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Profesorul Nu XU a contribuit semnificativ la dezvoltarea si
testarea experimentala a predictiilor modelului standard al fizicii
particulelor pentru formarea plasmei de cuarci si gluoni, conexiuni
dintre scenariul ,,Exploziei primordiale” (Big Bang) pentru Universul
nostru si comportarea materiei nucleare extrem de fierbinti si de
dense formata in regiunea de suprapunere a nucleelor care se
ciocnesc la energii relativiste si ultrarelativiste, precum si a altor
perspective moderne si teorii in fizica nucleara si a particulelor
elementare, contribuind semnificativ la succesul diferitelor modele
in descrierea structurii subnucleare si evolutiilor cosmologice.






Stimate Domnule Profesor Nu Xu,

Stimate Domnule Rector,

Stimate Domnule Presedinte al Senatului Universitatii din Bucuresti,
Stimati colegi,

Doamnelor si domnilor,

Dragi prieteni,

Profesorul NuXUesteunadintre personalititile proeminente siremarcabile
ale fizicii contemporane, activitatea sa avind un impact substantial in
dezvoltarea fizicii nucleare relativiste si fizicii particulelor elementare,
atat prin rezultate proprii prestigioase, cat si prin contributii majore la
dezvoltarea acestor domenii in SUA, China si in intreaga lume.

Profesorul Nu XU a absolvit Universitatea de Stiinte si Tehnologie din
China, in anul 1982. A obtinut titlul de Doctor in Fizicé la Universitatea de
Stat din New York la Stony Brook (SUA), in anul 1990, dupa un stagiu de cinci
ani, inceput in anul 1985, sub indrumarea Profesorului David Fossan.

In anii care au urmat sustinerii tezei de doctorat, a ficut studii postdoctorale
la Universitatea de Stat din New York la Stony Brook (SUA), intre 1990 si
1994. Dupa acest stagiu de studii postdoctorale, domnia sa si-a continuat
activitatea de cercetare stiintifica in SUA. intre 1994 511997 a fost ,Director
Fellow” la Laboratorul National din Los Alamos, SUA. inanul 1997, adevenit
»Divisional Fellow” la Laboratorul National , Lawrence” din Berkeley. Din
anul 2001 este cercetator stiintific ,,superior” (gradul I) la acelasi laborator
national.

Dinanul 2001 panain prezent,domniasaa ocupat diferite functii in institutii
de prestigiu. De exemplu, din anul 2002, profesorul Nu XU este profesor
adjunct la Universitatea de Stiinta si Tehnologie din China, evaluator extern
al Academiei Chineze de Stiinte, din 2004, profesor invitat la Institutul de
Fizica Aplicata din Shanghai, membru CAS, China, din 2008.

Din anul 2010, pana in prezent, Profesorul Nu XU este decan la Colegiul de
Stiinte Fizice si Tehnologie, Universitatea Normala din China Centrald, iar
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din 2015 este profesor adjunct la Institutul National de Educatie Stiintifica
si Cercetare din India.

Rezultatele excelente obtinute in activitatea de cercetare stiintificd si
academica au facut ca domnia sa sa fie membru in comitetele editoriale ale
mai multor reviste de prestigiu din domeniul fizicii. Profesorul Nu XU este
membru in comitetele editoriale ale unor reviste precum Journal of Physics
G: Nuclear and Particle Physics, IoP, UK (2004-2014), Nuclear Physics A
s.am.d. Este membru al comitetului editorial al Editurii ,,Elsevier”, fiind
editor supervizor/ supraveghetor din 2014 pana in prezent.

Calitatile stiintifice, precum si abilitdtile administrative i-au permis
domnului profesor Nu XU sd ocupe functia de coordonator responsabil al
unei colaborari/ spokesperson. Printre cele mai importante colaborari la
care a detinut aceasta functie este colaborarea STAR de la Collider-ul de
Ioni Grei Relativisti (Relativistic Heavy Ion Collider (RHIC), Brookhaven
National Laboratory (BNL), SUA, intre 2008 si 2014.

De asemenea, profesorul Nu XU este membru al comitetelor de organizare
sau stiintifice ale unor conferinte internationale de prestigiu din domeniul
fizicii nucleare relativiste si ultrarelativiste, inclusiv in cel al celei mai
importante dintre ele, si anume: Quark Matter Conference (din 2008, pana
in prezent).

Cunoasterea profundd a domeniului, experienta, calitatile stiintifice
remarcabile, integritatea si echilibrul au fost apreciate in mod deosebit de
comunitatea stiintifica internationala. De aceea, a fost inclus in comitete
internationale de avizare ale celor mai importante institute internationale,
si anume: Centrul International Helmholtz pentru FAIR (Helmholtz
International Center for FAIR (HIC for FAIR), Germania (2009 - prezent);
Comitetul de Avizare, Centrul de Analiza si Teorie pentru Experimente
cu Ioni Grei, BNL, SUA (Advisory Board, Center for Analysis and Theory
of Heavy Ion Experiments, BNL), SUA (2007 - prezent); Comitetul
International de Evaluare a Experimentelor de Fizica energiilor Inalte,
de la ITUCN Dubna (PAC, High Energy Physics, Joint Institute for Nuclear
Research, Russia), din 2009 pana in prezent, Comitetul de Avizare de pe
langa Comitetul de Stiintd si Tehnologie pentru HIAF (Advisory Board,
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Committee of Science and Technology for HIAF), din 2016 pana astazi.

In intreaga sa cariera stiintifici, domnul profesor univ. dr. Nu XU a fost
un participant activ la solutionarea problemelor comunitatii stiintifice
internationale. De aceea, a fost ales in diferite functii in asociatii
internationale ale fizicienilor. De exemplu, in anul 2017 a fost ales
Presedintele Organizatiei Internationale a Fizicienilor si Astronomilor
Chinezi. Este siin prezent presedintele acestei organizatii.

Profesorul Nu XU a contribuit semnificativ la dezvoltarea si testarea
experimentald a predictiilor modelului standard al fizicii particulelor pentru
formarea plasmei de cuarci si gluoni, conexiuni dintre scenariul ,,Exploziei
primordiale” (Big Bang) pentru Universul nostru si comportarea materiei
nucleare extrem de fierbinti si de dense formata in regiunea de suprapunere
a nucleelor care se ciocnesc la energii relativiste si ultrarelativiste, precum
si a altor perspective moderne si teorii in fizica nucleari si a particulelor
elementare, contribuind semnificativ la succesul diferitelor modele in
descrierea structurii subnucleare si evolutiilor cosmologice.

Activitatea stiintifici a domnului Profesor Nu XU a fost recunoscuta prin
publicarea unui numar impresionant de lucrari in cele mai prestigioase
reviste de fizica din domeniu. Pana in prezent, Profesorul Nu XU a publicat
peste 500 de lucrari in reviste cotate ISI, domnia sa avand un indice Hirsh de
88, avand peste 31,425 citari. De aceea, Profesorul Nu XU este una dintre cele
mai productive personalitati in domeniul fizicii nucleare la energii inalte din
lume.

Rezultatele de exceptie obtinute de profesorul Nu XU au fost foarte
apreciate si, de aceea, domnia sa a primit numeroase premii si a fost ales
in diferite organizatii profesionale de prestigiu. Cateva dintre acestea sunt
urmatoarele:

- 2004: membru al Institutului de Fizica (The Institute of Physics), Marea
Britanie

-2009: membru al Societatii American de Fizicd, SUA

—-2010: 1000 - Talent Plan, China

- 2018: membru ales al Academiei Europene
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De asemenea, este referent al celor mai importante reviste de specialitate
din domeniu, cum ar fi: Physical Review Letters, Physics Letters B, Physical
Review C. Este editor al Progress in Particle and Nuclear Physics (Elsevier),
Science China Physics, Mechanics and Astronomy (CAS, China), dar si
membru al Comitetului Editorial de Avizare pentru Stiintd si Tehnici
Nucleare din China (CAS, China).

De-a lungul timpului, prof. univ. dr. Nu XU a colaborat in cadrul diferitelor
experimente cu fizicieni romani, cum ar fi marile experimente de la RICH-
BNL (SUA) si FAIR-GSI (Germania). in aceste colaboriri, fizicieni romani
de la Facultatea de Fizica a Universitatii din Bucuresti, Institutul de Stiinte
Spatiale, Institutul de Fizica si Inginerie Nucleard ,Horia Hulubei” s-au
implicat profund, ceea ce a permis publicarea unui numar mare de articole
stiintifice in reviste de prestigiu din domeniul fizicii, in particular din
domeniul fizicii nucleare si particulelor elementare.

Profesor univ. dr. Nu XU a sustinut continuu cercetarea stiintificd din
Roménia in domeniul fizicii nucleului si particulelor elementare. Ca
purtitor de cuvant al catorva colaboriri internationale, si presedinte al
CBM Experiment Collaboration Board la FAIR-GSI Darmstadt (Germania),
Profesorul Nu XU a incurajat permanent prezenta fizicienilor romani in
aceste colaborari si institutii. De aceea, fizicieni romani, membri ai corpului
didactic al Universitatii din Bucuresti si studenti la diferite cicluri de studii
universitare, au ficut vizite la aceste institute, au avut stagii de lucru si/ sau
au prezentat seminarii. Profesor univ. dr. Nu XU si grupul sau au contribuit
la organizarea unor scoli de vara si conferinte in domeniul fizicii nucleare si
particulelor elementare si prin calitatea cursurilor sialucrdrilor prezentate,
care au contribuit semnificativ la prestigiul stiintific al acestor scoli si
conferinte din domeniu.

intreaga activitate stiintifica si administrativd a profesorului Nu XU este
caracterizatd de o creativitate profund4, intuitie in rezolvareaunor probleme
stiintifice, concentrare continua pe concepte fundamentale, simple, dar
esentiale pentru intelegerea proceselor sifenomenelor fizice. Contributia sa
fundamentala si profundd la dezvoltarea fizicii nucleare relativiste si fizicii
particulelor este legatd de combinatia dintre abilitati experimentale de
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exceptie, intelegerea profunda a aspectelor teoretice implicate si o intuitie
remarcabila.

Acordarea titlului de Doctor Honoris Causa al Universitatii din Bucuresti
domnului profesor univ. dr. Nu XU reprezinta o recunoastere simbolica
a marilor sale merite stiintifice si un pas inainte in directia cresterii
colabordrilor stiintifice si educationale dintre Universitatea din Bucuresti,
universitati din China, institute americane si europene, precum si cele
dintre oamenii de stiinta din intreaga lume.

Director de Departament,
Prof. unv. dr. Alexandru JIPA
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Dear Professor Nu Xu,

Dear Rector,

Dear President of the University Senate,
Dear colleagues,

Ladies and gentlemen,

Dear friends,

Professor Nu XU is one of the most prominent and remarkable personalities
of contemporary Physics, his activities had a substantial impact on the
development of Relativistic Nuclear Physics and Particle Physics, both
through his own prestigious results and major contributions to the scientific
development in the USA, China and in the world.

Professor Nu XU graduated from the University of Science and Technology
of China, in 1982. He obtained his Ph.D. title from the State University of
New York at Stony Brook (USA) in 1990 under the supervision of Professor
David Fossan, after five years of study beginning in 1985. 1In the following
years, he was a Postdoctoral Fellow at the State University of New York
at Stony Brook, USA, from 1990 to 1994. After this stage, he continued
his research activities in the USA, serving as Director Fellow at Los
Alamos National Laboratory from 1994 to 1997 and as Divisional Fellow
at Lawrence Berkeley National Laboratory from 1997 to 2001. Since 2001,
Professor Nu XU has been a Senior Staff Scientist at Lawrence Berkeley
National Laboratory, USA.

Since 2001 he has occupied different positions. For example, since 2002,
Professor Nu XU has been an Adjunct Professor at the University of Science
and Technology of China, an Overseas Assessor at the Chinese Academy of
Sciences of China since 2004, and a Guest Professor at the Shanghai Institute
of Applied Physics, CAS, China since 2008. Since 2010, Professor Nu XU has
been Dean at the College of Physical Science and Technology, Central China
Normal University, and since 2015 he has been an Adjunct Professor at the
National Institute of Science Education and Research, India.
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The excellent results obtained from his research and academic activities
recommended Professor Nu XU as amember of the Editorial Boards of some
prestigious Physics journals. It is important to mention here the Journal
of Physics G: Nuclear and Particle Physics, IoP, UK (2004-2014), Nuclear
Physics A. Since 2014, he has been a member and Supervisory Editor of the
Editorial Board, Elsevier.

The scientific qualities, as well as the administrative abilities allowed
Professor Nu XU to occupy the spokesperson position at one of the
most important collaborations from the Relativistic Heavy Ion Collider
(RHIC), Brookhaven National Laboratory (BNL), USA, namely: the STAR
Experiment (2008-2014).

Professor Nu XU is a member of the boards of some important conferences
in the Relativistic and Ultrarelativistic Heavy Ion Physics field: member of
International Advisory Committee for Quark Matter Conference (2008 -
present).

The deep knowledge of the field, expertise, outstanding scientific
qualities, probity, and equilibrium were very well appreciated by the
international scientific community. Therefore, he was included in
international advisory committees at the most important international
institutes, namely: Helmholtz International Center for FAIR (HIC for
FAIR), Germany (2009 - present); Advisory Board, Center for Analysis
and Theory of Heavy Ion Experiments, BNL, USA, (2007 - now); PAC,
High Energy Physics, Joint Institute for Nuclear Research, Russia (2009
- present), Advisory Board, Committee of Science and Technology for
HIAF (2016 - now).

In his entire scientific career, Professor Nu XU has been an active participant
in the solving of the problems of the scientific community. Therefore, he was
elected in different positions in international associations of physicists. For
example, since 2017, he has been President of the International Organization
of Chinese Physicists and Astronomers.
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Professor Nu XU has contributed significantly to the development and
experimental testing of the predictions of the Standard Model for quark-
gluon plasma formation, connections among the Big Bang scenario for our
Universe with the behaviour of the very hot and very dense nuclear matter
formed in the overlapping region of the colliding nuclei at relativistic and
ultrarelativistic energies, as well as at other modern perspectives and
theories in Nuclear and Particle Physics, contributing significantly to the
success of different models in the description of the subnuclear structure
and cosmological descriptions.

The scientific activity of Professor Nu XU has been published in many
prestigious Physics journals. Professor Nu XU has published over 503 papers
in ISI-cited journals. Professor Nu XU has a Hirsh Index of 88 and over
31,425 citations. Therefore, he is one of the most productive personalities in
the field of Nuclear and Particle Physics at high energies in the World.

The outstanding results obtained by Professor Nu XU were very well
appreciated and he received many awards. A few of these awards are the
following:

- 2004: Fellow of the Institute of Physics, UK;

- 2009: Fellow of the American Physical Society Fellow;
- 2010: 1000-Talent Plan, China;

- 2018: Elected Member of the Academia Europaea.

Also, he is the referee for the most important journals in the field, such
as “Physical Review Letters”, “Physics Letters B”, “Physical Review
C”, or editor of “Progress in Particle and Nuclear Physics” (Elsevier),
“Science China Physics, Mechanics and Astronomy” (CAS, China),
member of Advisory Editor Board of “Nuclear Science and Techniques”
(CAS, China)

During this time, Professor Nu XU collaborated in the frame of different
experiments with Romanian physicists, including large experiments
from RHIC-BNL and FAIR-GSI. In these collaborations, Romanian
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physicists from the Faculty of Physics, University of Bucharest, Institute
of Space Science, “Horia Hulubei” National Institute for Nuclear Physics
and Engineering were involved, and large numbers of papers have been
published in prestigious Physics journals.

Professor Nu XU permanently sustained the Nuclear and Particle
Physics research in Romania. As the spokesperson of some international
collaborations, and president of the CBM Experiment Collaboration Board,
at FAIR-GSI, Germany, Professor Nu XU permanently encouraged the
presence of Romanian physicists in these collaborations and institutes.
Therefore, Romanian physicists, members of the academic staff at the
University of Bucharest, and researchers visited, had work stages and
presented seminars there. Professor NuXU and his groups have contributed,
during this time, to the organization of summer schools and conferences in
the Nuclear and Particle Physics field, and by the quality of the lectures and
works presented here, which have contributed significantly to the scientific
prestige of these schools and conferences in Nuclear and Particle Physics.

The entire scientific and administrative activity of Professor Nu XU is
characterized by great and profound creativity, scientific intuition, permanently
focused on fundamental concepts, simple but essential for the understanding of
physical phenomena and processes. His fundamental and profound contribution
to the development of Relativistic Nuclear Physics and Particle Physics is
related to the unique combination of outstanding experimental skills with deep
theoretical understanding and remarkable intuition.

The awarding of the title of Doctor Honoris Causa by the University of
Bucharest to Professor Nu XU represents a symbolic recognition of his great
scientific merits and further promotes scientific and teaching collaborations
between the University of Bucharest and Chinese Universities, American
European institutes and the global scientific community.

Director of Department,
Prof. unv. dr. Alexandru JIPA
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Lawrence Berkeley National Laboratory
http;//www-rnc.lbl.gov/~nxu/

EDUCATION
1978 - 1982: B.S., University of Science and Technology of China, China
1985 - 1990: Ph.D,, State University of New York at Stony Brook, USA

EXPERIENCE

1990-1994: Postdoctoral Fellow, State University of New York at Stony
Brook, USA 1994 - 1997: Director Fellow, Los Alamos National Laboratory,
USA

1997-2001: Divisional Fellow, Lawrence Berkeley National Laboratory, USA
2001 - now: Senior Scientist, Lawrence Berkeley National Laboratory, USA
2010 - now: Adjunct Professor, University of Science and Technology of
China, China 2015 - now: Adjunct Professor, National Institute of Science
Education and Research, India

2008-2014: Spokesperson, STAR Experiment at RHIC, USA

2009-2018: PAC, High Energy Physics, Joint Institute for Nuclear
Research, Russia 2009 - 2018: IPAC, Helmholtz International Center for
FAIR (HIC for FAIR), Germany

2017-2018: President, “International Organization of Chinese Physicists
and Astronomer” 2017-2022: PAC, High Energy Physics, J-PARC, Japan
2018 - now: Chair, Institutional Board, CBM Experiment at FAIR, Germany

AWARDS

2004: Fellow of The Institute of Physics, UK 2009: American Physical
Society Fellow, USA 2018: Member of the Academia Europaea, UK

2022: Humboldt Prize, Alexander von Humboldt Foundation of Germany

SERVICE WORK

- Referee: Phys. Rev. Lett.; Phys. Rev. C; Phys. Lett. B.

- Editor: Progress in Particle and Nuclear Physics, Elsevier

- Supervisory Editor, Nuclear Physics A Editorial Board, Elsevier






. Collective band structures in the odd-proton nuclei

MS70R0319, Nuclear Science Division, Lawrence Berkeley National Laboratory

1 Cyclotron Road, Berkeley, CA 94720, USA

Publications
t Principle Author, Proceedings are not included

. Collective oblate band in *!'La due to the rotational alignment of hy1/, neutrons

E.S. Paul, C.W. Beausang, D.B. Fossan, R. Ma, W.F. Piel, Jr., N. Xu, L. Hildingsson, and G.A. Leander, Phys. Rev.
Lett. 58, 984(1987).

. Band-crossings in the y-soft nucleus *Nd

E.S. Paul, C.W.Beausang, D.B. Fossan, R. Ma, W.F. Piel, Jr., and N. Xu, Phys. Rev. C36, 153(1987).

135,137p

C.W. Beausang, D.B. Fossan, L. Hildingsson, E.S. Paul, W.F. Piel, Jr., P.K. Weng, and N. Xu, Phys. Rev. C36,
602(1987).

. Observation of both hj;/5 proton and neutron alignments in 139pm

1 N. Xu, C.W. Beausang, D.B. Fossan, E.S. Paul, W.F. Piel, Jr., P.K. Weng, E. Giilmez, and J.A. Cizewski, Phys. Rev.
C36, R 1649(1987).

. Collective bands in the doubly-odd nuclei ***Pm and '3*Pr

t C.W. Beausang, L. Hildingsson, E.S. Paul, W.F. Piel, Jr., P.K. Weng, N. Xu, and D.B. Fossan, Phys. Rev. C36,
1810(1987).

. High-spin states in doubly-odd *°La

t E.S. Paul, C.W. Beausang, D.B. Fossan, R. Ma, W.F. Piel, Jr., N. Xu and L. Hildingsson, Phys. Rev. C36, 1853(1987).

. Rotational bands in '**Ce

R. Ma, E.S. Paul, C.W. Beausang, S. Shi, N. Xu, and D.B. Fossan, Phys. Rev. C36, 2322(1987).

. Band-crossings in even-even **Sm and **Nd

E.S. Paul, S. Shi, C.W. Beausang, D.B. Fossan, R. Ma, W.F. Piel, Jr., and N. Xu, Phys. Rev. C36, 2380(1987).

. High-spin states of **Ag and '%°Cd

W.F. Piel, Jr., C.W. Beausang, D.B. Fossan, R. Ma, E.S. Paul, G. Scharfl-Goldhaber, and N. Xu, Phys, Rev. C37,
1067(1988).

. Band-structures in doubly-odd ***Pr

S. Shi, C.W. Beausang, D.B. Fossan, R. Ma, E.S. Paul, N. Xu, and A.J. Kreiner, Phys. Rev. C37, 1478(1988).

. Band-structures in doubly-odd **Pr

R. Ma, E.S. Paul, S. Shi, C.W. Beausang, W.F. Piel, Jr., N. Xu, D.B. Fossan, T. Chapuran, D.P. Balamuth, and J.
Arrison, Phys. Rev. C37, 1926(1988).

. Deformation-driving properties of the v13/2(660)1/27 intruder orbital for A~130 nuclei

1 E.S. Paul, R. Ma, C.W. Beausang, D.B. Fossan, W.F. Piel, Jr., S. Shi, N. Xu, and J.-y Zhang, Phys. Rev. Lett. 61,
42(1988).

. High spin states in '">Ta and additivity of odd-N and odd-Z effects

A.J. Kreiner, D. Hojman, J. Davidson, M. Davidson, M. Debray, G. Facone, D. Santos, C.W. Beausang, D.B. Fossan,
E.S. Paul, R. Ma, S. Shi, and N. Xu, Phys. Lett. B215, 629(1988).

. The yrast band in doubly-odd **Eu

Y. Liang, K. Ahn, R. Ma, E.S. Paul, N. Xu, and D.B. Fossan, Phys. Rev. C38, 2432(1988).

. Rotational bands in °Gd: Systematics of triaxial N = 76 isotones

E.S. Paul, K. Ahn, D.B. Fossan, Y. Liang, R. Ma, and N. Xu, Phys. Rev. C39, 153(1989).

. Properties of shape-driving orbitals: Rotational bands in *3!La

L. Hildingsson, C.W. Beausang, D.B. Fossan, R. Ma, E.S. Paul, W.F. Piel, Jr., and N. Xu, Phys. Rev. C39, 471(1989).

. Rotational states in neutron-deficient **°Gd

R. Ma, K. Ahn, Y. Liang, E.S. Paul, N. Xu, and D.B. Fossan, Phys. Rev. C39, 530(1989).

. Nilsson parameter set in the A ~ 120 - 140 region

t Jing-ye Zhang, N. Xu, D.B. Fossan, Y. Liang, R. Ma, and E.S. Paul, Phys. Rev. C39, 714(1989).

. High spin states in 3"Pr

t N. Xu, C.W. Beausang, R. Ma, E.S. Paul, D.B. Fossan, and L. Hildingsson, Phys. Rev. C39, 1799(1989).
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

36.

37.

38.

39.

40.

41.

42.

High spin structure in **”Sm: Role of the S—driving v13/2 intruder in deformation enhancement
R. Ma, C.W. Beausagn, E.S. Paul, W.F. Piel, Jr., S. Shi, N. Xu, D.B. Fossan, J. Burde, M.A. Deleplanque, R.M.
Diamond, A.O. Macchiavelli, and F.S. Stephens, Phys. Rev. C40, 156(1989).

Rotational bands in doubly-odd '**Cs

E.S. Paul, D.B. Fossan, Y. Liang, R. Ma, and N. Xu, Phys. Rev. C40, 619(1989).
Band-crossings in *?Ba

E.S. Paul, D.B. Fossan, Y. Liang, R. Ma, and N. Xu, Phys. Rev. C40, 1255(1989).

Coexistence of low-K prolate and high-K oblate 7hy1,5 orbitals
Y. Liang, R. Ma, E.S. Paul, N. Xu, D.B. Fossan, Jing-ye Zhang, F. Dénau, Phys. Rev. Lett. 64, 29(1990).

Competing proton and neutron rotational alignment: Band structures in *'Ba

R. Ma, Y. Liang, E.S. Paul, N. Xu, D.B. Fossan, L. Hildingsson and R.A. Wyss, Phys. Rev. C41, 717(1990).
High-spin structure of N = 51 *Rh and °"Pd: A shell-model study

W.F. Piel, Jr., D.B. Fossan, R. Ma, E.S. Paul, N. Xu, and J.B. McGrory, Phys. Rev. C41, 1223(1990).

High-spin states in *Ce: Systematics of collective oblate rotation
E.S. Paul, D.B. Fossan, Y. Liang, R. Ma, N. Xu, R. Wadsworth, I. Jenkins, and P.J. Nolan, Phys. Rev. C41, 1576(1990).

Evidence for the onset of reflection asymmetry in 2*SFr
M.E. Debary, J. Davidson, M. Davidson, A.J. Kreiner, D. Hojman, D. Santos, K. Ahn, D.B. Fossan, Y. Liang, R. Ma,
E.S. Paul, W.F. Piel, Jr., and N. Xu, Phys. Rev. C41, R1895(1990).

Rotational bands in "*>Ce: Collective prolate and oblate rotation

R. Ma, E.S. Paul, D.B. Fossan, Y. Liang, N. Xu, R. Wadsworth, I. Jenkins, and P.J. Nolan, Phys. Rev. C41, 2624(1990).
High spin states in doubly-odd '?2Cs

t N. Xu, H.M. Latvakoski, Y. Liang, R. Ma, E.S. Paul, and D.B. Fossan, Phys. Rev. C41, 2681(1990).

An i13/5 intruder band in 189Gd

R. Ma, D.B. Fossan, E.S. Paul, N. Xu, P.H. Regan, R. Wadsworth, Y.-J. He, I. Jenkins, M. Metcalfe, S.M. Mullins, and
P.J. Nolan, J. Phys., G16, 1233(1990).

Rotational band structures in doubly-odd '**Pm

C.W. Beausang, P.K. Weng, R. Ma, E.S. Paul, W.F. Piel, Jr., N. Xu and D.B. Fossan, Phys. Rev. C42, 541(1990).
Rotational band structures in '*”Cs: Shape changes induced by hi1/2 neutron alignment

Y. Liang, R. Ma, E.S. Paul, N. Xu, and D.B. Fossan, Phys. Rev. C42, 890(1990).

Electro-magnetic properties of N = 75 isotones: evidence for triaxiality at low spin

E.S. Paul, R. Ma, C.W. Beausang, S.A. Forbes, D.B. Fossan, J. Gizon, J.R. Hughes, Y. Liang, S.M. Mullins, P.J. Nolan,
W.F. Piel,Jr., P.J. Poynter, P.H. Regan, R. Wadsworth, and N. Xu, J. Phys. G:Nucl. Part. Phys. 17, 605(1990).
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The Little-Bang and the femto-nova in
nucleus-nucleus collisions
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Abstract

magnetic field for non-head-on collisions.

We make a theoretical and experimental summary of the state-of-the-art status of hot and dense QCD matter studies
on selected topics. We review the Beam Energy Scan program for the QCD phase diagram and present the current
status of the search for the QCD critical point, particle production in high baryon density region, hypernuclei
production, and global polarization effects in nucleus-nucleus collisions. The available experimental data in the
strangeness sector suggests that a grand canonical approach in the thermal model at high collision energy makes a
transition to the canonical ensemble behavior at low energy. We further discuss future prospects of nuclear collisions
to probe properties of baryon-rich matter. Creation of a quark-gluon plasma at high temperature and low baryon
density has been called the “Little-Bang” and, analogously, a femtometer-scale explosion of baryon-rich matter at
lower collision energy could be called the “femto-nova”, which could possibly sustain substantial vorticity and a

1 Introduction

Nuclei are bound states of protons and neutrons via the
strong interaction. The fundamental theory of the strong
interaction is quantum chromodynamics (QCD). In QCD,
gluons are massless due to gauge symmetry; up (#) quarks
are as light as m,, = 3 — 4MeV and down (d) quarks
are heavier than u-quarks, i.e., m,/my; ~ 0.5 (see Ref.
[1] for a recent review of quark masses from the lattice-
QCD). The strange (s) quark mass is comparable to the
typical QCD energy scale, that is, m; = 80 — 90 MeV
of the same order as Aqcp = 100 — 200 MeV. Since
charm (c) and bottom (b) quarks are much heavier than
Aqcp, they would make only small contributions to bulk
thermodynamics and they serve as external probes. Here,
we focus on two puzzling QCD features for the nucle-
ons which are composed of N, valence quarks (where
N, = 3 is the number of colors in QCD) and have a mass,
my =~ 940MeV ~ N:Aqcp. The first question is how
can almost massless particles form a bound state with a

*Correspondence: nxu@lbl.gov

TInstitute of Modern Physics, Chinese Academy of Sciences, 509 Nanchang
Road, Lanzhou 730000, China

2College of Physical Science and Technology, Central China Normal University,
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positive binding energy? The second question is how can
the nucleons become so extremely massive out of almost
massless particles? The former question on the existence
of bound states is referred to as confinement and the lat-
ter on the origin of the mass is via spontaneous chiral
symmetry breaking.

The key to resolve these puzzles lies in QCD vac-
uum structure. The vacuum in quantum field theory
is not empty in general but is full of quantum fluctu-
ations dictated by fundamental interactions. Thus, the
QCD vacuum is regarded as a “medium” in analogy
to condensed matter physics. Just like spin systems for
example, the QCD vacuum structure may be either an
ordered/disordered state according to external environ-
ments such as the temperature 7, the baryon density pp
(or the baryon chemical potential ug), the magnetic field
B, and the vorticity o, etc. The idea of using the rela-
tivistic nucleus-nucleus collisions or heavy-ion collisions
is to shake the QCD vacuum with high energy density to
observe new states of matter out of quarks and gluons and
to seek for traces of phase transitions associated with con-
finement and/or chiral symmetry breaking (see Ref. [2] for
historical backgrounds).
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The saturation density around the center of heavy nuclei
is po ~ 0.16 nucleons/fm> corresponding to the energy
density €g ~ 0.15GeV/fm>. At the initial stage of the
heavy-ion collisions, the energy density can reach hun-
dreds times larger than the saturation density depending
on the collision energy per nucleon, ,/syn. The thermo-
dynamic relation between the energy density € and the
temperature T (i.e., the Stefan-Boltzmann law) converts
€ = 0.8 —1.0GeV/fm® to T = 150 — 160 MeV which is
comparable to LQCD, above which a quark-gluon plasma
(QGP) is realized. In the history of the Universe such high-
T matter should have existed shortly (on the order of us)
after the Big Bang. In this sense, the QGP physics can be
regarded as an emulation of the Big Bang in the laboratory
on the Earth, which may well be called the Little Bang.

Now that we have learnt intriguing properties of the
QGP in the regime at high T and low g, a next direction
of the relativistic heavy-ion collision physics is expand-
ing toward the regime at high baryon density. The phase
structures could have much richer contents in these high-
density regions, see Refs. [3-5] for reviews on the QCD
phase diagrams. We have already known that symmet-
ric nuclear matter has a first-order phase transition at
up ~ 923 MeV, that is, the nucleon mass minus the
binding energy ~ 16 MeV. Then, a terminal point of the
first-order phase boundary, namely, a critical point of
liquid-gas phase transition in nuclear matter exists around
T = (10 — 20) MeV (see Ref. [6] for a comprehensive
review including experimental signatures). The question
is what new state of matter is anticipated for nuclear mat-
ter at higher baryon density. The central core of a neutron
star could exhibit the most baryon-rich and equilibrated
state of matter in the Universe, where the density could
be as large as ~ 5pg or even higher. The baryon density
may become even larger in transient processes such as
neutron star mergers. Analogously, by adjusting the colli-
sion energy in the heavy-ion collisions, the baryon density
could transiently increase up to several times of pg accord-
ing to numerical simulations [7]. Such a femtometer-scale
explosion of baryon rich matter can be called the femto-
nova. This concept is illustrated in Fig. 1.

Historically, studies with heavy-ion collisions started
from low energy and we had to wait for high-energy col-
liders, the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC), to arrive at a definitive
conclusion on the QGP formation. As for the low-energy
regions, unfortunately, only little is known in theory about
the phase structures in low-T" and high-up (or high-pg)
regions. There are some speculations on the ground state
structures in such regimes which will be partially reviewed
in this article. The most important landmark is the QCD
critical point. In the same way as the critical point of the
nuclear liquid-gas phase transition, deconfined QCD mat-
ter may have a first-order phase boundary and the QCD
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critical point appears at the terminal point of the first-
order line. Its exact location is not well constrained yet,
and the experimental efforts to discover the QCD critical
point are still continuing.

This article is organized as follows. We will first describe
the phase diagram, the QCD critical point, and proper-
ties of baryon-rich matter including strangeness degrees
of freedom. We will then proceed to the current status
of experimental data on these topics. After this, we will
return to theory to cover speculations and challenges to be
clarified in the future. Finally, we discuss the future direc-
tions of ongoing experimental projects as well as future
experimental facilities.

2 Current status—theory

2.1 Theoretical background for the QCD phase diagram

It has been established that hadronic matter continuously
changes into the QGP with increasing temperature T as
long as ug is sufficiently smaller than 7. Although this
continuous change of matter takes place around T =
(156.5 £ 1.5) MeV according to the lattice-QCD simula-
tions [8], there is no strict phase transition. In the QCD
community this transitional but still continuous change of
matter is commonly referred to as a crossover.

If masses of u and d quarks are zero and other quarks
are massive, such 2-flavor QCD, matter would go through
a second-order phase transition for which various deriva-
tives of thermodynamic quantities diverge with critical
exponents belonging to the O(4) universality class (or a
first-order transition if the axial anomaly is restored, see
Ref. [9]). Physical values of m, and m, are much smaller
than Aqcp, and it is conceivable to observe some rem-
nants of the second-order phase transition. Indeed, in
the lattice-QCD simulation [10], it has been numerically
confirmed that the magnetic scaling follows consistently
with the O(4) universality class, from which the “pseudo-
critical” temperature, Tpc, can be deduced.

The pseudo-critical temperature should be a function
of the density. Generally, Tpc(up) is a decreasing func-
tion with increasing up due to the Pauli blocking of
quarks in phase space. Because of the notorious sign prob-
lem in the Monte-Carlo algorithm, expectation values of
observables cannot be computed and the first-principles
lattice-QCD simulation cannot access a region with a
substantial value of baryon density, and so there is no reli-
able theoretical prediction for Tpc(up) at up much larger
than 7.

Instead, a phenomenologically determined boundary
on the up-T plane is known, called the line of the
chemical freeze-out, which has been identified from a
hybrid approach of theory and experiment. The chemi-
cal freeze-out literally means that inelastic reactions stop
and chemical compositions are fixed there. In QCD mat-
ter hadrons interact and particle species can change



Fig. 1 Schematic illustration of a femto-nova as a femtometer-scale explosion of baryon-rich matter in relativistic heavy-ion collisions

like chemical reactions. In heavy-ion collision the phys-
ical system is expanding and the temperature rapidly
drops down. Therefore, the average inter-particle distance
would increase as the temperature gets lowered. In par-
ticular, around T, the entropy density significantly falls
down, and correspondingly the degrees of freedom in
thermal excitations decrease [11]. Since the average inter-
particle distance becomes large, the interaction among
hadrons is considered to be diminished. In this way, the
observed particle yields keep the footprint of the hot and
dense hadronic matter when the interaction was turned
off at a temperature T, that is presumably close to the
temperature when the matter underwent a crossover at
Tpc. As observed experimentally, relative abundances of
hadrons obey the thermal distribution at common 7 and
B, so that the thermal fit can fix T and up, or a line
of chemical freeze-out, T = Tc,(up) [12]. We note that
the charge chemical potential 11 is fixed from the pro-
ton/neutron ratio and the strangeness chemical potential
ps is fixed from the strangeness free condition. With
various center-of-mass colliding energies, we can change
accessible pp to sample Tch(up) from the thermal fit
[13, 14], see Fig. 2. Generally speaking, collisions at

smaller ./syy have larger baryon stopping, leading to
larger values of up (and smaller values of T) [15]. Thus,
the line of chemical freeze-out on the ug-7 plane should
be regarded as an experimentally determined QCD phase
diagram under the assumption that T, stays close to
Tpe, which has been verified by the lattice-QCD simula-
tions for ug < 0.3GeV [8], as also displayed in Fig. 2.
This underlies the idea of the beam energy scan (BES)
program at RHIC. The thermal description is applicable
for not only particle abundances but also thermodynamic
quantities such as pressure and entropy density.

We note that the thermal models often assume the
grand canonical ensemble (GCE) that is equivalent to the
canonical ensemble (CE) in the thermodynamic (infinite
volume) limit but is not so when the system size becomes
small in the heavy-ion collision. We will discuss which of
the GCE and the CE better fits the experimental data later.

2.2 Observables for the QCD critical point

It is known from the theoretical analysis that the QCD
crossover has a general tendency to become closer to
a first-order transition at larger up (see discussions in
a review [16]). It is thus a natural anticipation that the
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QCD crossover may turn to a first order phase tran-
sition in a high-density regime. If this is the case, as
suggested by some effective model studies, there must be a
“critical” value of up above which a first-order phase tran-
sition occurs and below which only a crossover is found.
This separating point is the QCD critical point and crit-
ical fluctuations associated with the second-order phase
transition should be expected at this point. Its exact loca-
tion is still under dispute, and the lattice-QCD results
[17] disfavors the existence of the QCD critical point for
ue/T <2

Interestingly, the QCD critical point emerges with
nonzero physical quark masses, so that it belongs to not
the O(4) but the Z(2) universality class. Moreover, the
dynamical universality class has been also identified as
the model H (dynamics of the liquid-gas critical point
of a fluid) [18] (see a review [19] for detailed classifi-
cation). The dynamical critical exponents are important
inputs for simulations including the critical slowing down
effects [20].

For experimental signatures, we can in principle seek
for enhanced fluctuations coupled to the critical modes.
Since the critical modes appear in a mixed scalar (i.e., chi-
ral condensate) and vector (i.e., baryon density) channel
at the QCD critical point [21], the baryon number fluc-
tuations are sensitive to the criticality. Let us denote the
baryon number fluctuation by SN = N — (N) where N
is the number of net baryons at each collision event and
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(--+) stands for the ensemble average taken over colli-
sion events. At the critical point, generally, the correlation
length £ diverges, and it was pointed out in Ref. [22] that
the non-Gaussian fluctuations behave as

(BN))e ~ ghEmm/2=3, M

Here, the subscript ¢ represents a part of the correla-
tion function corresponding to the connected diagrams
(to extract non-Gaussian fluctuations) and 7 is the anoma-
lous dimension (which is usually n <« 1). Higher-order
fluctuations are more sensitive to the criticality, but they
need more statistics, in particular, to construct connected
contributions. Now, the third order (k = 3) and the fourth
order (k = 4), normalized by the k = 2 fluctuation (vari-
ance), (TE% = ((8N)?), in Eq. (1) are common measures for
the QCD critical point search; namely,

s _ (GN)?) C(BNYe {(BN)Y
B= 3 KBE g =g
(IB g O'B

@

Sp and «p are called the skewness and the kurtosis with
respect to the baryon number, and characterize how
skewed and how sharp the distribution of §N appears,
respectively. It is noted that, in the QCD-physics context,
kg (or the fourth-order cumulant) was first considered in
the lattice-QCD simulation to diagnose whether quarks
are confined or deconfined [23].



This idea can be easily generalized to other observ-
ables coupled to the critical modes. Because observables
in the heavy-ion collisions are integrated quantities over
the whole dynamical evolution, we should look at fluctu-
ations of conserved charges; otherwise, critical enhance-
ment would be wiped off through the dynamical evolu-
tion. There are three representative candidates available in
the heavy-ion collisions, i.e., the baryon number (B), the
electric charge (Q), and the strangeness (S). In thermody-
namics those fluctuations are defined by the derivatives
of the pressure with respect to the chemical potentials
corresponding to conserved charges, i.e., [24]

oo = VP m g, 1s)/T* , )

a 3(4ig/T)"
where ¢ = B, Q, S. In terms of these fluctuations the
skewness and the kurtosis are represented as S;0, =

Xq(g) / x{f) and anqz = X;l) / )(,52) , respectively. Susceptibil-
ities in mixed channels can also be defined in a similar
fashion.

The baseline to be compared for the critical enhance-
ment is estimated by an approximation of non-interacting
and dilute hadronic gasses described by the Boltzmann
distribution. Then, in this Boltzmann gas approxima-
tion, the chemical potential dependence is factored out,
yielding,

8404 = tanh(ug/T), ’(quZ ~1. (4)
Since only the net charge is conserved, calculated as a
difference between the particle and the anti-particle con-
tributions, the above estimate is often referred to as the
baseline by the Skellam distribution that is the probability
distribution of two statistically independent variables. It is
also possible to apply the Hadron Resonance Gas (HRG)
model to estimate the baselines, and then, S;0, and chqu
are generally suppressed by quantum statistical effects,
that reflects deviations of the Bose and the Fermi distri-
bution functions from the Boltzmann distribution. The
major strategy for the QCD critical point search is to mea-
sure S, and k, at various ,/syy and look for enhancement
as compared to the baseline (4).

2.3 Baryon-rich matter, an approximate triple point, and
strangeness

From the HRG model estimate, the baryon number den-
sity along the chemical freeze-out line is maximized
around 7 =~ 150MeV and up =~ 400MeV between
VSNN = 3 —19.6 GeV. This has been experimentally con-
firmed through the K/ ratio peaked around /sy =
8GeV. It is intuitively easy to understand that K /7 is
sensitive to the baryon density, while K~ /7~ is not. In
the heavy-ion collisions, the time scale is much shorter
than the weak interaction, so the net strangeness should

be vanishing. This means that the net chemical poten-
tial coupled to s quarks must be zero. Since s quarks have

S = —1and B = 1/3, the strangeness free condition
leads to
1
~ —up, 5
Hs >~ 1B (5)

which means that the dense baryonic matter should con-
tain strange baryons or /yperons that must be canceled by
mesons involving s quarks such as K. Therefore, K is
enhanced at high density, while K~ is not.

In this sense, the point that is reached around /sy >~
8GeV plays a special role to tell us about a regime
transition: at smaller ug < 400 MeV where physics is
dominated by mesonic degrees of freedom, and at larger
1B 2 400 MeV where baryon’s are dominate. Roughly
speaking, the QGP transition is understood from the
Hagedorn transition with the exponentially rising meson-
mass spectrum, while the transition at the dense region
arises from the Hagedorn transition with the baryon-mass
spectrum, and two Hagedorn transition lines cross just
around ,/syy =~ 8GeV. In this way, the most baryonic
point around ,/sxy >~ 8GeV could be regarded as a
QCD triple point approximately facing baryon-less decon-
fined matter, baryon-rich deconfined matter, and confined
hadronic matter [25].

From the correlations between baryon number and
strangeness, the QCD triple point can be a landmark for
the realization of the most strangeness matter that con-
tains hyperons. In particular, the interactions between
nucleons (N) and hyperons (Y), i.e., Y-N and Y-Y inter-
actions are important parameters for the structure of
neutron stars. The most strangeness matter would provide
us with chances to constrain those interactions.

Before closing the theory status section, let us men-
tion that the polarization measurements of A and A
have signified the formation of matter with huge vortic-
ity, and interestingly the polarization increases as /SNy
decreases. The theory is still being developed (we can-
not fully cover the literature, and see Refs. [26, 27] for
reviews) and we will briefly discuss this issue next in the
experimental section.

3 Current status—experiment

3.1 QCD critical point search

The latest experimental results on the QCD critical point
search are shown in Fig. 3. The left panel (1) and the right
panel (2) show the measurements of S,0, and Kpapz (where
p stands for the proton) for the net-proton number dis-
tribution in Au+Au collisions at various ,/syn. We note
that N in Eq. (2) is the baryon number (that is a conserved
charge), but neutrons are not electrically charged, and the
proton number is used experimentally as a proxy for the
baryon number. Results of S, and «, are shown for both

Doctor Honoris Causa 41



(&)

0.6
I o
= HRG 0-5% ]
0.4
urQMD 0-5% B
o

o
0.2]~ Au+Au Collisions at RHIC
| Net-proton

Net-proton High Moments

0.0 === T B

40 T ]
(2) ko2
STAR Data )
T ©0-5% H
3.0 s O 70-80%
i I Stat. uncertainty ]
T v Syst. uncertainty
205 | Projected BES-Il |
m N ' % Stat. uncertainty

STAR FXT,
>
0.0~

5 10 20 50 100 200

Collision Energy |sy, (GeV)

Fig. 3 Experimental results [28] of \/syy dependence of the net-proton S,0;, (left) and kpnpz (right) from 70-80% peripheral (open squares) and 0-5%
central (filled circles) Au+Au collisions. In the figures the subscript, p, is omitted. Projected statistical uncertainty for the second phase of the RHIC
BES program is shown by the green-band. The STAR experiments fixed-target program extends the center of the mass collision energy down to 3
GeV. Results of calculations are shown as black and gold bands for the HRG model and transport model (UrQMD), respectively. The solid red and the
dashed blue line in plot (2) is a schematic representation of the expectation from a QCD-based model calculation in the presence of a critical point

50 100 200

2 5 10 20

central (0 — 5%, small impact parameter) and peripheral
(70 — 80%, large impact parameter) collisions. Also shown
are the expectations from the HRG model and a transport
based model called Ultra relativistic Quantum Molecu-
lar Dynamics (UrQMD), calculations for central Au+Au
collisions without including critical fluctuations.

The following conclusions can be drawn: (a) as we
go from lower order moments (S,0,) to higher order
moments (Kpo;), deviations between central and periph-
eral collisions for the measured values increase. (b) Cen-
tral KP(T; data show a non-monotonic variation with col-
lision energy at a significance of ~3¢ [28]. (c) Experimen-
tal data show deviation from heavy-ion collision models
without a critical point. Although a non-monotonic vari-
ation of the experimental data with collision energy looks
promising from the point of view of the QCD critical
point search, a more robust conclusion can be derived
when the uncertainties get reduced and significance above
50 is reached. The goal of the second phase of the BES
program (BES-II) at RHIC and the fixed target (FXT) pro-
grams designed to have high precision measurements in
the energy range of \/syn = 3 — 19.6 GeV.

The data presented in Fig. 3 provides the most relevant
measurements over the widest range in upg (20 —450 MeV)
to date for the critical point search and for comparison
with the baryon number susceptibilities computed from
QCD to understand the various features of the QCD
phase structure. The deviations of /cpopz below the base-
line, shown in Eq. (4), are qualitatively consistent with
theoretical considerations including a critical point [29].
However, the conclusions on the experimental confirma-
tion of the QCD critical point might be made only after
improving the precision of the measurements at lower
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collision energies and by comparing the QCD calculations
with critical point behavior which includes the dynamics
associated with heavy-ion collisions. See Ref. [30] for the
latest report.

3.2 High baryon density matter

Figure 4a in the upper panel shows the energy depen-
dence of K/m particle yield ratio. The results are from
AGS [31-33], SPS [34, 35], and RHIC [13]. These ratios
reflect the strangeness content relative to entropy of
the system formed in heavy-ion collisions. The thermal
model calculation is shown as yellow band for K*/x*
and green band for K~ /7 ~. The dot-dashed line repre-
sents the net-baryon density at the chemical freeze-out as
a function of collision energy, calculated from the thermal
model [36].

The following observations can be made. (a) The col-
lision energy dependence of both the ratios is fairly well
described by a thermal model calculation. (b) A peak posi-
tion in energy dependence of K*/z ™ is observed and has
been suggested to be a signature of a change in degrees
of freedom (baryon to meson [37] or hadrons to QGP
[38]) while going from lower to higher energies. (c) The
calculated net baryon density exhibits a maximum value
as the collision energy is scanned, with a value of about
three-fourth of the normal nuclear saturation density (i.e.,
po == 0.16 nucleons/fm?). The collision energy where the
maximum net-baryon density occurs is very close to the
peak position of the K/x* ratio. This way of repre-
sentating the results of experimental measurements and
theory calculations serve to demonstrate clearly that the
freeze-out density and KT/x* ratio could be related. (d)
The K~ /7~ ratio seems unaffected by the changes in the
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net-baryon density with collision energy and shows a
smooth increasing trend.

Through these measurements we have the knowledge of
regions in collision energy where the maximal net-baryon
density is reached. This is an important aspect in the
context of planning of experiments that seek to explore
compressed baryonic matter.

3.3 Tests of thermal model—GCE vs. CE

Relativistic statistical thermodynamics has been applied
to systems ranging from cosmology to heavy-ion collisions
in the laboratory. The cosmological applications usually
deal with systems having large volumes and matter or
radiation; hence, the GCE is a suitable description, as we
slightly mentioned in the theory section of this paper. For
heavy-ion collisions, the situation is complicated due to
the femtometer-scale nature of the systems. Often one
assumes (approximate) local thermal equilibrium for such
processes. Further, such thermal models based on the
GCE employ chemical potentials to account for conserva-
tion of quantum numbers on average. These GCE models
have been able to explain the particle production success-
fully for a wide range of collision energies [12]. However,

conservation laws do impose restriction on particle pro-
duction if the available phase space is reduced. Hence,
the relativistic statistical thermodynamics provides two
choices for the formalisms: a GCE and a CE approaches
[39]. In the thermodynamic (large volume) limit, the GCE
and the CE formalisms are equivalent, but it is an interest-
ing question to ask where and when the transition from a
GCE picture to a CE one occurs for finite volume systems
produced in collisions in man made collisions, where the
collision energy spans from a few GeV to a few TeV (three
orders in magnitude).

Figure 4b in the lower panel shows the energy depen-
dence of ¢/K~ yield ratio. For most collision energies, the
ratio remains constant. Similar to the K~/ ™ ratio, the
¢/K~ ratios seem not to be affected by the net-baryon
density. Below the collision energy where the freeze-out
net-baryon density peaks [shown by the dot-dashed line
in Fig. 4a] the ¢/K~ ratio starts to increase. Thermal
model calculations, adopting the GCE, which has been
quite successful in accounting for the observed yields of
the hadrons in heavy-ion collisions, explains the mea-
surements up to collision energy of 5GeV. Then, the
GCE model values decrease, while the increase in ¢/K~
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at lower energies is explained by using a thermal model
within the CE framework for strangeness. Note that a
control parameter, ry, is introduced for strangeness CE
results in Fig. 4b. The physical meaning of ry is a typ-
ical spatial size of ss correlations. For smaller ry, pairs
of s and s stick together and the strangeness free condi-
tion is satisfied locally, which suppresses the yield of K~
and thus enhances ¢/K~. This makes a quantitative dif-
ference from the GCE results. For a given volume of the
whole system, rs. determines how close to the GCE/CE
situation the strangeness sector in the system should be.
Since the ry reflects the intrinsic properties of matter, the
shifting from the GCE to the CE in strangeness signals
a considerable change of the medium properties. Future
measurements of ¢/K~ at lower collision energies can be
used as an observable to estimate the volume in which
the open strangeness is produced (reflected by the value
of rgc).

3.4 Lifetime of hypernuclei

Hypernuclei are bound states of nucleons and hyperons;
hence, they are natural hyperon-nucleon correlated sys-
tems [40]. They can be used as an experimental probe
to study the hyperon-nucleon (Y-N) interaction. Studying
hypernuclei properties is one of the best ways to investi-
gate the strengths of Y-N interactions. Theoretically, the
lifetime of a hypernucleus depends on the strength of
the Y-N interactions. Therefore, a precise determination
of the lifetime of hypernuclei provides direct informa-
tion on the Y-N interaction strength. The high energy
heavy-ion collisions at RHIC and LHC create favorable
conditions to produce hypernuclei in significant quanti-
ties. At the moment, the experiments have measured the
production of the lightest hypernuclei, i.e., the hypertri-
ton, ?\1—[, which is a bound state of a proton, a neutron
and a A.

Figure 5 shows a compilation of the measurement of
the hypertriton lifetime from various experiments and
theory calculations [41, 42]. The lifetime of the (anti-)
hypertriton is determined by reconstructing the mesonic
decay channels. A statistical combination of all the exper-
imental results yields a global average lifetime of 20635
picoseconds. The lifetime is about 22% shorter than the
lifetime of a free A of 263.2 2.0 picoseconds, indicating
a possibility of a reasonable hyperon-nucleon interaction
in the hypernucleus system. Most calculations predict
the hypertriton lifetime to be in the range of 213 — 256
picoseconds. The Y-N interaction is of fundamental inter-
est, for it controls the onset of strange degrees of freedom
in high density nuclear matter, such as matter in the neu-
tron star. The lifetime measurements of hypernuclei thus
provides a crucial input for models attempting to under-
stand physics of the neutron star. One should be aware of
discrepancies in the measured lifetime of f'\]—{ from RHIC
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and LHC. High statistics data are called for in order to
resolve these discrepancies.

3.5 Polarization and spin alignment

Recently, it was realized that the initial condition of the
QGP in relativistic heavy-ion collisions is subjected to
two extraordinary parameters. The angular momentum
and the magnetic field. The angular momentum of the
order of 1077 is theorized to be imparted to the system
through the torque generated when two nuclei collide at
non-zero impact parameter with center-of-mass energies
per nucleon of a few 100 GeV [43]. This leads to a thermal
vorticity of the order of 102! per second for QCD matter
formed in the collisions [44]. Furthermore, when the two
nuclei collide in the LHC, an extremely strong magnetic
field of the order of 101> T is generated by the spectator
protons, which pass by the collision zone without break-
ing apart in inelastic collisions. The effect of the angular
momentum (which is a conserved quantity) is expected
to be felt throughout the evolution of the system. In con-
trast to that, the magnetic field is transient in nature and
stays for a short time of the order of ~ 0.1fm/c unless
the electric conductivity is large (but this is disfavored,
see discussions in Ref. [45]). Just to give an idea of the
magnitude of these values, the highest angular momen-
tum measured for nuclei (near the Yrast line) is ~ 70k and
the strongest magnetic field we have managed to produce
in the laboratory is ~ 103 T using the electromagnetic flux
compression technique. Getting experimental signatures
of these phenomena is not easy due to the femtoscopic
nature of the system (both in space and time) formed in
the heavy-ion collisions. Nevertheless, the experiments at
RHIC and LHC have been able to address this challenging
problem.

It is known that the spin-orbit LS coupling causes the
fine structure in atomic physics and the shell structure
in nuclear physics, and is a key ingredient in the field
of spintronics in materials sciences. The LS coupling is
also expected to affect the development of the rotating
QGP created in collisions of nuclei at high energies. The
extremely large initial value of the orbital angular momen-
tum is expected to lead to the polarization of quark spin
along the direction of the angular momentum of the
plasma’s rotation due to the LS coupling [46]. This should
in turn cause the spins of vector (spin = 1) mesons (K*©
and ¢) to align [47] and hyperons like A baryons to be
polarized [44]. Both hyperon polarization and the spin
alignment can be studied by measuring the angular distri-
bution of the decay products of A and vector mesons. The
hyperon polarization is found to increase with decreases
in heavy-ion collision energy. The thermal vorticity val-
ues thus show that the QGP formed in the collisions,
along with exhibiting the emergent properties of relativis-
tic fluid, is also the most vortical fluid found in nature [44].
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Meanwhile, the observed spin alignment of vector mesons
(with J = 1) was quantified by obtaining the probability of
finding a vector meson in a J; = 0 state along the z direc-
tion that is the direction of the orbital angular momentum
of the rotating QGP. The momentum dependence of these
probability values indicated polarization of quarks in the
presence of large initial angular momentum in heavy-ion
collisions and a subsequent hadronization by the process
of recombination [47].

4 Future directions—theory

There remain many theoretical challenges in understand-
ing the physics of dense baryonic/quark matter with mag-
netic field and rotation. Below we present brief summaries
on some of these issues.

4.1 QCD phase structures and quark matter at high
baryon density

Theoretically, it is highly nontrivial how quarks can melt
from hadrons in cold and dense matter. Unlike hot QCD
even an approximate measure for quark deconfinement is
still unknown or such an order parameter simply may not
exist.

The QCD critical point is a landmark on the QCD
phase diagram; the next intriguing question is where we
can find quark matter. One might naively think that the
asymptotic freedom with a large quark chemical poten-
tial, uq > Aqcp, makes quarks unbound from hadrons,
but this is not necessarily true. When 14 is large, quarks
form a Fermi sphere, and the typical energy scale of
quarks near the Fermi surface is ~ pq. However, gluons
can still carry soft momenta, mediating confining forces.
Therefore, excitations on top of the Fermi surface are still
confined, while the Fermi sphere itself is dominated by
quarks, and this refined picture of a dense baryonic state
is called quarkyonic matter [48].

One can develop a more precise definition of quarky-
onic matter by deforming the fundamental theory; in real-
ity N. = 3 where N is the number of colors, and one can
significantly simplify theoretical treatments by taking the
N — oo limit. In this special limit, the ground state could
have an inhomogeneous crystalline shape [49] (see also a
review [4] for comprehensive studies of inhomogeneous
phases). In reality, mesonic fluctuations would destroy
inhomogeneity, but some remnant correlations can still
remain. Those remnants of enhanced spatial correlations
would increase the density fluctuation. For experimen-
tal detections to discriminate it from bubble formation
associated with a first-order transition beyond the QCD
critical point, more theoretical work is needed.

4.2 Neutron star phenomenology

We specifically pick two problems here in neutron star
phenomenology. One is a question of whether quark mat-
ter is found in cores of the neutron star, which is a contin-
ued subject from the above problem of the phase diagram,
and the other is what is called the hyperon puzzle.

It is an experimental fact that massive neutron stars
whose masses are greater than 2M¢, exist, where M, rep-
resents the solar mass. This observations is strong enough
to constrain the stiffness of the equation of state (EoS)
and a strong first-order phase transition has already been
excluded. Thus, even if quark matter existed in cores of
the neutron star, it is likely that there is only a smooth
crossover or a weak first-order transition from nuclear to
quark matter.

Matter created in heavy-ion collision is regarded bet-
ter as hot and dense baryonic matter. Since the physical
observables are sensitive to the EoS, the global analysis of
experimental data would quantify the most likely regions
of EoS parameters. Such a program of global Bayesian
analysis has already been successful at large ,/syny where
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the experimentally inferred EoS is found to be consistent
with the lattice-QCD results [50]. The same machinery
could in principle constrain the EoS of hot and dense bary-
onic matter. One of the most interesting EoS parameters
is the speed of sound c2, which hints the presence of quark
matter as discussed in Ref. [51]. We also mention that the
global analysis of the flow measurements could constrain
the viscosities of dense matter (apart from leptonic contri-
butions), which should be useful for considerations of the
r-mode evolutions of neutron stars [52]. See, for example,
Ref. [53] for a theoretical estimate of viscosities of dense
nuclear matter.

Let us now turn into the hyperon puzzle that has twofold
manifestations. If the baryon density reaches several times
po, inside the neutron star to balance the gravitational
force, it is energetically more favorable to activate the
strangeness degrees of freedom. One problem is that
the introduction of strangeness generally softens the EoS
and it would become more difficult to support the neu-
tron stars with a mass 2 2Mg. Another problem is that
once hyperons are favored, the direct Urca process would
shorten the time scale of the neutron star cooling, which
would make the neutron star too cold. Thus, the threshold
of the neutron star mass to open the direct Urca pro-
cess is an important parameter, and this is dictated by the
Y-N and Y-Y interactions as well as three-body forces
involving hyperons.

Theoretically speaking, the most promising approach is
the first-principles calculation of the baryon interactions
including nontrivial strangeness from lattice-QCD simu-
lations [54]. In the HAL QCD method, the Nambu-Bethe-
Salpeter wave functions are computed on the lattice, from
which the potential is extracted; see Ref. [55] for a review
on the HAL QCD method including hyperon results. For
example, pE~ correlation has been theoretically predicted
to have attractive interaction [56]; this is an interesting
system since 2~ ~ dss is a multi-strange baryon, and the
experimental signature is reported [57]. Also, the corre-
lations of Q2 and N2 have also been estimated in Ref.
[58] based on the lattice-QCD determined potential. For
more comprehensive discussions to quantify the potential
from the correlations in heavy-ion collisions, see a recent
review [59].

4.3 Dibaryons and diquarks

QQ is an interesting candidate for one of possible
dibaryons [60] are six-quark objects. There is a long his-
tory of the dibaryon hunting (see Ref. [61] for a review);
the idea is traced back to the conjecture on the H-
dibaryon [62]. One might think that the deuteron is also
a six-quark bound state, but what is special about the
H-dibaryon is that diquark correlation plays an essential
role. From the one-gluon exchange interaction, the color-
triplet diquarks are favored and the low-energy reduction
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leads to the Breit interaction involving the color and the
spin degrees of freedom. It is an established notion that
the energetically most favored channel is the spin-singlet
and the flavor-triplet, and diquarks in this channel are
called “good diquarks,” while the second stable diquarks,
i.e,, “bad diquark,” are found in the spin-triplet and the
flavor-sextet channel. The structure of the H-dibaryon is
considered to be dominated by three good diquarks, i.e.,
H ~ (ud)(ds)(su).

It is still challenging to find a direct signature of the
strong diquark correlation. From the theoretical point of
view, the difficulty lies in the fact that diquarks are not
gauge invariant. Nevertheless, the density-density correla-
tion in baryon wave-functions could quantify the diquark
correlation in a gauge-invariant way [63]. Interestingly, the
diquark correlations would be more prominent at higher
baryon density. Actually, it is a solid theoretical prediction
that QCD matter at asymptotically high density should be
a color superconductor in which the diquarks form con-
densates. If there is no sharp transition separating bary-
onic matter from color-superconducting quark matter, as
is conjectured in the quark-hadron continuity scenario,
one can expect some remnants of the diquark correlations
in density regions accessible by the heavy-ion collision.
The interesting question is whether diquarks are treated
as active thermal degrees of freedom, participating in the
thermal model in dense matter; see Ref. [64] for a model
with colored thermal excitations like diquarks. Since the
lattice-QCD calculation is not functional at finite density,
the test can be made only in comparison to experimental
data.

4.4 Femto-nova rotating with magnetic fields
One of the profound features of matter created in the
heavy-ion collisions is that non-central collisions are
accompanied by vorticity and magnetic fields as illus-
trated in Fig. 1. Such a hot, dense, and rotating object
exposed under the magnetic field can be thought of as an
emulator of a proto-neutron star after a supernova, and
we may well call this heavy-ion system the femto-nova.
The femto-nova investigations have a lot of research
potentials. Relativistic rotation and magnetic fields would
change the properties of matter, or even the phase dia-
gram should be affected [65]. In numerical simulations
of the supernovae and the neutron-star-mergers, effects
of rotation and magnetic fields have not been taken into
account yet. Thus, the heavy-ion collision experiments
can constrain uncertainties in the interplay of rotation
and magnetic field in strongly interacting matter. In par-
ticular, relativistic formulations of spin- and magneto-
hydrodynamics are still in the process of developments.
From the point of view of the topological effects, rota-
tion and magnetic fields are of paramount importance.
Once the density (finite up), the rotation (finite angular



velocity w), and the magnetic field B are coupled together,
the QCD theory tells us that the chiral separation effect
(CSE) and the chiral vortical effect (CVE) should appear
(see Ref. [66] for a review):

Js = osB, Js =00, (6)

where oy o« up if the particle masses are negligible. The
coefficient o, has two components; one is &« T2 and the
other o 3. Here, J5 is the axial current, and its physical
meaning is the spin expectation value of matter. There-
fore, the left equation in Eq. (6) physically represents the
spin polarization, and what is nontrivial in relativistic sys-
tems is that the spin and the momentum of massless
fermions are tightly correlated with a certain handed-
ness. Therefore, global spin polarization results from the
CSE leading to the chirality separation associated with a
chirality flow along the polarization.

The second equation, i.e., the CVE, looks like a coun-
terpart of the CSE with B replaced by w, but physical
interpretations are rather nontrivial. In this context, the
physical meaning of the CVE is the relativistic realization
of the Barnett effect (see Ref. [67] for a review by Barnett
himself); a mechanical rotation yields nonzero magneti-
zation [68]. One might then wonder if the chiral anomaly
mechanism could be an independent origin from the
conventional LS coupling. Actually, in the nonrelativistic
Barnett effect, the magnetization is inversely proportional
to the gyromagnetic ratio, and so, it is proportional to
the mass; this has motivated the nuclear Barnett effect
experiment [69]. The CVE is more prominent, however,
for massless fermions, and their mass dependences look
competing. The theoretical framework is not yet complete
to incorporate all those effects consistently for arbitrary
masses of fermions. Establishing a firm bridge between
nonrelativistic and relativistic (as seen in the heavy-ion
collision) Barnett effects is a challenging subject in theory.

5 Future directions—experiment

5.1 More on the QCD critical point

As discussed above, the search for the QCD critical point
has been led by the RHIC BES program, where the col-
lision energy has been dialed down from 200 GeV (see
Fig. 3). It spans a up-range from 20 to 400 MeV of the
phase diagram. The fluctuations near the QCD critical
point are predicted to make kgo? swing below its base-
line value (= 1.0) as the critical point is approached, then
going well above, with both the dip and the rise being
significant for head-on nuclear collisions [29]. The data
show a substantial drop and intriguing hints of a rise for
the lowest energy collisions, although the uncertainties at
present are too large to draw definitive conclusions, see
panel (2) of Fig. 3. The ongoing phase-II of the BES pro-
gram and the fixed target program at RHIC aim to gather
high statistics data to look for this important landmark

in the QCD phase diagram. The lattice-QCD calculations
suggest that the QCD critical point, if exists, lies in the
region of ug/T 2 2 [17]. Thus, the role of the upcoming
high baryon density experiments as listed below becomes
important in the critical point search program. Not only
do they extend the search to high up regions (= 750 MeV)
of the phase diagram, they also provide a reverse approach
of studying the critical point observable by dialing up
the beam energy. This approach is complimentary to the
current searches and the observable studied from both
directions of collision energy (i.e., from both above and
below the QCD critical point) is expected to meet at a
common point. This would be a complete test of the the-
oretical prediction of non-monotonic variation of KBUE
with collision energies.

5.2 Light hypernuclei production

Figure 6 shows the yields of light-nuclei and (multi-
)hypernuclei at mid-rapidity, from thermal (HRG) model
calculations, shown as a function of colliding energy. All
of the data points are from Refs. [70, 71] (see also Ref. [72]
for a theoretical analysis). As one can see in the figure, all
of the light hypernuclei yields peak around the range of
3 —8GeV that is fully covered by both the STAR fixed tar-
get (FXT) program [73] (hatched region) and the future
CBM experiment at FAIR [74].

Data of KT over pion ratios show a peak at the center-
of-mass energy of 8 GeV implying that the baryon den-
sity at chemical freeze-out reaches maximum around this
colliding energy; see Fig. 4 top panel. Due to the rela-
tively low production threshold, the production of the
A hyperon becomes abundant. The coalescence process
[75] combines these advantages and leads to the copious
production of the hypernuclei in this energy region. The
strangeness degrees of freedom are therefore introduced
into the dense nuclear matter. The cross sections for
hypernuclei production in high energy nuclear collisions
are much higher than that in either elementary collisions
or in Kaon-induced interactions, thus making heavy-ion
collision as a hypernuclei factory (HNF). HNFs offer a
new opportunity for studying fundamental interactions of
hyperon-nucleon (Y-N), hyperon-hyperon (Y-Y) within
the many-body baryonic system, and the spectroscopy of
nuclear structure with strangeness [76].

In addition, these nuclear collisions could provide the
means to study the inner dynamics of compact stars in
the laboratory. We should note that most of the stud-
ies on hypernuclei so far utilized a “light system” with
electron or pion or Kaon beams. In such cases, the hyper-
nuclei were produced in the vacuum. Data on hyperon
production in nuclear collisions is scarce [77]. Measure-
ments of hypernuclei collectivity in the truly heavy-ion,
Au+Au, collisions, for example, allow us to extract infor-
mation on the transport properties (crucial for neutron
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star stability, see Ref. [53]) as well as the Y-N interac-
tion driven EoS, with the strangeness degrees of freedom,
in the hot and dense environment where the baryon
density could be very high. Simulations for neutron star
inner properties crucially depend on the EoS; see Ref.
[78] for the effect of Y-Y interactions and also Ref.
[79] for the hyperon effects including the possibility of
quark mixture. Furthermore, an additional benefit of the
unique high baryon density environment is the enhanced
production of multi-A hypernuclei as already suggested
in Fig. 6.

The future fixed target experiments, aimed for high
baryon density matter, will collect data in heavy-ion colli-
sions around 2 — 8 GeV, which is within ideal energy range
serving as the HNF, see Fig. 6. Hence, these future exper-
iments could make tremendous contributions towards
measuring the yields of hypernuclei and their life-time.
This would then provide valuable inputs to understand-
ing the hyperon-nucleon (Y-N) interactions in heavy-ion
collisions and the inner dynamics of the compact stars.

5.3 Fluid vorticity of high baryon density matter

Experiments at RHIC and LHC have observed that
the polarization of hyperons and vector mesons have
a distinct energy dependence. Their values increase
with decrease in collision energy. The physics rea-
sons attributed for the observed energy dependence are
twofold. First, the baryon stopping is enhanced and shear
flow patterns in the beam direction emerge; second,
the shorter lifetime of the fluid phase thereby allows
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perseverance of the initial vorticity in the system and
keeps it from getting diluted [80]. The possibility of high
interaction rate experiments in high baryon density mat-
ter at the upcoming facilities opens up a unique oppor-
tunity to study relativistic effects of the spin, the orbital
angular momentum, and the magnetic field in QCD mat-
ter. This will guide theoretical developments in the field of
relativistic spin- and magneto-hydrodynamics.

5.4 Future experimental facilities for high baryon density
matter

The upcoming facilities for studying high baryon den-
sity matter includes (a) the Nuclotron-based Ion Collider
fAcility (NICA) at the Joint Institute for Nuclear Research
(JINR), Dubna, Russia, (b) the Compressed Baryonic Mat-
ter (CBM) at Facility for Antiproton and Ion Research
(FAIR), Darmstadt, Germany, (c) the Japan Proton Accel-
erator Research Complex (J-PARC), Ibaraki, Japan, and (d)
the CSR External-target Experiment (CEE) at High Inten-
sity heavy-ion Accelerator Facility (HIAF) [81], Huizhou,
China. The interaction rates of these upcoming experi-
ments compared to existing and other future facilities are
shown in Fig. 7. Note that all the new facilities will focus
on the energy region where the baryon density is high.
Below, we discuss briefly the salient features of these four
experiments.

5.4.1 NICA@JINR
At this new accelerator complex that is under construc-
tion, the plan is to provide accelerated particle beams
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both in collider (Multi Purpose Detector) and fixed target
(Baryonic Matter at Nuclotron) modes [82]. The center of
mass collision energies will be in the range of /sxy =
4—11 GeV. The dominant physics goals are dominantly to
explore the QCD phase diagram through measurements
of particle yields, collective flow, femtoscopy, etc. In addi-
tion, NICA will also study polarization of hyperons and
investigate hyperon-nucleon (Y-N) interactions through
hypernuclei production. As seen in Fig. 7, NICA con-
nects the high-energy collider experiments with the FXT
experiments nicely.

5.4.2 CBM@FAIR

This facility currently under construction will offer the
opportunity to study nuclear collisions at extreme inter-
action rates. It will initially comprise of the SIS100 ring
will provide center of mass energy for gold beams of
JSNN = 27 —49GeV and up > 500MeV. The CBM
detector at FAIR has been designed as a multi-purpose
device that will be capable of measuring hadrons, elec-
trons, and muons in heavy-ion collisions over the above
beam energy range at interaction rates up to 10 MHz for
selected observables. The physics goals include studying
the phase structure of the QCD phase diagram (i.e., the
order of the transition, the QCD critical point, and chi-
ral symmetry), the possible modification of properties of
hadrons in dense baryonic matter, and the EoS at high
density, which is expected to be relevant to the core of
neutron stars through measurements of hypernuclei and
heavy multi-strange objects.

5.4.3 JPARC-HI@KEK/JAEA

The idea of this facility has been under discussion for
quite a few years and the planned J-PARC-HI will pro-
vide heavy-ion beams up to uranium for center-of-mass
energies of 2 — 6.2GeV. This corresponds to exploring
the QCD phase diagram in very high baryon densities
[84]. The J-PARC-HI experiment will carry out important
measurements including dileptons in order to understand
QCD transitions, in-medium modifications of p, w, and
¢ mesons decaying into dileptons, and rare particles such
as multi-strangeness hadrons, exotic hadrons, and hyper-
nuclei utilizing its high rates capability. According to the
plan, the J-PARC-HI would be the experiment with the
highest beam rate capability, up to 100MHz, which would
allow measurement of rare processes with unprecedented
precision in heavy ion collisions.

5.4.4 CEE@HIAF

HIAF’s is under construction and it is expected to be in
operation in 2025. The machine is designed to deliver
bright ion beams of protons and heavy nuclei such as
uranium with the center-of-mass energy up to 10 GeV
and 4 GeV, respectively. A superconducting dipole mag-
net spectrometer experiment (CEE) [88] is also under
construction. In many respects, this is a simple hadron
spectrometer with the main physics focused on the mea-
surements of proton, light nuclei including hypernuclear
production and the correlation functions for understand-
ing the QCD phase structure. In addition, meson ratios
of pions will be measured with high precision in order
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to extract the EoS parameters at the high baryon density
region.

Future new experiments are all designed with high rates,
large acceptance, and state-of-the-art particle identifica-
tion, at the center of mass energy region where baryon
density is high, i.e., 500 MeV < up < 800 MeV, see Fig. 7.

6 Conclusions

We reviewed what we have understood so far and what
we are trying to understand in the future using relativis-
tic heavy-ion collisions. There are three important physics
targets:

1 Scanning the QCD phase diagram and seeking for the
QCD critical point.

2 Constraining the Y-N and Y-Y interactions and the
EoS in dense baryonic matter including strangeness
degrees of freedom.

3 Exploring the effects of large angular momentum and
strong magnetic fields.

For (1), the “criticality” is essential to detect the critical
point, and the extraction of the EoS as (2) requires global
analysis including the “collectivity,” and the physics of (3)
exhibits topologically nontrivial effects once nonzero “chi-
rality” is involved. These three Cs abbreviate the future
directions of the heavy-ion collision physics.

The first-principles calculations from the lattice-QCD
simulation have shown tremendous progresses with
the cutting-edge computing technologies also toward
the high-density region. Now understanding the QCD
phase structure requires experimental data together
with theoretical approaches. The QCD critical point
is a landmark, and the next question is what awaits
beyond it. If a first-order phase transition is reached,
the spinodal decomposition and the nucleation pro-
cesses would lead to characteristic patterns of baryon
fluctuations.

In the heavy-ion collisions of center-of-mass energy
below 15GeV, one of the important features is that the
baryon density is high enough to be above the threshold
for strangeness production. An interesting observation is
the transitional behavior from the grand canonical to the
canonical ensembles in the strangeness sector with dif-
ferent collision energies. Also, with abundant strangeness,
N-N, Y-N, and Y-Y interactions can be investigated
not only in the vacuum but in an environment with a
surrounding baryonic mean field. Under such a situa-
tion, measurements of baryon correlations and collectivity
involving multi-strange hadrons such as ¢-meson, A, &,
and Q-baryons, and hypernuclei would provide us with
the information on the EoS relevant to the neutron star
structures and simulations of the supernovae and the neu-
tron star mergers. Although it is not covered in this article,
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as long as the penetrating observables are concerned,
dilepton mass distributions for example give us informa-
tion on the initial thermal properties for matter created
during heavy-ion collision (see a recent review [89]).

The unique property of matter during the heavy-ion col-
lision is the presence of rotation (or the angular momen-
tum) and the external magnetic fields. Such extreme envi-
ronments at high baryon density, with rapid rotation, and
strong magnetic fields can be found not only in heavy-ion
collisions but also in astrophysical phenomena. Therefore,
revealing those effects in the controlled laboratory exper-
iments could create connerstones for understanding the
nature of visible matter, through the femto-nova, in the
Universe.
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