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Big Bang

Physicists believe that our universe began with a huge explosion about thirteen billion years ago,

called the Big Bang.

Immediately after, the temperature is believed to have been approximately one trillion degrees K,
which can be compared to the temperature at the surface of our sun, approximately six thousand
degrees K. Currently, the temperature of the universe is three degrees K. During the cooling period,
- after the Big Bang explosion, quarks and electrons were formed, followed by protons and neutrons
from the quarks, then light atomic nuclei and light atoms. Stars formed later which then, in novas
and the explosions of stars called supernovas, led to heavier nuclei and atoms. Our Earth was formed

approximately ten billion years after the Big Bang. We are here now, long after these events.

How was matter formed after the Big Bang?
We at the RIKEN BNL Research Center (RBRC) are pursuing this ultimate theme of modern

fundamental physics to understand the origin of matter and the universe.
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RIKEN BNL Research Center, where new studies in physics
for the 21st century are being pursued
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Director Emeritus Tsung-Dao Lee

Emeritus Professor at Columbia University. Nobel laureate in physics
(1957) for his study of “Parity Violation.”
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At the RIKEN BNL Research Center (RBRC) our research focus is on "Spin physics," "Lattice QCD (Quantum
Chromodynamics) computational physics" and "QGP (Quark-Gluon-Plasma) physics." The goal is to establish a new field
of physics for the 21st century by closely coordinating our theoretical and experimental research efforts.

In the 20th century, physics was dominated by "reductionism." We believed by finding the smallest unit of matter, the
understanding of the large would naturally follow. This belief in reductionism, aided by the success of quantum theory,
made it possible for us to achieve extraordinary precision in theoretical predictions, which are in turn confirmed by accurate
measurements. This led us to discover that all known matter is made of 12 elementary particles, 6 quarks and 6 leptons.
However, in the second half of the last century we encountered two serious puzzles; one is our inability to observe any of
the 6 quarks individually, and the other is the dichotomy between the concept of symmetry that our theory is based upon
and the violation of symmetry observed by experiments. These two puzzles brought us to a threshold of a new direction.

I think the physics in the 21st century will be dominated by “Holism." The understanding of the small cannot be
separated from the examination of the large. To understand why quarks cannot be seen individually we must explore the
confinement mechanism of the physical vacuum state. To connect the symmetry violations of our present universe with the
fundamental symmetry principles in our theory, we must again probe the evolution of symmetry change of the entire
universe, from a seemingly perfect symmetrical beginning (big bang) to the present asymmetrical state. Thus the study of
elementary particles cannot be separated from the macroscopic system at large. RHIC is the first high energy accelerator
designed to explore the structure of the physical vacuum as well as possible forms of new states of matter. The research
effort at RBRC is concentrated on this new direction of physics.

As the history of 20th century physics indicates, scientific progress has always been made by younger researchers.
Albert Einstein was in his 20's when he published his special theory of relativity and began his quest for the general theory
of relativity. Niels Bohr was 27 when he introduced the quantization rule of atomic orbits. Quantum mechanics was
created by young scientists of the next generation including Werner Heisenberg, Paul Dirac, Enrico Fermi, and Yoshio
Nishina. During the 1930's and 1940's, young Hideki Yukawa and Shinichiro Tomonaga were among those who solved
major problems of nuclear physics and quantum electrodynamics.

At any given period, the older generation is, of course, playing a significant role. However, more challenging and more
important problems have always been solved by the younger researchers. Such talent does not appear suddenly. We see
concentration of such talents at a few selective centers such as the Niels Bohr Institute, RIKEN, the Institute for Advanced
Study in Princeton, and Columbia University.

At RBRC, we provide a special environment dedicated to talented young scientists from around the world, so that they
can concentrate their energy on their research. Our goal is to become a facility where a new field of physics for the 21st
century will be developed.

Lpnd

T.D. Lee
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The RIKEN BNL Research Center (RBRC) is now a mature
enterprise. Its complement of outstanding theoretical and
experimental physicists, forefront computer capabilities and
proximity to the extraordinary facilities at BNL, has assured its
vibrancy, relevance and productivity. RBRC personnel have
contributed to the great discoveries at RHIC, the foremost being
the finding of a new form of matter, a hot highly dense medium
(10 — 30 times that of a nucleon) that seems to have the
characteristics of a strongly interacting quark gluon plasma sQGP.
Of almost equal significance has been the demonstration that the
gluon contribution to the spin of the proton is very small,
consistent with zero, adding to the puzzle of the origin of its spin.

There are several major upgrades that are forthcoming in the next
years that should serve to greatly enhance the RBRC program.
These include: a luminosity upgrade of RHIC, appreciable
running at 500 GeV as well as 200 GeV polarized protons,
numerous detector additions, and low energy (10 GeV/Am)
heavy ion running. This should allow for a detailed examination
of the sQGP, continued exploration of the proton spin, initiate a
search for the critical point, and a measurement of the anti-quark
distribution of the nucleon. The present data accumulated in the
heavy ion program at RHIC has given rise to several interesting
theoretical conjectures namely that of a color glass condensate
and a glasma. The expected substantial increase in information
should greatly clarify their validity.

The RIKEN 10 Teraflop, QCDOC computer, dedicated in 2006,
has been operating at greater than 95% efficiency. This has
facilitated calculations in non-Pertubative Quantum
Chromodynamics (QCD) on a lattice. Important results have
emerged on a variety of issues, including the thermodynamics of
QCD (phase transitions and critical point) hadron and quark
mesons, the CKM matrix in weak decays, and proton decay.

With such a rich and varied program and a group of young and
outstanding fellows and postdocs, RBRC can look forward to an
exciting and productive future.
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Dircctor Samuel H. Aronson

Former Director of Brookhaven National Laboratory (BNL)
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RBRC has a very bright future, with the prospect of continuing new
physics results from RHIC, from new high performance computing
capabilities and the possibility of an expanded set of research goals.
RBRC continues to attract outstanding theoretical and experimental
physicists and they are the basis of RBRC’s vibrancy, relevance and
productivity.

RBRC personnel are making leading contributions to the discovery,
interpretation and simulation of new phenomena at RHIC. The
continued productivity is due to important performance
improvements:

Accelerators: Spin Physics at RHIC-II —

*The recently completed RHIC Run 13 marks the second year of
running in the “RHIC II” era. Several important upgrades enabled
RHIC to run polarized protons at 255 GeV beam energy at record
intensity and polarization, including two new electron lenses to
compensate beam-beam effects (e-lenses), a new polarized proton
source and several RF upgrades in RHIC and the AGS.

Detectors: Run 13 at PHENIX —

*PHENIX achieved its Run 13 goals of accumulating a large data set
of high energy, high polarization p-p collisions for the spin program.

*Progress continued in the design and development of s-PHENIX for
full exploitation of RHIC-II capabilities.

Lattice Gauge Computing: QCDCQ: RBRC is taking advantage of
new IBM Blue Gene/Q computers now operational at BNL —

*Basic QCD quantities such as hadron masses and decay constants
have been computed with unprecedented accuracy. These include CP
violating neutral kaon mixing, ¢ ’/ ¢ , which resulted in the 2012
Ken Wilson Lattice Award.

*QCD thermodynamics: transitions at finite T/ o , relevant for RHIC,
are computed using chiral fermions to see chiral symmetry
restoration. Many of these results are now being produced for the
first time with nearly physical light quark masses.

For the future, RBRC is working on aspects of e-RHIC and is
exploring with RIKEN and BNL research opportunities in related
fields — in particular cosmology. This year post docs from the
RIKEN Astrophysics Group will start working at RBRC with BNL’s

Cosmology Group on LSST.
ol
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Research at the RIKEN BNL Research Center includes
vigorous activities in both experimental and theoretical
physics.
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Experimental research includes studies at the Relativistic
Heavy Ion Collider: the collisions of heavy ions at
ultrarelativistic energies, spin physics in proton-proton

FBRWFTES I T, AR ERR A A SR g collisions, and eventually into electron nucleus collisions at
(RHIC)C, MG =R NX —COEA A4 H2%, Bif - a proposed eRHIC facility.

IK’%¥&?T?EK%” DAY ‘/ﬁ%fiiﬁ E@ﬁ%é{ﬁ}b}hf% UNEEES There is a large and vigorous effort in Lattice Gauge Theory.

E@E&iﬁfﬁﬂj De-RHICTIR T 7L FIAIEZR DML b AGE 5 This includes the study of hadronic physics, such as the

TETT, computation of weak matrix elements, and computing the
K- — P PEm B T, I A 01T HI S OFHR thermodynamic behavior of Quantum Chromodynamics.

0);; }‘D \/%%?j%i%éjj?@%ﬁ TR D B DRSO There is also a strong interest in the theory of High Energy

WA I TR T E T, Nuclear Physics, including: saturation and the Color Glass
S BT, AT RF—HFEEE IR IO & 5 o Condensate; the phenomenology of heavy ion collisions; the

TT, ZORPIE, Zv—F U fafneE 77— 7 AEHfE, & nature of the Quark Gluon Plasma near the transition

A A EEOBIG Y BRI E O A —0 - Te—F temperature (the “semi” QGP); cold dense quark matter

- 7T A OMWE, KIREEE 7 A— 27 WE, E5ICAAS/CFT  (“quarkyonic”); and applications of the AdS/CFT
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The RIKEN BNL Research Center (RBRC) Theory Group

e 7 v— 1%, 7 = a— L FEER S B R B R currently consists of about twenty researchers. Positions
RHICY 4 v 7 A7 za—LIEEN D HENIEE ., F L TH include the following : full-time RBRC Fellow, half-time

TR E DD 72 B8 2 0 4 DOWFZEE THERR S TV E 1, RHIC Physics Fellow, and full-time, post-doctoral Research

ZDH)BRAICT 4 ¥y 7 A7 = v —ifF5E B I3 BNLAFZE Associate. The RHIC Physics Fellows hold joint appointments
¥ % — (RBRC) LfhOWgepl D a A v RT7HRA with RBRC and other institutions and have tenure track
A BMT, R¥EOT =27 7 v 7 kE-IIBNLTOk% positions at their respective universities or BNL.
HALTOWET,

BRI IE 7 N — 7 DX FEE T2 B 13, BNLO#GG 7 L —
7 DBTEAT O ZIR BT, Sl L D M;Gyulassy ( :,l e l:m7’ Nuclear Theory, High Energy Theory and Lattice Gauge
K) . E.Shuryak (=2 —=— 7 JNLK) SHEEEZEEHIL, ORI . .
S - . Theory groups as well as with visiting senior theorists such as
&,Tﬁfi@%% €B = k i ‘J,: 0 BT D TV £ T M. Gyulassy of Columbia, E. Shuryak of SUNY Stony Brook.
BERATIE 2 v — T D3 D WFFESY B3, RHICH A A Bl
DX =0« TN—F 2 TTRAY BT =TT AT LT
AU A R— L TWET, The broad range of QCD related research conducted by the
Theory Group and discussed in what follows includes RHIC
heavy ion physics, the quark gluon plasma, the color glass
condensate, and hard QCD/spin physics.

RBRC theorists interact closely with members of the BNL
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The RBRC Computing Group was bifurcated from the
Theory Group in 2011, and consists of a full-time RBRC
Fellow, half-time RHIC Physics Fellows, and full-time post-
doctoral Research Associates. It has close interactions with
BNL High Energy Theory groups, Nuclear Theory, and
Lattice Gauge theory groups as well as collaborations with
Japanese, U.S., UK. Universities and Laboratories with
visiting scientists such as N. Christ and R. Mawhinney of
Columbia, T. Blum of Connecticut, and Y. Aoki of Naogoya.

The main mission of the group is to solve dynamics of QCD
and alike from the first principle lattice simulation and to
provide important numerical information which is
indispensable in interpreting experimental data by theories of
particle and nuclear physics. It has three generations of in-
house computer resources, QCDCQ (1997-2004), QCDOC
(2004-2012), and QCDCQ(2012-).

Bl IL—T)—5—
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The RBRC Experimental Group currently consists of about
fifteen researchers. Positions include the following : full-
time RBRC Fellow, RHIC Physics Fellow (joint position
with the University), and full-time, post-doctoral Research
Associate. At the Center there are also RIKEN Researchers
and Research Associates. These positions are joint
appointments of RBRC and RIKEN. In addition, several
doctoral students from Japan are mentored by RBRC
researchers.

The Experimental Group studies the spin structure of proton
via polarize p+p collisions at RHIC and the properties of
quark gluon plasma produced in heavy ion collisions at
RHIC. We also develop various detectors for PHENIX
experiment as well as polarimeters for RHIC.
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QCD(Quantum Chromodynamics) for the search of the origin of matters
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There are four types of forces in Nature: “Gravity” as seen in celestial
motion and described by the general theory of relativity;
“Electromagnetic Force” as seen in the interaction between the nucleus
and electrons; “Weak Force" which describes the beta decay of a
nucleus (the “Electromagnetic Force” and the “Weak Force" are unified
into the electro weak theory); and the “Strong Force" that acts between
the quarks and gluons that form protons and neutrons.

Our research effort at the RIKEN BNL Research Center (RBRC)
focuses on a wide variety of phenomena caused by the “Strong Force."
These various and complex phenomena include the matter-creating
process after the Big Bang. This “Strong Force" is described through a
theory called QCD (Quantum Chromodynamics). We at RBRC are
pursuing our research projects in order to elucidate various physical
phenomena brought by the “Strong Force" from the principles of QCD.

The nucleus is at the center of the atoms that form all matter. The
nucleons (protons and neutrons) are the components of the

nucleus. This nucleon consists of quarks and gluons, the function of
the gluons is to be the glue that binds the quarks. In a normal vacuum,
quarks and gluons are bound by the Strong Force and "confined" in the
nucleon.

This Strong Force has many very interesting characters; Property called
“asymptotic freedom” is that the force is relatively weak when quarks
are close together, and becomes stronger and stronger when they are
further and further apart, found by D.J. Gross, H.D. Politzer, and F.
Wilczek (Nobel Prize in 2004). This property along with the prediction
of “parity symmetry breaking” (Nobel Prize in 2008, see page 7) by
T.D. Lee, the Director Emeritus of RBRC, with C.N. Yang, are two of
the foundations of contemporary particle and nuclear physics.

Other prominent properties of Strong Force include “Spontaneous
symmetry breaking” (Nobel Prize in 2008, see page 8) found by Y.
Nambu, as well as M. Kobayashi and T. Maskawa‘s “Charge-Parity
symmetry breaking” (Nobel Prize in 2008, see page 9), which plays
essential roles in search for the ultimate law of physics comprising
gravity. All of these "symmetry breakings" in QCD (Quantum
Chromodynamics) continues to be the grand theme of researches
conducted at RBRC.
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Spin physics
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The spin of each of three quarks

TIN—F 2 DFf> TNDHAE L)

;é The spin of gluons
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<A|r3 How each of them is distributed in the

spin of the nucleon as a whole?

Although protons and neutrons do not seem to have any
“direction,” they actually do. The “direction” is determined by
the rotation on its axis. We can define left and right by using
this rotation. This rotation of an elementary particle is called
“spin.”

Laws of nature had been believed to be symmetric with
respect to “left” and “right.” In other words, the physical laws
in the mirror world are thought to be the same as in our world.

In 1956, Prof. T.D. Lee of Columbia University, the Director
Emeritus of RIKEN BNL Research Center, published a
shocking prediction of the possibility that the mirror world
might be different from ours. This was immediately verified
through experiments, and Prof. Lee was awarded the Nobel
Prize in Physics the following year together with Prof. C.N.
Yang of the State University of New York at Stony Brook. In
this confirmation experiment, “spinning” nuclei were used to
distinguish “left” and “right” in order to reveal that the mirror
world is not the same as the world we live in.

As this example suggests, spin plays an important role in
determining “left” and “right” in space.

The nucleon consists of three quarks and gluons which glue
the quarks together. Various properties of the nucleon have
been explained by the properties of quarks.

For example, a proton’s electric charge (+1) is explained by
means of the sum of 2 up quarks with +2/3 of electric charge
and 1 down quark with -1/3. It has been generally accepted
that the proton’s spin could be naturally explained by quark
spin. However, experiments conducted at the European
Laboratory for Particle and Nuclear Physics (Conseil
Europeen pour la Recherche Nucleaire, CERN) in the later
1980s showed that the total of quark spins was less than the
total spins of protons. This was called “the proton spin crisis,”
and was an event in modern particle and nuclear physics.
Therefore, it is important to solve the puzzle of “What is
carrying the remaining spin?”.

Research on spin at the RIKEN BNL Research Center
(RBRC) includes a theoretical computation process called
Perturbative QCD by means of a reliable computing method.
Also, RBRC’s researchers aim to experimentally measure the
spins, especially those of gluons, so that they may achieve a
more detailed understanding of the nucleon structure.
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Lattice QCD computational physics
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The interaction between quarks and gluons is very strong and
complicated. Especially at low energy region , quarks interact
so strongly that they involuntarily break a symmetry called
“chiral symmetry” of massless quark. This spontaneously
broken symmetry (Yoichiro Nambu was awarded the 2008
Nobel Prize for his dicovery of it) largely manifests itself in
various aspects of the proton and neutron, as well as mesons
(pions, kaons), which are constituted from quarks and gluons.
For example, the origin of the mass of proton could be
understood as a consequence of the broken symmetry.

Lattice QCD is a theoretical method to investigate this
complicated strong dynamics of QCD based on the first
principles. In late 90', RBRC researchers with others made a
breakthrough in this area: realizing chiral symmetry on lattice
using the domain-wall fermion (DWF) method, which turns out
to be very useful to investigate QCD.

Since then, the lattice QCD project team at RBRC has been
investigating QCD using DWF for more than ten years. Our
studies, which are not only theoretical investigations on QCD
but also include constructing high performance supercomputers
specialized for QCD computations, or developments for better
algorithms to accelerate calculations, are about to lead us to
achieve solid understandings about various facets of QCD
without any compromise.

QCDOC Supercomputer

Lattice QCD calculations have been performed on the world
fastest supercomputers at the time of their installations. The
lattice QCD team at RBRC has been developing the special
purpose supercomputers. The first machine, QCDSP (QCD with
DSP), was installed in 1998 collaborating with Columbia
University, whose success lead to the current QCDOC (QCD on
a chip), with a collaboration with Columbia University and IBM,
operating from 2005. QCDOC is about 20 times faster than
QCDSP yet it has smaller footprint and lower power
consumption. Two other QCDOCs are also installed by the
Department of Energy and the University of Edinburgh.
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Precision Test of the Standard Model

The “Standard Model” (SM) describes the electromagnetic, weak,
and strong interactions in the nature. Almost all the theoretical
predictions based on the SM have been successfully confirmed by
experiments so far. Many researchers, however, doubt the SM is
the ultimate theory because of a few mysteries that can't be
explained by the SM, examples of which include problems of
"number of particle generations", "mass hierarchy", or "vacuum
angle".

QCD, a part of the SM, describes the dynamics in the atomic
nucleus which consists of the quarks and gluons. Theoretical
investigations for QCD, such as lattice QCD, play indispensable
roles in testing the SM and also in exploring the mysteries that
could be solved by a theory beyond the SM.

In RBRC, researchers are inspecting the SM using precise
calculation from lattice QCD. A large scale computation on
QCDOC, RBRC's super computer devoted for QCD calculation,
finally allows us a complete QCD simulation including dynamical
effects of up, down and strange quarks. We no longer suffer from
unknown systematic error from the omission of the vacuum's
polarization due to quarks, and can make a step ahead to the truly
ab initio prediction for the physics.

By comparing theoretical predictions and experimental results on
various properties of QCD particles (hadrons), we are now able to
determine the quark masses and other fundamental parameters of
the SM precisely. In particular, we investigate on properties of
pion( 7 ) and kaon(K), such as the decay constants (see top
figure), kaon's semi-leptonic three body decay, Kj; form factor,
and QCD matrix elements called By, all of which can be used to
determine the quark mixing predicted by Cabibbo-Kobayashi-
Maskawa (CKM) matrix (the Nobel prize in 2008). We are also
having for a very exciting opportunity to investigate a signal of
the new physics via the CP violating processes such as K— 7« x,
as well as other hints for physics beyond SM by studying
anomalous magnetic momentum of muon, and mixing
and more. These precise and reliable determinations lead the
world-class science, and the state-of-the-art calculations aff%:gs E
both theory and experiment of particle physics. -
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Nucleon Structure

RBRC physicists pursue theoretical research on the structure of
the nucleon through a first principles calculation, i.e. lattice
QCD simulation. The computation of nucleon properties in
lattice QCD is now progressing with steadily increasing
accuracy.

The calculation using the three light quarks revealed that the
axial charge suffers from volume effect. With carefully treating
the volume correction, the obtained axial charge appeared to be
consistent with the experiment (top figure). The axial charge is
a basic quantity, that determines the neutron lifetime. The result
shows that the lattice QCD method possesses prediction power
also for the nuclear physics.

Their next project is to calculate moments of nucleon structure
functions, such as the quark density, helicity and transversity,
which are being studied now. The RBRC researchers are now
starting to explore new quantities such as hadronic matrix
elements of nucleon decay and the neutron electric dipole
moment, which should give important contributions to
explorations of new physics beyond the standard model.

Finite Temperature QCD

It is expected that strongly interacting matter undergoes a
transition to a new state, called the Quark Gluon plasma at
sufficiently high temperatures. In this new form of matter
quarks and gluons are no longer confined in hadrons. An
important question then is what is the nature of this transition
(e.g. whether it is a phase transition), at what temperature it
happens and what is the equation of state of Quark Gluon
Plasma. Despite many efforts these questions are still not
answered with full confidence.

With the help of the QCDOC supercomputer the researchers in
RBRC have calculated the QCD Equation of state (left figure)
and studied the aspects of the transition related to
deconfinement and chiral symmetry restoration. The transition
temperature has been determined to be T .=192(7)(4)MeV in the
continuum limit in the region of the physical quark masses.

Another fermion formulation which realizes a part of full chiral
symmetry and is called staggered fermions have been used for
these studies. Analysis with DWF is under development.
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Physics research on QGP (Quark Gluon Plasma)
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In the world we live in, the quarks and gluons that form hadrons
such as nucleons and pions are quite strongly bound together so
that we are not able to break them apart. This is called color
confinement. When the density of matter is increased a great
deal so that nucleons are piled up, or the temperature is raised,
it is predicted that a new state will appear in which quarks and
gluons do not stay within the one hadron to which they are
bound. By analogy to the usual plasma that is made when
electrons are separated from the normal atom, we call it quark-
gluon plasma (QGP). This state is thought to have existed
immediately after the Big Bang, a long time ago when the
temperature was very high.

Researchers at the RIKEN BNL Research Center (RBRC) are
trying to elucidate the nature of the new state of matter,

QGP. During 2000 at Brookhaven National Laboratory (BNL),
a new experiment at the Relativistic Heavy Ion Collider (RHIC)
began to create QGP under the world's watchful eyes. We at
RBRC are the part of this experimental project at RHIC so that
we will be able to elucidate the QGP state theoretically and
experimentally. Recently, it was theoretically predicted that in
the deconfined phase at low temperature and extremely high
density, there will exist a qualitatively new phase called ”Color
Superconductivity." Similar to the usual superconductivity in
metals, quarks in this phase form "Cooper pairs " that have
color and show super-conductivity. RBRC’s researchers have
been giving important contributions to the investigation of this
new state.

Recently, some experimental data suggested that the initial state
in highly energetic heavy ion collisions may be well described
by another new state of matter, color glass condensate (CGC).
As the energy becomes extremely high, nucleons and even
nuclei can be universally viewed as a state in which gluons
moving slowly and coherently are saturated at high density, in
contrast to the conventional low energy picture of nucleons in
terms of the constituent quarks. This is what CGC is like.
RBRC’s researchers are theoretically trying to make sure of the
CGC description of the initial state in the heavy ion collisions.

EEOEWE QGPORE )
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Normal nuclear matter
Quarks are confined in the
nucleon.

The state of QGP
Deconfined quarks and gluons are
moving about.
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High energy limit of QCD and the Color Glass Condensate
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In high energy hadron-hadron collisions, the important degrees
of freedom are quarks and gluons inside the hadrons. In
particular, it has been established both theoretically and
experimentally that the number of gluons participating in the
collision rapidly increases as a function of energy. Therefore, at
high energy hadrons behave like a densely packed many-body
system of gluons. The Color Glass Condensate (CGC)
formalism is a theoretical framework aimed at describing this
high density gluon system. During the last decade, the CGC
formalism has achieved impressive development, and it is now
widely accepted by many physicists.

In this theory, gluons relevant for high energy processes are
Colored, evolve slowly like Glass, and are forming a Bose
Condensate.

The RBRC group has investigated the consequences of the
CGC for various properties of hadrons, and made important
contributions to the advancement of high energy hadron physics.
These include the problems of gluon saturation, unitarity
restoration at high energies, and collective excitations of the
CGC such as the Pomeron (bound state of two gluons) and the
Odderon (bound state of three gluons), and so on.

The CGC is also important since it provides the initial
condition for the thermalization of the Quark Gluon Plasma
(QGP) as produced in ultra-relativistic heavy-ion collision
experiments currently ongoing at RHIC and in the near future at
LHC.

Strong evidence for the CGC was found by looking at forward
rapidity at RHIC. This further boosted the interest and activity
in the physics of the CGC among both theoreticians and
experimentalists. The RBRC group will continue its efforts for
the understanding of this largely unexplored regime of QCD.
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RHIC accelerator and PHENIX detector
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Over four hundred collaborators from around the world are
participating in the PHENIX project.

RHIC (Relativistic Heavy Ion Collider) is the unique collider in the
world developed for dedicated study of QCD by Brookhaven
National Laboratory (BNL), where collisions between gold ions or
polarized protons are achieved.

After the ionized gold nuclei are accelerated through former-stage
accelerators, they are sent to the RHIC main ring. The RHIC main
ring, with a total length of about 3.8 km, is equipped with two
beam pipes with super conducting electromagnets, these beams
being in opposite directions. In the end, the acceleration reaches
speeds of 99.99% or more of the speed of light. Then, collisions
occur at six intersections designated on the main ring. The
temperature at the collision reaches one trillion degrees or more. It
is expected that a sufficiently high-temperature, high-density
condition will be attained to allow quarks and gluons that have
been confined to the nucleus to be deconfined.

Physicists representing worldwide institutions, including RIKEN
gathered to construct one of the large-scale detectors called
PHENIX. The PHENIX is a huge detector : 10 m high, 18 m wide,
and 13 m long, and includes detector sub-systems from
collaborating institutions. It will provide precision measurements

of a variety of phenomenon in both heavy ion and proton collisions.

The RIKEN BNL Research Center (RBRC) has developed and
constructed the following detector sub-systems in collaboration
with other institutions: Muon Identifier and Muon Tracker to
measure muons produced in collisions with the position, a High
Performance Trigger to select rare and important events online, and
the front end electronics to read the electromagnetic calorimeter for
the measurement of photon and electron energies. We are

currently constructing Silicon Vertex Tracker (VTX) and new
muon trigger systems. They will expand the capability of the
experiment.

RHICAA XV 7 IO B DB R D3HY | BEITAE T
{2 # HH5% (PHENIX, STAR,PHOBOS,BRAHMS) A% B&h
TWET,

There are six collision points on the RHIC main

ring. Currently, there are four detectors (PHENIX, STAR,
PHOBOS, and BRAHMS) installed.

BRAHMS
5 : =i
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Achievement of QGP physic at RHIC
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Thus far collisions between gold ions, with deuteron and gold ions,
and copper ion collisions have been performed at RHIC and various
experimental results have been reported. One of the most significant
results is a discovery of suppression in particle production at large
transverse momentum in gold-ion collisions. This phenomenon was
first reported by the PHENIX experiment, and confirmed by all other
RHIC experiments. The STAR experiment also reported by

investigating the correlation between the leading jet and the away-side
jet this phenomenon appears as the prominent suppression of the

away-side jet.
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The formation of very high-density
matter in gold-ion collisions, which had
never been seen before is confirmed by
the absence of suppression in deuteron
and gold-ion collisions. The energy of
the particles is absorbed by passing
through high-density matter, and this
results in the suppression of particles.

In addition, by investigating collective
motion, so called elliptic flow, it is
indicated that this high-density matter is
in a thermal equilibrium state.

To characterize this matter, which is
believed to have existed at an early
phase of the universe, we are measuring
other reactions such as heavy quark
production, J/y production, and direct
photon production.
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Polarized proton acceleration and collision at RHIC
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Internal Polarimeter

It is necessary to make the colliding proton’s spin direction
uniform (to polarize) in order to measure the spin of quarks and
gluons.

The Siberian Snake magnet and Spin Rotator have been
developed by the RIKEN-BNL Collaboration to maintain the
proton's spin direction during its acceleration and to control the
spin direction for experiments. These enable us to collide the
polarized protons at high energy and obtain important data to
understand the spin of the proton.

At RHIC, huge number of protons are gathered to make beams
of protons to collide. The Siberian Snakes flip the spin direction
of the protons with a spiral magnetic field to align spin
directions. Two Siberian Snakes are installed at AGS ring and
two sets of Siberian Snakes are installed on each ring in RHIC
to achieve the polarization of 70%.

Various polarimeters have been
developed and operated to measure
achieved polarization. Precise
measurement of the polarization is
indispensable for decisive results of the
spin physics. RHIC polarimeters will
measure the polarization with +5%
precision.

BRAHMS
& PP2PP

Spin Rotators
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Achievement of spin physic at RHIC
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Contribution of the gluon spin (A G) to the proton spin 1/2 has been
investigated as the first goal of spin physics at RHIC. Polarized
proton collision experiments at a collision energy 200GeV started in
2001. The PHENIX experiment has investigated the A G by
measuring a longitudinal-spin asymmetry A;; of neutral pions (")
produced in longitudinally polarized proton collisions. Experimental
results from data taken in 2005-06 (Run5-6) showed that the A;; of
7t is very small and they strongly restricted A G in the theoretical
calculations based on perturbative QCD.

From 2009 polarized proton collisions at a collision energy 500GeV
start and we investigate flavor-sorted contribution of the quark spin
to the proton spin with weak-boson production. Upgrade of event-
trigger detectors has been underway at PHENIX to deal with higher
collision energy and luminosity. Higher precision measurements of
A G with direct-photon and heavy-flavor production in addition
dramatically improve the determination of quark-spin and gluon-
spin contributions to the proton spin.

The final remaining piece of information to understand the proton
spin is orbital-angular momenta of quarks and gluons inside the
proton. Correlation between momentum-distribution of quarks and
gluons inside the proton and their spin direction in transversely-
polarized proton collisions will be investigated to understand the
spin structure of the proton including the orbital-angular momentum.
RHIC experiments have already found large asymmetries in forward
production of various particles (pion, kaon, anti-proton, and
neutron) from transversely-polarized proton collisions. Further
investigation of transverse-spin asymmetries will be pursued both
experimentally and theoretically.
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The latest highlight
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Very hot matter emits light, or photon, and the temperature of
the matter can be measured from the color of light emitted
from it. PHENIX experiment measured thermal photons from
the hot matter created in collisions of gold ions at RHIC. The
measurement indicates that the initial temperature of the matter
is approximately 4 trillion degrees Celsius, the hottest
temperature ever reached in the laboratory, and is well above
the transition temperature from normal nuclear matter to the
quark gluon plasma.

In Spin Physics, PHENIX measured single spin asymmetry of
W gauge boson, an elementary particle that mediates the weak
interactions, in polarized p+p collisions at RHIC. The
measurement shows a large negative asymmetry as it is
predicted by theoretical calculations. From this measurement,
the polarization of anti-quarks in proton can be determined.

In both of these measurements, researchers of RBRC have the
leading role.
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The data analysis that carry out the new physics
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The amount of data that comes from an experiment at PHENIX is
enormous, more than 100MB per second, and being approach
petabyte (PB) in one year. Many computers are being used to
analyze all of these data and find a new field of physics. We have
established RIKEN Spin Physics CC-J at our Wako main campus
in 2000.

The main missions of the CC-J for the PHENIX experiment are
an Asian regional computing center and a computing center for
the spin physics. By renewal of subsequent, the CC-J has about
400 CPU cores of the calculation power and 4 PB of the data
storage capability with High Performance Storage System
(HPSS) at the present.

Data taken at PHENIX are sent to the CC-J as much as possible
using a network (WAN) connection. A transfer rate of the WAN
connection between BNL and RIKEN reaches 300 MB/s. 100TB
or more of data is sent from BNL every year starting with about
300TB in 2005, and it is provided to many researchers.
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Papers from PHENIX and RBRC/RIKEN contributions
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Since RHIC has started its operation in year 2000, a
large number of research papers of physics results
have been published by PHENIX on scientific
journals, including Physical Review Letters,
Physical Review, Physics Letters B and Nuclear
Physics A. More than 80 papers have been published
to date.

Many of them are highly cited papers. Two of them
are cited more than 500 times, and more than 20
papers were cited more than 100 times. The total
number of citations to PHENIX publications is now
more than 8000.

Researchers from RBRC and RIKEN have made
large contributions to PHENIX publications. More
than 30 PHENIX papers have one or more RBRC or
RIKEN researchers as members of the paper writing
committee. These papers includes papers on
measurements of gluon spin contribution to proton
spin, heavy quark production, J/¥ production, and
direct photon production, and a paper that
summarize the results of the first three years of
PHENIX, the most cited paper of PHEINX.
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Seminars and International Conferences
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Seminars and international conferences are held regularly
at the RIKEN BNL Research Center (RBRC) and are
attended by researchers from around the world. We host
such meetings to actively facilitate the exchange of
information and opinions.

Many participants attend each seminar or workshop where
they are engaged in a high level of discussion on the new
physics.

RBRC’s researchers in return, actively attend academic
conferences around the world to participate in the
discussion and exchange of information.

RHICZ4 99X 70—l
RHIC Physics Fellow System
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Outstanding Junior Investigator (OJ)EZZE L TLVET,

0o «
; The RIKEN BNL Research Center (RBRC) offers a RHIC

\) B Physics Fellow system, allowing joint appointments with

US, Canadian and Japanese universities. This system
enables a talented researcher to maintain a tenure track

™ position at each university as well as a Fellow Position
with RBRC for a certain period of time. This system was

Y a established in order to increase the research potential of
.y f“‘ X RBRC and to disseminate its research activities and
o : results. We have received high praise for this new
a arrangement across the board.

) Nine of the RHIC Physics Fellows have already received
LA U. S. Department of Energy Outstanding Junior
v ' Investigator (OJI) Awards.
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RIKEN — BNL Collaboration
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HEHEBNLOEE
History of Both Institutes

Upton NY, USA 11973 2-1 Hirosawa, Wako, Saitama, Japan 351-0198
BROOKHEUEN
NATIONAL LABORATORY
RIKEN
ORBRC
2006 RI Beam Factory
— | CHMERTE 2RI ),
Nishina Center for Accelerator- -"
Based Science Established NISHINA
2003~ | WMITBUEANECEHARFRER
RIKEN became an Independent
RHI 1999 administrative institution
C
1997
SPring-8 |———— 1997 EFBNLBIR 25—
RIKEN BNL Research Center Established
HHFRALZ &R — 1995
RIKEN Facility Office at
RAL(UK) Established
1982 .
\ National
R Synchrotron Light
N2y "ﬂ"f? nraY — 1980 Source(NSLS)
RIKEN Ring cyclotron
Alternating Gradient
/ Synchrotron (AGS)
1960
¥R FHZH L 1958 N
ﬁﬁi)ﬁfﬁjﬂﬁf R 1957 —| TDLee/—)LEZH
corporation T.D.Lee and C. N Yang
P 1952 won_the Nobel Prize
1947
Cosmotron
BARYMOS4ooray 1937
Japan’s First cyclotron
Ty HONT U E AR AAIRR
Brookhaven National Laboratory
L HR AT AR 1917 Estavtistred
RIKEN Foundation 1
Established
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Histo

1995

1997

1998

1999

2000

2001

2002

2003

2004
2005

2007

2009

2012

2013

ry of RBRC
(T oAT VBN AR EBCERARR OB B EAA M EEE (RHICIZEITHAE RS

O734LICET HARERRRE 1

Conclusion of the “Memorandum and Understanding between RIKEN and Brookhaven National Laboratory
Concerning the Collaboration on the Spin Physics Program at the Relativistic Heavy lon Collider (RHIC)“

PHENIX i 52 BtS

Started construction of the PHENIX
HEEFBNLAR s 5— (59 —&T D. Lee)

Established RIKEN BNL Research Center(First Director T. D Lee)
rQcDHEE Hik D EMICRAT HRIEPHARAEIOVETRRZLOMRH HRAEE 1fHE

Conclusion of the “Collaboration Agreement between RIKEN and Columbia University for construction of
QCDSP parallel supercomputer™

QCDSPF AL

Install the QCDSP

QCDSPH'Gordon Bell ¥

QCDSP was awarded the Gordon Bell Prize for Price Performance
RHIC SERk(BNL)

RHIC Dedication (BNL)

RHICZ4 w9 27z O0—IEbta

Established the “RHIC Physics Fellow system”™

RHICE A4 R D12 IZRLEh (BNL)

RHIC First collision of gold ions (BNL)
fQCDSP2BASICET ARBEEM AR EINVETKRELORE R N R EE 1S
Conclusion of the “Collaboration Agreement in the Development of QCDSP2
between RIKEN and Columbia University in the City of New York™
HAEEBRT— Mt 57—

Dedication of the WAKO CC-J

(RiBISFE —LDINE- HEIZHR THH THLY

First Collision of High-Energy Polarized Protons at RHIC
[QCDOCOHRASICEE T ZEBLEFRAELAOVETRELOFR B HEAEER 1FHES
Conclusion of the “Agreement for the Development of QCDOC between RIKEN and
Columbia University in the City of New York™

Ty IAT B RRMEEBCERER OB RO E ST

HZEREER (RHIC)IZE T ARE MBI OY S LICHT 2 FEHEHEE | HEH

Renewal of the “Memorandum and Understanding between RIKEN and

Brookhaven National Laboratory Concerning the Collaboration

on the Spin Physics Program at the Relativistic Heavy lon Collider (RHIC)"
AErA—T—4—RBHRZALV-HRIEEFE R MG

Collision of longitudinally—polarized protons with spin rotator magnets

in operation

T B2—FKI(ZN. P Samiosh'gi{E

N. P. Samios as New RBRC Director
AGSAF—RBHEADBAIZKYREET O RIBEE4SVEERK

45% polarization of polarized proton was achieved by installing the AGS snake magnet
QCDOC5ERK

Install the QCDOC

[Ty ~NT BT HEMEBILERRR OB RO EA4

HRMEE (RHICIZE T ARELMETOSSLICHMT 2ARHAEE I EH
Renewal of the “Memorandum and Understanding between RIKEN and
Brookhaven National Laboratory Concerning the Collaboration

on the Spin Physics Program at the Relativistic Heavy lon Collider (RHIC)”
500 GeV{R 1E15 F #1224 Fits

Collision of longitudinally-polarized protons at a collision energy 500GeV
[Ty INT U ELHRFAEBILERRF OB RO T4

HEMER (RHIC)IEHHRELMETOSSLICHT 2 HARHRRE I EH
Renewal of the “Memorandum and Understanding between RIKEN and
Brookhaven National Laboratory Concerning the Collaboration

on the Spin Physics Program at the Relativistic Heavy lon Collider (RHIC)”
QCDCQFERL

Install the QCDCQ

t2—&I(ZS. H Aronsond'Fi{E

S. H. Aronson as New RBRC Director
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