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and new theoretical developments
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1 Project Narrative

1.1 Introduction

1.1.1 Physics background: The QCD phase diagram

The study of strongly interacting matter is one of the key missions of the US nuclear physics
program as articulated in the 2007 Long Range Plan. Experiments at RHIC and recently also at
the LHC have revealed several interesting and unexpected properties of the Quark Gluon Plasma
(QGP), most prominently its near perfect fluidity. The QGP created at LHC and top RHIC
energies consists of almost as much antimatter as matter characterized by the nearly vanishing
baryon number chemical potential µB [1]. Lattice calculations [2, 3] show that QCD predicts
that under these condition the transition from the QGP to a hadron gas occurs smoothly as a
function of decreasing temperature, with many thermodynamic properties changing dramatically
but continuously within a narrow temperature range around the transition temperature Tc =
154 ± 9MeV [4, 5, 3, 6]. This transition is referred to as the crossover region of the phase
diagram of QCD, see Figure 1.
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Figure 1: A sketch illustrating the experimental and the-
oretical exploration of the QCD phase diagram. Although
the matter produced in collisions at the highest ener-
gies and smallest baryon chemical potentials is known to
change from QGP to a hadron gas through a smooth
crossover, lower energy collisions can access higher baryon
chemical potentials where a first order phase transition line
is thought to exist. The reach of the BES-II program com-
ing at RHIC is shown, as are the trajectories on the phase
diagram followed by the cooling droplets of QGP produced
in collisions with varying energy. The present reach of lat-
tice QCD calculations is illustrated by the yellow band.

In contrast, quark-gluon plasma
at large baryon number chemical po-
tential may experience a sharp first
order phase transition as it cools,
with bubbles of quark-gluon plasma
and bubbles of hadrons coexisting at
a well-defined co-existence temper-
ature, similar to bubbles of steam
and liquid water coexisting in a boil-
ing water. This co-existence region
ends in a critical point, where the
baryon number chemical potential is
just large enough to instigate a first
order phase transition. It is not yet
known whether QCD has a critical
point [7, 8, 9, 10, 11], nor where in
its phase diagram it might lie. Model
calculations typically predict the ex-
istence of a critical point, but do not
constrain its location. Model inde-
pendent lattice QCD calculations, on
the other hand, become more dif-
ficult with increasing µB and, thus
do not yet provide definitive answers
about the existence of a Critical
Point. However, new methods intro-
duced within the past decade have provided some hints [8, 10, 12]. While these theoretical
calculations are advancing through both new techniques and advances in computing, at present
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Properties of Baryon rich QGP?

Will transition become stronger?

Critical point?



In 1869, Andrews coined term “the critical point” in his Bakerian 
lecture.
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In the 150th anniversary (2019) of Andrew’s lecture, BESII 
will kick off to search for the QCD critical point. 

Pressure
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Results from BESI: interesting, encouraging (but error bar 
is large).

BESII: unprecedented precision. 



Part I

J. Brewer, Grad. of MIT

(J. Brewer, S. Mukherjee, K. Rajagopal and YY, in preparation) 

Can we facilitate new angles to search for the QCD 
critical point and can we take the advantage of BESII?
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Zoom-in

T

μB

The fireball at a given √s evolves  as a ”worldsheet” (in contrast 
to a “worldline”) swiping the phase diagram.

When freeze-out happens, the fireball at different spatial rapidity 
ηs will have different μB . 

ηs is related to hadron momentum rapidity y. We therefore could 
explore the phase diagram through y-dependence. 

Hydro. Simulation: Chun Shen and 
B. Schenke

Basic idea
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Higher (non-Gaussian) cumulants, K4 are more sensitive to the 
growth of the correlation length ξ. 

The sign of K4 changes in a specific way as we move around the 
critical point. 
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Zoom-in

 Counting baryon (e.g. proton) number fluctuations. 
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Our model (for illustrative purpose)

A freezeout formula

Introducing α to parametrize ηs-dependence of μB on f-curve.

For example,  for √s=19.6 GeV, we estimate α≈44 MeV.

Focus  on ω4 (=1 for Poisson distribution): 

e.g. F. Becattini et al, 
CPOD proceedings 
07’

Stephanov, PRL 09’
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Dependence on yacc (how many protons included)

Non-trivial dependence.  

Some information is blurred due to integration over y



 11

Measure proton fluctuations from each rapidity bin. 

Changing yc : probing different locations in the critical regime.

Δy: more protons coupled to critical fluctuations

y

yc,1 yc,2
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An example

yc

Looking for non-trivial dependence of ωn on ybin . 

(Δy=0.4)
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Different rapidity bins probe different 
“points” in the phase diagram.

This requires detector to have the sufficient 
acceptance. 

We wait with a great interest for the 
running of BESII (2019). Upgraded detector for 

BESII 

Main scale: varying √s Vernier scale: varying y



Part II
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A number of new theoretical developments in different context 
are deeply related and might lead to a new unified framework 
essential for the exploration of the baryon-rich QCD matter. 

YY,  Quark Matter 18 proceedings, in progress . 

 “Nature uses only the longest threads to weave her patterns, so that each 
small piece of her fabric reveals the organization of the entire tapestry.” -- 
Feynman
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Fluctuations of energy (charge) density (specific heat, 
susceptibility) contain rich information about QCD matter.

Intermedia HIC offers unique opportunities to study them. 

Recent theoretical developments :

Off-equilibrium effects are important to understand. 

Emergent scale associated with off-equilibrium dynamics

Interplay between fluctuations and bulk evolution. 
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Relaxation time  ∝  transport coeff. /fluct.

The off-equilibrium effects are important 
when fluctuations are large. 

E.g.1,  near the critical point. 

E.g.2: charge fluctuations near the crossover

equilibrium 

Off-equilibrium 

S. Mukherjee,  R. Venugopalan and 
YY,   PRC 15’ . 

S . Prat t , J . K im and C . 
Plumberg, 1712.09298

E.g. 
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Emergent scales:   Expansion time  = Relaxation time

E.g. 1: Kibble-Zurek scaling near the QCD critical point. 

S. Mukherjee,  R. Venugopalan and 
YY,    PRL, Editors’ suggestion, ’16.

Rescaled K4

Rescaled time

K4  before scaling 
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E.g. 2: “k*” characterizes fluctuation 
around Bjorken expansion.

Akamatsu, Mazeliauskas, Teaney, PRC 16. 

Off-equilibrium effect corrects transport coefficient. 

                    ηeff=η -  #(k*)3

Connection to Kibble-Zurek dynamics? Yes.

Fanglida Yan, Grad. of 
SBU.

Y. Akamatsu, D. Teaney,  Fanglida Yan and 
YY, in preparation
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“Effective” equation of state and “effective” transport 
coefficients are modified values due to off-equilibrium effects.

We need to couple bulk evolution with fluctuations.

  Near the critical point : “hydro+”.

Formal aspect: that emergent scale seems to be needed to 
derive “hydro+” as an effective field theory. 

M. Stephanov and YY, 1712.10305
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Summary and perspectives 
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Conclusion
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New angle: 

New theoretical framework:  “hydro” coupled with fluctuations. 

Main scale: varying √s Vernier scale: varying y
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Perspective: 

Fermi (1952)
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20152002 2020+

Anaximander (600 BC) 1490 Maggiolo (1531) Visscher (1652)

Columbus’ voyages

RHIC starts running BESII

ages of discovery



Back-up
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 A fundamental question: phases of matter under extreme 
conditions?

Fermi’s notes: “Matter in 
unusual conditions”, 
1952

Answer to this question will be summarized in the knowledge 
of the QCD phase diagram. 
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iTPC upgrades
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Coupling “+” to hydro

The conservation law remains the same:

𝜁hydro ~ 𝜁(+) + dissipation due to equilibration of ɸ .  

E.o.S and transport coefficients are different:

Similar expression for Jμ
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Frequency dependent cs , ζ from linearized “hydro+”

ω tξ

ζ(ω)

(cs(ω))2

Frequency dependence 
of e.o.s. and transport 
c o e f fi c i e n t s a r e 
“ a b s o r b e d ” i n t h e 
evolution of ɸ(Q) 
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M. Stephanov and YY, 1712.10305
C. Lau, Hong Liu,  YY   in progress

References
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1/Q

ɸ(Q): “occupation number” of critical fluctuations.

In equilibrium:  

Definition


