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Throughout its 25+ years history, RBRC has 
been a place where scientific creativity is 
nurtured, and young scientists are given a 
chance to pursue their ideas. 

   The RBRC was established in 1997. 

   I joined it on August 11, 1997, becoming one of 
the two first Fellows of RBRC (together with 
Dirk Rischke), and the first member of 
scientific staff to arrive. This talk is an attempt 

   to describe the impact of RBRC on young 
physicists using my personal story as a typical 
example.



I first heard about the creation of RBRC from M. Gyulassy 
(Columbia U) during the 1996 INT (Seattle) program on 
“Ultra-relativistic nuclei: from structure functions to the quark-
gluon plasma”. Miklos and I had an intense debate about my

    (then) recent paper on baryon junctions (inspired by 
conversations with G. Veneziano at CERN).

    Miklos then told me about RBRC and described the plan of 
Prof. T.D.Lee and Prof. A.Arima - it was really exciting.

    My postdoc stay at Theory Division of CERN (1993-1996) 
was approaching its end, and I was looking for a job.

   

From: 
D.K., Phys.Lett.B378(1996)238



Soon after, a RBRC ad appeared, and I immediately applied 
and started to wait for a response. But no response came.

    I got invitations to interview at other places. I was then at 
    Bielefeld University, working with Prof. Helmut Satz.

    
    In January of 1997, I went to a workshop on “QCD phase 

transitions” in Hirschegg (Austria), where, fortunately for me, 
I met Rob Pisarski from BNL.

    Rob asked me why I never responded to
    the invitation to interview at RBRC…

1980 conference in Bielefeld:
Left to right: A.B. Migdal, 
T.D. Lee, H. Satz

Thar desert, India, 1997:
Left to right: D. Kharzeev, 
 H. Satz, J. Schukraft



Shortly afterwards, I came to interview at BNL, and then met
    with Prof. T.D. Lee at Columbia University

    
    At the end of the meeting, he told me that the decision was
   made, and I should get ready to come to RBRC.

    This was exciting! 
  

Prof. T.D. Lee in his RBRC office at BNL
Pupin Hall at
Columbia U.



When the offer letter arrived, it contained the starting date of 
September 1, 1997. But my wife Irina was expecting our 
daughter in late September, so I asked to start later or 
earlier. 

    Prof. T.D. Lee suggested us to come earlier, at the beginning 
of August. As a result, I was the first member of RBRC 
scientific staff to arrive.

JFK airport, New York, August 11, 1997 



In the fall of 1997, there was a RBRC conference on 
    “Non-equilibrium many body dynamics” followed by
    the Inauguration ceremony. There I met many people 
    who later became my collaborators and colleagues. 

    
    



Upon arriving to BNL, I had a meeting with Prof. T.D. Lee,
   and asked him an advice on the topics I should work on. 

    
    I still remember exactly what he said:

  “Find a problem in physics that you consider the most 
important and interesting. Focus fully on trying to solve it. 
Whatever this problem is, if you work hard, I will support 
you.”

  

Prof. T.D. Lee in his RBRC office at BNL



I followed his advice, and decided to focus on the topic
   that interested me (and still does!) the most:

   the effects of the quantum vacuum on physical observables.

   The vacuum is believed to be responsible for the entire mass 
of the visible Universe (through spontaneous breaking of 
chiral symmetry in QCD and Higgs condensation), for baryon 
asymmetry in the Universe (through electroweak 
sphalerons), and for the structure of matter inside and 
around us (through confinement of quarks in QCD).

   Yet, we know very little about quantum vacuum from 
experiment! Is there a way to directly detect vacuum effects?

   Two ways, enabled by scale and chiral anomalies.
  



I learned about scale anomaly from John Ellis, with whom
   I was fortunate to collaborate at CERN. He discovered scale 

anomaly in pre-QCD era. 
 

John Ellis in his office at CERN

Photo by J.Ellis,
Mendoza, Argentina,
2005

Back then, he referred to it
as Partially Zero (O) Trace,
or POT… 

J. Ellis at SLAC



Both scale and chiral anomalies provide a bridge between
   quantum phenomena that occur at short and large distances.
   
   Therefore, scale anomaly matching can be used to establish 
   the effects of QCD vacuum on the long-distance interactions
   of small objects, heavy quarkonia.

   This was our project with one of the first
   RBRC postdocs, Hirotsugu Fujii
   (now professor at Tokyo University, Komaba)
 



hep-ph/0008048

I was surprised and delighted when this paper was noticed by
one of my physics heroes, James Bjorken:
   



The role of scale anomaly in low energy interactions of heavy 
quarkonia with nucleons is currently under study at JLab, and 
will be studied in much more detail at the EIC

   
Nature 615 (2023) 7954, 813-816

Indication that a mass radius of the proton is 
much smaller than its charge radius

(consequence of scale anomaly?)

New NREC (Nuclear Radius Extraction Coll.)
led by Jan Bernauer, Haiyan Gao,
Douglas Higinbotham, Vlad Khachatryan



Another way to detect the quantum vacuum effects?

The vacuum of non-Abelian gauge theories 
(QCD, electroweak theory) has a periodic crystal-like structure 
with an infinite number of degenerate sectors that have 
different topology (different Chern-Simons numbers)
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Quantum transitions between these sectors change topology
of the gauge field, and the chirality of fermions coupled to it
(chiral anomaly, Atiyah-Singer index theorem), creating domains 
with local chirality imbalance. Can one detect them?



A working group with STAR experimentalists was formed to 
find a way to detect this local parity violation (chirality imbalance):

J. Sandweiss, S. Voloshin, J. Thomas, E. Finch, A. Chikanian, R. Longacre, …

But after a few years of hard work it has become clear that the
proposed pion correlations are very difficult to detect. 

We addressed this problem in the 1998 paper with 
Rob Pisarski and Michel Tytgat:



In 2004, another way to detect chirality imbalance was found: 

hep-ph/0406125 (June 4, 2004)

In the presence of a background magnetic field B, or angular 
momentum L, chirality imbalance induces an electric current
(directed along B or L).

 Graphics from:
DK, J. Liao, Nature Rev. (Phys)
3 (2021) 55
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This idea was developed further with my colleagues and friends: 

We called it the Chiral Magnetic Effect (CME) 



There is an ongoing active CME search program at RHIC
that began in 2009: 



Review of CME with heavy ions: DK, J. Liao, S. Voloshin, G. Wang, Rep. Prog. Phys.’16

Review + Compilation of the current data: DK, J. Liao, Nature Reviews (Phys.) 3 (2021) 55



STAR Collaboration

Separating the signal from background is the main subject of the ongoing work –

                Big new development: the isobar run!
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Isobars: same shape = same background(?), 
different Z = different magnetic field – change in signal

Successful collaboration of BNL, RIKEN, Oak Ridge, and other institutes 



Search for CME using the isobar collisions at RHIC

The results have been released on Aug 31, 2021

< 1 !

CME excluded?

not predicted by
any theory,
CME or not

STAR, nucl-ex 2109.00131,
           PRC (2022)



The predefined criteria assume that the multiplicities in RuRu and ZrZr collisions
(in the same cross section cuts) are the same. 
Is this criterion supported by the data?

No. The measured multiplicities are significantly different:

Since both signal and 
background scale as 1/N,
the baseline has to be changed.
This is not part of the 
“predefined criteria”.
Also: different v2, pT spectra?

STAR, nucl-ex 2109.00131,
           PRC (2022)



CME search with isobar collisions at RHIC

Depending on
the observable, CME
is present at 
1-4 σ level

Recent theoretical 
analysis:

CME fraction is 
6.8+-2.6 %

DK, J.Liao, S. Shi,
arXiv:2205.00120,
Phys. Rev. C106(2022)



AuAu@200 GeV: STAR results
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AuAu@200 GeV STAR results
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The future of CME at RHIC
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With ~ 10 billion more AuAu events, if the central value
of the CME fraction stays the same,  the statistical
significance of STAR data is expected to reach 5σ

A lot of ongoing work by experimentalists and theorists
worldwide



Theoretical research in nuclear and high energy physics often
finds important applications beyond these fields.

CME is an example of that. Chiral fermions analogous to quarks 
exist also in recently discovered materials, 
Dirac and Weyl semimetals. Can they exhibit CME?

Z.K.Liu et al., Science 343 p.864
A review:
N.P.Armitage,E.Mele,A.Vishwanath,
Rev.Mod.Phys.90, 015001 (2018)



CME in chiral materials 
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BNL - Stony Brook - Princeton - Berkeley

arXiv:1412.6543 [cond-mat.str-el] 

Nature Phys.
12 (2016) 550





CME in chiral materials:
practical applications 
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Currently, CME has been established in dozens of
different chiral materials. Active ongoing work on 
applications beyond the academic domain,
including quantum sensors, quantum memories,
quantum transducers, and quantum qubits
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Fascinating new intersections between
chirality and quantum information 
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Quantum entanglement between the jets! 

A.Florio, D. Frenklakh, K. Ikeda, DK, 
V. Korepin, S. Shi, K. Yu, 
arXiv:2301.11991; to appear in PRL

Study this at RHIC and 
EIC!



Summary
It all started for me, and for dozens of other graduates, here at 
RBRC. We stay connected to RBRC (and I even returned as a 
head of RBRC Theory group for several years) and are very 
grateful to our scientific Alma Mater.

Over the past quarter century, RBRC has been an intellectual 
center and a launchpad for many successful careers in science.

I am deeply indebted to RBRC founders and directors.

I also hope that RBRC will remain at the forefront of science 
for years to come!


