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1. Abstract
The efforts of the RBRC theory group are concentrated on the major topics of interest in High Energy Nuclear Physics, in

particular, the physics explored by the RHIC experiment at Brookhaven National Laboratory (BNL). This includes: understanding
of the Quark-Gluon Plasma (QGP); the nature of dense quark matter; the initial state in high energy collisions, the Color Glass
Condensate and its evolution to QGP through a Glasma; QCD spin physics; physics relevant to the future Electron-Ion Collider at
BNL.

2. Major Research Subjects
(1) Heavy Ion Collisions, QCD phase diagram
(2) Perturbative Quantum Chromo-Dynamics (QCD)
(3) Nucleon structure, mass and spin

3. Summary of Research Activity
(1) Phase diagram of QCD

The major goal of RHIC heavy-ion program is to map out the QCD phase diagram at finite temperature and density. Together
with collaborations, V. Skokov has determined the location of the Yang-Lee edge singularity in the O(N) model using the functional
renormalization group method. This can be applied to the QCD phase diagram to determine the radius of convergence of the fugacity
expansion and hence the location of the QCD critical point at finite chemical potential.

(2) QCD at small x
The initial condition of heavy-ion collisions at RHIC is governed by the Color Glass Condensate (CGC) which is the universal

form of matter in the high energy (small-x) limit of QCD. The RBRC scientists have made major contributions to this field, and
the efforts continue to date. V. Skokov has worked on various aspects of the CGC and their phenomenological consequences. In
particular, he has calculated the multiplicity and transverse momentum dependence of the elliptic flow parameter ν2 in proton-nucleus
(pA) collisions in the dense-dilute framework of CGC. Together with M. Li, he has also computed the first saturation corrections in pA
collisions by solving the real-time classical Yang-Mills equation. Y. Mehtar-Tani and R. Boussarie have proposed a novel formulation
of the gluon transverse momentum dependent (TMD) distribution which captures the leading logarithms in both the Bjorken and
Regge limits.

(3) Jet and jet quenching
Jets have become an important tool to uncover the transport properties of matter created in heavy-ion collisions and the nontrivial

parton structure in the nucleon. These are important goals of the sPHENIX and EIC experiments. Y. Mehtar-Tani has pushed the
calculation of jet quenching to higher precision, now up to next-to-next-to-leading order (NNLO) in the opacity expansion. Together
with collaborators, he has made concrete prediction of the nuclear modification factor at the LHC based on the state-of-the-art theory
of jet quenching. Y. Hatta and collaborators calculated the impact of soft gluon resummation on the azimuthal angular correlation of
jets. It has been shown that angular correlations of perturbative origin are numerically significant. They could obscure the primordial
correlation due to the nontrivial parton distribution such as the linearly polarized gluon distribution. Y. Hatta and T. Ueda has calculated
the gap survival probability in dijet production in proton-proton collisions at the LHC, resumming the nonglobal logarithms without
any approximation to the number of colors.

(4) Origin of proton mass
Understanding the origin of proton mass is one of the most important goals of the future Electron-Ion Collider. Y. Hatta and

R. Boussarie has developed an OPE-based approach to calculate the cross section of near-threshold electro-production of heavy
quarkonia at large photon virtuality. The impact of the gluon condensate, related to the proton mass via the trace anomaly, has been
estimated. D. Kharzeev argued that the cross section is dominated by the form factor of the trace of the energy momentum tensor.
Based on this, he has extracted the nucleon “mass radius” from the recent experimental data on J/psi production from the Jefferson
laboratory. Y. Hatta and Y. Zhao have introduced a parton distribution function associated with the gluon condensate and performed a
one-loop calculation with a special attention to the possible zero mode.

(5) Hydrodynamical simulation of heavy-ion collisions
C. Shen has developed a comprehensive dynamical platform to simulate the evolution of fireballs created in heavy-ion collisions

based on numerical codes for the viscous hydrodynamic equation. This can be applied to RHIC experiments with a wide range in
center-of-mass energy, from the top energy (200 GeV per nucleon) to very low energy (7 GeV per nucleon) relevant to the ongoing
Beam Energy Scan II experiment (BES II). This allows him to extract the shear viscosity from the input equation of state and the
experimental data on particle multiplicity, etc. C. Shen has also studied various aspects of heavy-ion collisions such as Lambda
polarization, deutron production and signals of vortex formation.

- 320 -

RIKEN Accel. Prog. Rep. 54 (2021) VI. RNC ACTIVITIES



Subnuclear System Research Division
RIKEN BNL Research Center
Theory Group

1. Abstract
The efforts of the RBRC theory group are concentrated on the major topics of interest in High Energy Nuclear Physics, in

particular, the physics explored by the RHIC experiment at Brookhaven National Laboratory (BNL). This includes: understanding
of the Quark-Gluon Plasma (QGP); the nature of dense quark matter; the initial state in high energy collisions, the Color Glass
Condensate and its evolution to QGP through a Glasma; QCD spin physics; physics relevant to the future Electron-Ion Collider at
BNL.

2. Major Research Subjects
(1) Heavy Ion Collisions, QCD phase diagram
(2) Perturbative Quantum Chromo-Dynamics (QCD)
(3) Nucleon structure, mass and spin

3. Summary of Research Activity
(1) Phase diagram of QCD

The major goal of RHIC heavy-ion program is to map out the QCD phase diagram at finite temperature and density. Together
with collaborations, V. Skokov has determined the location of the Yang-Lee edge singularity in the O(N) model using the functional
renormalization group method. This can be applied to the QCD phase diagram to determine the radius of convergence of the fugacity
expansion and hence the location of the QCD critical point at finite chemical potential.

(2) QCD at small x
The initial condition of heavy-ion collisions at RHIC is governed by the Color Glass Condensate (CGC) which is the universal

form of matter in the high energy (small-x) limit of QCD. The RBRC scientists have made major contributions to this field, and
the efforts continue to date. V. Skokov has worked on various aspects of the CGC and their phenomenological consequences. In
particular, he has calculated the multiplicity and transverse momentum dependence of the elliptic flow parameter ν2 in proton-nucleus
(pA) collisions in the dense-dilute framework of CGC. Together with M. Li, he has also computed the first saturation corrections in pA
collisions by solving the real-time classical Yang-Mills equation. Y. Mehtar-Tani and R. Boussarie have proposed a novel formulation
of the gluon transverse momentum dependent (TMD) distribution which captures the leading logarithms in both the Bjorken and
Regge limits.

(3) Jet and jet quenching
Jets have become an important tool to uncover the transport properties of matter created in heavy-ion collisions and the nontrivial

parton structure in the nucleon. These are important goals of the sPHENIX and EIC experiments. Y. Mehtar-Tani has pushed the
calculation of jet quenching to higher precision, now up to next-to-next-to-leading order (NNLO) in the opacity expansion. Together
with collaborators, he has made concrete prediction of the nuclear modification factor at the LHC based on the state-of-the-art theory
of jet quenching. Y. Hatta and collaborators calculated the impact of soft gluon resummation on the azimuthal angular correlation of
jets. It has been shown that angular correlations of perturbative origin are numerically significant. They could obscure the primordial
correlation due to the nontrivial parton distribution such as the linearly polarized gluon distribution. Y. Hatta and T. Ueda has calculated
the gap survival probability in dijet production in proton-proton collisions at the LHC, resumming the nonglobal logarithms without
any approximation to the number of colors.

(4) Origin of proton mass
Understanding the origin of proton mass is one of the most important goals of the future Electron-Ion Collider. Y. Hatta and

R. Boussarie has developed an OPE-based approach to calculate the cross section of near-threshold electro-production of heavy
quarkonia at large photon virtuality. The impact of the gluon condensate, related to the proton mass via the trace anomaly, has been
estimated. D. Kharzeev argued that the cross section is dominated by the form factor of the trace of the energy momentum tensor.
Based on this, he has extracted the nucleon “mass radius” from the recent experimental data on J/psi production from the Jefferson
laboratory. Y. Hatta and Y. Zhao have introduced a parton distribution function associated with the gluon condensate and performed a
one-loop calculation with a special attention to the possible zero mode.

(5) Hydrodynamical simulation of heavy-ion collisions
C. Shen has developed a comprehensive dynamical platform to simulate the evolution of fireballs created in heavy-ion collisions

based on numerical codes for the viscous hydrodynamic equation. This can be applied to RHIC experiments with a wide range in
center-of-mass energy, from the top energy (200 GeV per nucleon) to very low energy (7 GeV per nucleon) relevant to the ongoing
Beam Energy Scan II experiment (BES II). This allows him to extract the shear viscosity from the input equation of state and the
experimental data on particle multiplicity, etc. C. Shen has also studied various aspects of heavy-ion collisions such as Lambda
polarization, deutron production and signals of vortex formation.

(6) Quantum information & computing
RBRC theorists also work on quantum computing and quantum information science. Y. Kikuchi discussed how to recover dam-

aged information from Hawking radiation in Hayden-Preskill thought experiment. D. Kharzeev, Y. Kikuchi, and K. Ikeda have studied
the real-time dynamics of the topological susceptibility near the critical point of massive Schwinger model and observed a sharp
maximum due to critical fluctuations. Their spin Hamiltonian formulation is suitable for future digital quantum simulations.

(7) Beyond the standard model physics in low and high energy nuclear physics
Together with collaborators, J. de Vries has explored possible manifestations of physics beyond the Standard Mode (BSM) in

low energy nuclear physics such as neutrinoless double beta decays and the nucleon electric dipole moment. In particular, his group
has presented a first estimate of the complete amplitude of neutrinoless double beta decay including a contact term necessary for
renormalization in chiral effective theory. J. de Vries also studied the prospect to discover sterile neutrinos at the LHC in the framework
of neutrino-extended Standard Model Effective Field Theory.

(8) New connection between the nucleon electric dipole moment and QCD spin physics
One of the plausible operators to induce an electric dipole moment (EDM) in nucleons is the Weinberg operator which is a

dimension-6, purely gluonic operator. Y. Hatta has found a novel relation between the nucleon matrix element of the Weinberg
operator and certain twist-4 corrections in polarized Deep Inelastic Scattering (DIS) experiment. Based on this observation, he has
made a numerical estimate of the EDM which turned out to be smaller than a previous estimate based on the QCD sum rule.
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