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Exploring the QCD Phase Diagram
Motivation:
• Hadronic	gas	phase	at	low	T	and	μB
• Lattice	QCD	calculations	⇾ expect	a	cross-over	at	high	
energies

ØStudy	onset	of	QGP	at	high	T	and	μB
• nuclear	modification	(RCP)
• NCQ	scaling	of	elliptic	flow

ØDo	we	observe	a	phase	transition	as	we	lower	the	beam	
energy?	What	type	of	phase	transition?

• directed	flow
• femtoscopy

ØDo	we	observe	a	critical	point?
• fluctuation	analyses
• dielectrons?

ØDo	we	observe	chiral	symmetry	restoration?
• dielectrons and	low-mass	vector	mesons

RHIC Beam Energy Scan (Phase I)
• carried out in 2010-2014
• covered energies from √sNN= 7.7 

to 64 GeV

Selected Results from BES Phase I
Critical	Point

PRL112(2014)

Phase	Transition

PRL112(2014)

Chiral	Vortical	Effect

Bulk	Behavior Penetrating	Probes Energy	Loss

Ø Most	measurements	limited	by	statistics	(#events)	and	systematics	(detector)

Abstract
The	first	RHIC	Beam	Energy	Scan	(BES-I)	provided	an	initial	survey	of	the	QCD	phase	diagram	by	acquiring	data	from	Au+Au	collisions	from	√sNN= 7.7	to	62.4	GeV.	Based	on	those	
results,	a	second	phase	of	the	BES	program,	BES-II,	has	been	developed	and	is	scheduled to	run	in	2019	and	2020.	One	of	the	proposed	upgrades	to	STAR	for	BES-II	will	be	the	
addition	of	an	end-cap	time-of-flight	system	(eTOF).	The	eTOF upgrade	will	employ	36	CBM	TOF	modules	for	the	duration	of BES-II.	The	eTOF upgrade	will	extend	STAR's	particle	
identification	(PID)	capabilities	to	higher	momentum	in	the	forward	pseudorapidity range	provided	by	the	iTPC upgrade.	A	fixed-target	program,	enabled	by	the	eTOF upgrade,	will	
extend	the	energy	scan	below	the	7.7	GeV	lowest	energy	of	BES-I.	In	this	poster,	we	discuss	the	improvements	that	the	eTOF subsystem	will	bring	to	the	physics	program	of	BES-II.

Summary
STAR proposed Phase II of Beam Energy Scan

Ø slated for 2019-2020
Preparations for proposed detector upgrades well underway

Ø proposed eTOF complements iTPC upgrade,
Ø essential for mid-rapidity PID in fixed-target mode

FAIR Phase-0 presents opportunities to embed prototype CBM TOF in STAR
Ø Letter of Interest between participating CBM TOF institutes and STAR; 

blessed by CBM
eTOF wheel with 36 CBM modules

Ø based on CBM M5 but instead with 3 MRPCs
Ø outer-wall based PADI FEEs and GET4 electronics
Ø mounted inside, on the east poletip

First single-unit installation and cosmics test successfully completed in Oct.’16
Ø ready for first integration test in the RHIC 2017 run

Looking forward to successful installation ahead of BES Phase II !

Precision studies of y dependence of key bulk 
property observables

BES-II range characterized by partial stopping 
⇾ wider rapidity interval helps disentangle 
dynamic from thermodynamic effects

Dileptons: forward measurements provide for 
independent observable to study LMR baryon-
density dependence

quantifying the effect on the ρ meson 
broadening

Directed Flow: extending PID to y=1.2 opens a new 
rapidity region that may help confirm EOS softening
Elliptic Flow: y-dependent v2
Fluctuations: enhanced fluctuation signals are 
expected to provide a cleaner and more significant 
indication of critical behavior

Physics Benefits from Enabling Forward PID

Next: Beam Energy Scan Phase II
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Table 2. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various observables.
Collision Energy (GeV) 7.7 9.1 11.5 14.5 19.6
µB (MeV) in 0-5% central collisions 420 370 315 260 205

Observables

RCP up to pT = 5 GeV/c – 160 125 92
Elliptic Flow (f mesons) 100 150 200 200 400
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 50 75 100 100 200
Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 80 100 120 200 400
Dileptons 100 160 230 300 400
Required Number of Events 100 160 230 300 400

3.1.1. RCP of identified hadrons up to pT = 5 GeV/c High-pT suppression is seen as an
indication of the energy loss of leading partons in a colored medium. Therefore, the RAA

measurements are one of the clearest signatures for the formation of the quark-gluon plasma.
Because there was not a comparable p+ p energy scan, the BES analysis has had to resort
to RCP measurements as a proxy. Still the study of the shape of RCP(pT ) will allow us
to quantitatively address the evolution of the phenomenon of jet-quenching to lower beam
energies. A very clear change in behavior as a function of beam energy is seen in these
data (see Figs. 12 and 13); at the lowest energies (7.7 and 11.5 GeV) there is no evidence of
suppression for the highest pT values that are reached. However, it should be noted that for
these energies the BES-I measurements are only able to reach 3-4 GeV/c for inclusive hadrons
and 2-3 GeV/c for identified hadrons. Typically, one considers pT of 5 GeV/c and above to be
dominated by partonic behavior. Therefore, although the BES-I RCP results are suggestive of
a disappearance of this QGP signature, they are not conclusive. The pT reach expected in the
proposed BES Phase-II measurements will be crucial in drawing definitive conclusions about
evidence for the creation of QGP at a given collision energy.

Although the BES-I spectra do not reach high enough pT to extend into the purely hard-
scattering regime, they do allow us to make detailed projections of how many events would be
needed to reach a given pT for a given beam energy. We propose to acquire about 400 tracks
in the pT range of 4-5 GeV/c for the 11.5, 14.5, and 19.6 GeV energies. At the lower energies
of 7.7 and 9.1 GeV, there is simply not enough kinematic reach to get out to 4-5 GeV/c. These
required numbers of events are listed in Table 2

We have used the yields of identified particles measured in BES-I to make projections of
the expected errors for the RCP measurements with increased statistics expected to be available
in BES Phase-II. For each particle species, energy, and centrality, we have used a exponential
extrapolation (note that this is a more conservative estimate than the power law extrapolation)
to estimate the expected number of particles to be measured in each pT bin based on the
expected number of events at each energy shown in Table 2. From this expected number of
particles per bin, we can estimate the statistical error for the central and peripheral bins and
propagate these to estimate the expected error on the RCP measurements. These projected
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

The trends and features in BES-I data provide compelling 

motivation for a strong and concerted theoretical 

response, as well as for the experimental measurements 

with higher statistical precision from BES-II. The goal 

of BES-II is to turn trends and features into definitive 

conclusions and new understanding. This theoretical 

research program will require a quantitative framework 

for modeling the salient features of these lower energy 

heavy-ion collisions and will require knitting together 

components from different groups with experience 

in varied techniques, including LQCD, hydrodynamic 

modeling of doped QGP, incorporating critical 

fluctuations in a dynamically evolving medium, and more.

Experimental discovery of a critical point on the QCD 

phase diagram would be a landmark achievement. The 

goals of the BES program also focus on obtaining a 

quantitative understanding of the properties of matter 

in the crossover region of the phase diagram, where it 

is neither QGP nor hadrons nor a mixture of the two, as 

these properties change with doping.

Additional questions that will be addressed in this 

regime include the quantitative study of the onset 

of various signatures of the presence of QGP. For 

example, the chiral symmetry that defines distinct 

left- and right-handed quarks is broken in hadronic 

matter but restored in QGP. One way to access the 

onset of chiral symmetry restoration comes via BES-II 

measurements of electron-positron pair production in 

collisions at and below 20 GeV. Another way to access 

this, while simultaneously seeing quantum properties 

of QGP that are activated by magnetic fields present 

early in heavy collisions, may be provided by the slight 

observed preference for like-sign particles to emerge 

in the same direction with respect to the magnetic field. 

Such an effect was predicted to arise in matter where 

chiral symmetry is restored. Understanding the origin 

of this effect, for example by confirming indications that 

it goes away at the lowest BES-I energies, requires the 

substantially increased statistics of BES-II.

NEW MICROSCOPES ON THE INNER 
WORKINGS OF QGP
To understand the workings of QGP, there is no 

substitute for microscopy. We know that if we had a 

sufficiently powerful microscope that could resolve the 

structure of QGP on length scales, say a thousand times 

smaller than the size of a proton, what we would see 

Figure 2.10: The top panel shows the increased statistics anticipated 
at BES-II; all three lower panels show the anticipated reduction in 
the uncertainty of key measurements. RHIC BES-I results indicate 
nonmonotonic behavior of a number of observables; two are shown in 
the middle panels. The second panel shows a directed flow observable that 
can encode information about a reduction in pressure, as occurs near a 
transition. The third panel shows the fluctuation observable understood 
to be the most sensitive among those measured to date to the fluctuations 
near a critical point. The fourth panel shows, as expected, the measured 
fluctuations growing in magnitude as more particles in each event are 
added into the analysis.

are quarks and gluons interacting only weakly with each 

other. The grand challenge for this field in the decade 

to come is to understand how these quarks and gluons 

conspire to form a nearly perfect liquid.

Microscopy requires suitable messengers that reveal 

what is happening deep within QGP, playing a role 

analogous to light in an ordinary microscope. The 
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Fixed	Target	Mode

Opportunities: FAIR PHYS 0 and CBM TOF
CBM	plans	to	embed	some	prototype	
subsystems	into	running	experiments
Ø STAR	eTOF is	part	of	FAIR	Phase	0

Proposal	by	STAR/CBM	Collaboration:
Ø extend	STAR’s	particle	ID	capabilities	
for	π,	K,	p
• complement	the	improved	reach	of	
the	iTPC to	η≈1.5

• if	no	eTOF:	η≈0.9
Ø essential	for	mid-rapidity	PID	in	Fixed-
Target	mode
• for	√sNN=	4.5	– 7.7	GeV	

overlapping strips

Strip 1 Strip 96PADI boards

TDC GET4 
boards

3 MRPCs
• 32 strips/MRPC with of pitch 1 cm
• 27 cm strip length
• active area about 92 cm x  27 cm
• 192 read-out channels

Physics Program for the STAR/CBM eTOF Upgrade

The STAR Collaboration
The CBM Collaboration eTOF Group

(Dated: September 19, 2016)
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Fixed	Target	Mode	(with	Ztarget at	2.1m)

BTOF + eTOF Acceptances
Collider	Mode

STAR eTOF “Wheel”

Integration	space	for
endcap	TOF	modules
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…	in	numbers:
Ø 36	modules		(	=	108	MRPCs)

CBM	TOF	involves	1,376	MRPCs
Ø 3	layers
Ø 6,912	channels

STAR	BTOF	has	23,040	channels
Total	depth	~36cm

References
ü Physics	Program	for	the	STAR/CBM	eTOF Upgrade	– arXiv:1609.05102v1

ü Studying	the	Phase	Diagram	of	QCD	Matter	at	RHIC	– STAR	Note	598
ü A	Proposal	for	STAR	Inner	TPC	Sector	Upgrade	– STAR	Note	619

Note:	There	is	an	acceptance	gap	
between	BTOF	and	eTOF

Collider	
Energy

Fixed-
Target	
Energy

Single-
beam
AGeV

Center-
of-Mass
Rapidity

μB
(MeV)

62.4 7.7 30.3 2.10 420

39 6.2 18.6 1.87 487

27 5.2 12.6 1.68 541

19.6 4.5 8.9 1.52 589

14.5 3.9 6.3 1.37 633

11.5 3.5 4.8 1.25 666

9.1 3.2 3.6 1.13 699

7.7 3.0 2.9 1.05 721

Expect	1-2	days	dedicated	
beam	time	per	energy
≈	50M	events/day


