v2. We discuss what we can learn
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from the hidden heavy flavor mesons about the expanding QGP, in particular the time atwhich the

mesons appear to be dynamically produced.
[1] Arrebato Villar,D. Thesis, IMT Atlantique, 2021
[2] Gyulassy, M. and Frankel, K. and Remler, E. , Nucl. Phys. A402, 596

Quarkonia in A-A collisions / 50

LHCDb results on quarkonia

Corresponding Author: kristas@lanl.gov

Quarkonia in A-A collisions / 32

Bottomonium production from coupled Boltzmann equations

Authors: Xiaojun Yao!; Steffen A. Bass?; Weiyao Ke®; Berndt Mueller™om®

! Massachusetts Institute of Technology

? Duke University

* Los Alamos National Laboratory

Corresponding Authors: mueller@phy.duke.edu, weiyaoke@gmail.com, xjyao@mit.edu, bass@phy.duke.edu

Quarkonium has been used as an important probe of the quark-gluon plasma in heavy ion col-
lisions. With more precise experimental measurements of quarkonium production conducted at
RHIC and LHC, we are able to learn in a more quantitative way how quarkonium interacts with the
hot medium. In this talk, I will review the framework of coupled Boltzmann equations to describe
quarkonium production in heavy ion collisions. The coupled equations describe both open heavy
quark transport and quarkonium dissociation and recombination in a consistent way. I will also

show phenomenological results for bottomonium production and compare with recent experimen-
tal measurements.

Quarkonia in A-A collisions / 52

CMS results on quarkonia in A-A collisions

Corresponding Author: florian.damas@cern.ch

Quarkonia in A-A collisions / 6

Medium effects on T yields in p-Pb and Pb-Pb collisions

Author: Georg Wolschin™™
Corresponding Author: wolschin@uni-hd.de
The respective contributions of cold-matter and hot-medium effects to the suppression of YT(15)

and Y (2S5) mesons in p-Pb collisions at energies reached at the Large Hadron Collider (LHC) are
investigated [1]. Whereas known alterations of the parton density functions in the lead nucleus and
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coherent parton energy loss [2] account for the leading fraction of the modifications in cold nuclear
matter (CNM), the hot-medium (quark-gluon plasma, QGP) effects turn out to be relevant in spite of
the small initial spatial extent of the fireball.

We compare our transverse-momentum-, rapidity-, and centrality-dependent theoretical results for
the T(15) suppression in p-Pb collisions at a center-of-mass energy of \/syy = 8.16 TeV with
recent LHCb [3] and ALICE [4] data from the Large Hadron Collider (LHC). Both cold-matter and
hot-medium effects are needed to account for the data, lending support to a transient QGP formation
in small systems. The initial central temperature of the fireball in p-Pb at \/snn = 8.16 TeV is found
to be Ty ~ 460 MeV.

The results for the asymmetric p-Pb system are compared to the hot-medium effects on Y-suppression
in symmetric Pb-Pb-collisions at LHC energies, where the spatially extended fireball is mostly re-
sponsible for the dissociation of quarkonia, and cold-matter effects are less relevant. Here the hot-
medium model [5] yields excellent agreement with CMS data at 2.76 and 5.02 TeV.

[1] V. H. Dinh, J. Hoelck and G. Wolschin, Hot-medium effects on Y yields in pPb collisions at
VSN = 8.16 TeV, Phys. Rev. C 100, 024906 (2019).

[2]]. L. Albacete et al., Predictions for cold nuclear matter effects in p+Pb collisions at /sxn = 8.16
TeV, Nucl. Phys. A 972, 18 (2018).

[3] R. Aaij et al., LHCb Collaboration, Study of Y production in pPb collisions at /sxn = 8.16 TeV,
JHEP 11, 194 (2018).

[4] S. Acharya et al., ALICE Collaboration, T production in p-Pb collisions at \/syn = 8.16 TeV,
Phys. Lett. B 806, 135486 (2020).

[5] J. Hoelck, F. Nendzig and G. Wolschin, In-medium Y suppression and feed-down in UU and PbPb
collisions, Phys. Rev. C 95, 024905 (2017).

Quarkonia in A-A collisions / 54

ALICE results on quarkonia in A-A collisions

Corresponding Author: giuseppe.bruno@cern.ch

Exotica/ 14

Heavy flavor transport and exotic hadron production in heavy
ion collisions

None

Author: Jinfeng Liao

Corresponding Author: liaoji@indiana.edu

For heavy ion collisions in the TeV beam energy region, the large number of initial hard scatterings
create a richly “doped”hot quark-gluon plasma embedding an unparalleled abundance of charm
quarks/anti-quarks. This provides a uniquely “charming”environment for the massive production
of exotic hadrons in nuclear collisions and possibly helps solve puzzles about their intrinsic struc-
tures, as demonstrated by the latest theoretical studies and experimental measurements. A notable
example concerns the nature of the well-known X(3872) particle. Despite significant efforts, con-
sensus on their internal structures is still lacking and it remains a pressing open question to deci-
pher the X(3872) state between two popular exotic configurations: a loose hadronic molecule or
a compact tetraquark. It turns out the two different structures have rather different sensitivity to
size of the production source and thus the the fireball volume in heavy ion collisions could play
a crucial role. By scanning centrality and thus systematically tuning the fireball volume, recent
dynamical simulations based on a multiphase transport model (AMPT) have indeed found about 2-
order-of-magnitude difference in the X(3872) yield and a markedly different centrality dependence
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between hadronic molecules and compact tetraquarks, offering a novel approach for distinguish-
ing the two scenarios. More recently such study has been further extended to the newly observed
doubly-charmed exotic states, finding about three-order-of-magnitude enhancement in the produc-
tion of the Tcc states in Pb-Pb collisions as compared with the yield in proton-proton collisions.
Compared with X(3872), the Tcc yield shows an even stronger decrease from central toward pe-
ripheral collisions, due to a “threshold’effect of the required double charm quarks for its forma-
tion. This talk will report such exciting theoretical progress and discuss relevant experimental
results. The talk will end with an outlook on interesting issues to be addressed and opportuni-
ties in the future. [Refs: PRL126,012301(2021);PRD104,L111502(2021); Eur.PhysJ.C80(2020)7,671;
Chin.Phys.C43(2019)4,044101]

Exotica / 24

In-Medium Transport of charmonia, X(3872) and B, at the LHC

None

Authors: Biaogang Wu'; Ralf Rapp

! Texas A&M University
Corresponding Authors: bgwu@tamu.edu, rapp@comp.tamu.edu

We investigate the in-medium kinetics of heavy quarkonia focusing on recent developments and
results for the 1(25), X(3872), and B, particles in ultra-relativistic heavy-ion collisions (URHICs).
Based on our previous calculations, our approach is governed by two transport parameters for each
quarkonium state: the equilibrium limit and inelastic reaction rate. The equilibrium limits are en-
tirely determined by the particles’ masses and the charm-quark and bottom-quark fugacities. The
reaction rate for the ¢)(2S) was previously constrained by analysis of d-Au and p-Pb collisions at
RHIC and the LHC. The rate for the X(3872) is evaluated depending on its structure, being “large” for
a DD* molecule and “small” for a tetraquark (diquark-antidiquark). The reaction rate of the B, is
calculated in the quasi-free approximation based on binding energies extracted from in-medium T-
matrix calculations. We assess the sensitivity of the final X(3872) yields and pr spectra on different
scenarios for its width and initial conditions. We find that the final yields of the molecule structure
are generally smaller than for the tetraquark, by around a factor of two, which is qualitatively dif-
ferent from calculations using instantaneous coalescence models. We also present our predictions
for the centrality and transverse-momentum dependence of the R4 4 for ¢/(25) and B, and discuss
it in the context of recent experimental data.

*This work has been supported by the U.S. National Science Foundation under grant no. PHY-
1913286, and by the TAMU Cyclotron Institute’s Research Development (CIRD) program.

Exotica / 21

Exotic charmed hadrons production in relativistic heavy-ion col-
lisions
Author: Jiaxing Zhao'

Co-authors: Shuzhe SHI ?; Pengfei Zhuang ; baoyi chen *

! Tsinghua University
? Stony Brook University

* Tianjin University

Corresponding Authors: zhuangpf@mail.tsinghua.edu.cn, zhao-jx15@tsinghua.org.cn, shuzhe.shi@gmail.com,
baoyi.chen@tju.edu.cn
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The deconfined quark-gluon plasma (QGP) created in relativistic heavy-ion collisions is not only
a perfect fluid with very small 7/s but also a most “charming” system with hundreds of charm
quarks. Meanwhile, it is widely accepted that the quark hadronization mechanism changes with the
appearance of QGP. The production of charmed hadrons differs significantly in A-A collisions from
that of p-p and e*-e~ collisions.

The yield of hadrons(including exotic hadrons like tetraquarks, pentaquarks, etc.) with multiple
charm quarks would be enhanced through the charm coalescence process in the “charming” QGP
medium.

In this talk, we will present our recent studies on the generation of rare charmed hadrons, such
as B, X (3872), and X.z:(6900) in relativistic heavy-ion collisions at LHC. We study the static
properties of those charmed hadrons in vacuum and finite temperature by solving the two/four-body
Schr\”odinger equations. Their yields in heavy ion collisions are investigated dynamically through
the transport and coalescence hadronization model. The results show the yield of B., X (3872),
and X .z:(6900) are order of 1-3 magnitude increased in heavy-ion collisions. This provides a new
avenue for scientists to observe/discover those charmed hadrons in the experiment.

Exotica / 36

System size dependence of tetraquark production in heavy ion
collisions

Author: Fernando Navarra°™

Co-author: Marina Nielsen *

! Universidade de Séo paulo
Corresponding Author: mnielsen@if.usp.br
Using the coalescence model, we calculate the multiplicities of X(3872) and T at the end of the
quark gluon plasma phase in nucleus-nucleus collisions at the LHC. Then, using effective lagrangians
and a rate equation, we calculate the changes in these multiplicities during the hadron gas phase.
Finally, we present the multiplicities at the end of the collisions and also plot them as a function
of dN/dn(n = 0), which gives a measure of the system size. We discuss the possibility of dis-

criminating compact tetraquark from extended molecular configurations. This talk is based on
arXiv:2202.10882 and on arXiv:2110.11145 .

Open HF and Onia in small systems / 59

Quarkonium measurements at RHIC (STAR+PHENIX)

Corresponding Author: kristas@lanl.gov

Open HF and Onia in small systems / 60

LHCD results on open heavy flavour and quarkonia in small sys-
tems

Corresponding Author: chenxi.gu@cern.ch

Open HF and Onia in small systems / 61
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ATLAS and CMS results on open heavy flavour and quarkonia in
small systems

Corresponding Author: milan.stojanovic@cern.ch

Open HF and Onia in small systems / 62

Open heavy flavour and quarkonia in small systems (theory)

Corresponding Author: elena@fpaxpl.usc.es

Open HF and Onia in small systems / 63

ALICE results on open heavy flavour and quarkonia in small sys-
tems

Corresponding Author: stefano.trogolo@cern.ch

Open HF and Onia in small systems / 12

Missing beauty of proton-proton interactions

Author: Alexander Milov'

' Weizmann Institute of Science (IL)
Corresponding Author: alexander.milov@cern.ch

Multiparton interactions in proton-proton collisions have long been a topic of great interest. A new
look at them has begun to emerge from work being done to understand the dynamics of ‘small
systems’, a topic that is taking center stage in the physics of relativistic heavy-ion interactions.
Numerous studies conducted at the LHC and lower energies reveal that proton-proton collisions
at high energy form a system in which final state interactions substantially impact experimentally
observable quantities in the soft sector. However, until recently, no evidence was shown that final
state interactions could also affect observables produced in the hard scattering processes. Studies
performed by the LHC experiments present strong evidence that the final state interactions in proton-
proton collisions have a drastic impact on the b-quark bound states production, whose yields may
be reduced by more than a factor of two.

Theoretical overview / 65

Overview on transport models for open and hidden charm pro-
duction in nuclear collisions

Corresponding Author: rapp@comp.tamu.edu
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Theoretical overview / 66

Application of Open Quantum systems framework to quarkonium
production

Corresponding Author: nora.brambilla@ph.tum.de

Theoretical overview / 67

Overview on statistical models

Corresponding Author: a.andronic@gsi.de

Future experiments (high-muB, EIC) / 68

Quarkonia and heavy flavours at EIC

Corresponding Author: pietro.antonioli@cern.ch

Future experiments (high-muB, EIC) / 69

Quarkonia and heavy flavours at EIC (theory)

Corresponding Author: ivitev@lanl.gov

Future experiments (high-muB, EIC) / 70

Quarkonia and heavy flavours in NA60+

Corresponding Author: gianluca.usai@ca.infn.it

Future experiments (high-muB, EIC) / 8

Cold Nuclear Matter Effects on J /1) and D Meson Production at
High Baryon Densities

None

Author: Ramona Vogt
Corresponding Author: rlvogt@Ibl.gov
Open heavy flavors and quarkonium have played important roles in the understanding of the QCD
matter produced at high temperatures and low baryon densities. However, they could also provide

crucial information about QCD at the lowe center of mass energies employed to probe high baryon
density matter at existing or planned facilities.
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For example, a nonperturbative contribution to charm production, intrinsic charm, has long been
speculated, with much contradictory empirical evidence. LHCb recently reported evidence for in-
trinsic charm in Z + jet events at /s = 13 TeV [1]. While J /4 production by intrinsic charm would
normally only manifest itself outside the range of the LHC detectors, even at forward rapidity, the
high Q? of these events allowed for their detection.

On the other hand, at low center of mass energies, .J /¢ and D meson production by intrinsic charm
could manifest itself at midrapidity, as described for the SeaQuest experiment at Fermilab [2]. This
talk will explore the rapidity and pr dependence of an intrinsic charm signature for laboratory beams
of 40 GeV and higher, both in p+ p and p+ A interactions and place the results in context of previous
experimental evidence [3].

[1] https://lhcb-public.web.cern.ch/Welcome.html\#IC, 27 July 2021.

[2] R. Vogt, Limits on Intrinsic Charm Production from the SeaQuest Experiment, Phys. Rev. C 103,
035204 (2021).

[3] R. Vogt, in preparation, to be submitted to Phys. Rev. C.

Future experiments (high-muB, EIC) / 72

Quarkonia and heavy flavours in CBM

Corresponding Author: christoph.blume@cern.ch

Heavy quark transport and thermalization / 73

Heavy quark thermalisation (theory)

Corresponding Author: santosh@iitgoa.ac.in

Heavy quark transport and thermalization / 17

Soft gluon emission from heavy quark scattering in sQGP

Authors: Elena Bratkovskayal; Ilia Grishmanovskii%; Olga Soloveva®; Taesoo SongN"“e

1 GSI, Darmstadt
2 ITP, Frankfurt
* FIAS

Corresponding Authors: oesolovjeva@gmail.com, song@fias.uni-frankfurt.de, grishmanovsky.i@gmail.com, elena.bratkovskaya@tl
frankfurt.de

We apply the Low’s theorem to soft gluon emission from the heavy quark scattering in nonperturba-
tive strongly interacting quark-gluon plasma (sQGP). The sQGP is described in terms of the DQPM
(dynamical quasiparticle model) based on propagator representation in 2PI representation and ad-
justed to reproduce the EoS from 1QCD at finite temperature and chemical potential. Since emitted
gluon is soft and of long wavelength, it does not provide the information on the detailed structure
of the scattering, since only the emission from incoming and outgoing partons is accounted. It
simplifies the calculations making amplitude factorizable into the leading-order scattering and the
emission of soft gluon. Imposing a proper upper limit on the energy of emitted gluon, we obtain
the scattering cross sections of charm quark with the off-shell partons of the medium as well as the
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transport coefficients (momentum drag and diffusion) of charm quark in QGP and compare with
those only from the leading-order calculations, i.e. elastic scattering.

Heavy quark transport and thermalization / 16

Heavy-meson transport coefficients in a thermal medium (and in
the hadronic phase)

Author: Juan Torres-Rincon'

! Universitat de Barcelona

Corresponding Author: torres-rincon@ub.edu

We have investigated the many-body equations of D and B mesons in a thermal medium by applying
an effective field theory based on chiral and heavy-quark spin symmetries. Exploiting the same
symmetries for the construction of the kinetic theory, we have derived an off-shell Fokker-Planck
equation which incorporates information of the full spectral function of these states.

I will present the latest results on heavy-flavor transport coefficients below the chiral restoration
temperature. I will also detail the origin of the in-medium reactions which contribute to the heavy-
meson thermal width and energy loss, including the soft-pion emission (Bremsstrahlung) process.

Indico rendering error

Could not include image: [403] Error fetching image

Heavy quark transport and thermalization / 76

D meson scattering parameters with light-flavor hadrons

Corresponding Author: laura.fabbietti@ph.tum.de

Topical heavy-quark studies / 77

HF and quarkonium polarization (theory)
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High-pt theory and data are traditionally used to explore parton interactions with QGP, while QGP
parameters are commonly constrained through low-pt data and corresponding models. However,
rare high-pt probes can also be a powerful tool for inferring bulk QGP properties, providing a proper
description of high-pt parton-medium interactions.

We here advocate a novel QGP tomography approach, which employs our finite-temperature dynam-
ical energy loss framework. The main idea is to constrain QGP parameters by exploiting both low
and high-pt data. We can use any set of QGP parameters consistent with low-pt observables and: i)
Generate the corresponding temperature profile, ii) Implement this profile in the dynamical energy
loss framework and generate corresponding high-pt predictions. iii) Test these predictions against
high-pt data to further constrain QGP parameter values. We show that heavy flavor observables
are particularly sensitive within this approach and can be used to i) constrain the early evolution of
QGP, ii) infer geometrical properties of bulk QCD medium, iii) explore if QGP in small systems is
consistent with high-pt data.
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