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Outline

• A landmark study: Explore the phase 
diagram of strongly interacting matter

• RHIC capabilities for the study:

- Accelerator status

- Experimental status, planned upgrades

• What do we know? What to look for?
Physics observables in the energy scan
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the search. “It’s something that’s definitely going
to happen at some time,” says BNL’s Timothy
Hallman, spokesperson for STAR, one of three
ongoing particle-detector experiments at RHIC
(see photo, p. 190). William Zajc, a physicist at
Columbia University and spokesperson for a
second experiment, called PHENIX, says the
project would add a new dimension to research
at RHIC. “By going down in energy, not only do
you have the potential for discovery, you’re
going out in a whole new direction,” he says.

Glued together with gluons, quarks ordinarily
bind so tightly that they’re always found either in
groups of three—as in the protons and neutrons
in atomic nuclei—or in quark-antiquark pairs in
fleeting particles called mesons. To liberate
quarks, RHIC smashes gold nuclei with such
energy that they rip through each other and
leave behind a tiny volume of vacuum heated
to a million billion degrees. From the void,
unfettered gluons, quarks, and antiquarks
emerge like violets blooming in spring. In an
instant, the wispy plasma cools, and the quarks
and antiquarks bind into the
particles that spray into RHIC’s
particle-detector experiments.

As far as RHIC researchers
can tell, however, the transition
they’ve observed from ordinary
particles to plasma and back is
smooth. Conceptually, bound-
up nuclear matter and quark-
gluon plasma resemble water
and steam. Squeeze water to
218 times atmospheric pres-
sure, and the distinction
between liquid and vapor
blurs, so that it’s possible to go
smoothly from one state to the
other by raising the temperature
past 374°C. In the same way, at
low densities, the transition
from bound to unbound quarks
is seamless.

But that transition should be
more dramatic in higher-density
plasmas, theorists predict, just
as at lower pressures water boils
violently to become steam and
then condenses into distinct
droplets to return to the liquid state. If
researchers can increase the density of the
plasma, then nuclear matter should essentially
boil in the collisions and condense as the plasma
cools—a process known as a “first-order phase
transition.” The critical point is the density and
temperature at which those effects kick in,
Rajagopal says. “You want to go to the place
where you start seeing the formation of
droplets” in the cloud of plasma, he says.

To make a denser plasma, RHIC researchers
must collide nuclei at energies much lower than
normal. That would leave matter from the nuclei
lingering in the hot vacuum, driving up the den-

sity. RHIC’s two overlapping circular accelera-
tors speed ions in opposite directions and crash
them together inside the particle detectors
spaced around the ring. The accelerators typi-
cally boost gold nuclei to energies of 100 billion
electron volts (100 GeV) per nucleon—that is,
100 GeV for every proton and neutron in the
nucleus. To reach the densities hoped for, RHIC
would have to accelerate ions to just 2.5 GeV
per nucleon.

Turning the energy that low may push the
limits of the equipment, says BNL accelerator
physicist Todd Satogata. “It’s like doing the
limbo,” he says. “How much do your knees
hurt as you go lower and lower?” RHIC uses
magnets to focus and guide the beams, and
those magnets have never been tested at the
low fields needed to control such low-energy
beams, Satogata says.

Making the beams collide may also pose a
problem, says BNL accelerator physicist
Angelika Drees. Ordinarily, accelerator opera-
tors guide the beams into each other by sensing

neutrons from the collisions. But low-energy
neutrons won’t trigger the neutron detectors,
Drees says: “If we don’t have a signal to steer
with, you may not have collisions at all.”

Nevertheless, accelerator physicists see no
insurmountable hurdles to running RHIC at
very low energies. For example, Drees says,
RHIC’s particle detectors could be outfitted
with new monitors for steering. And Satogata
says accelerator physicists should be able to
tell what they’re up against after just a single
day of test runs.

Even if RHIC can deliver the collisions,
experimenters must be able to recognize the

critical point when they reach it. The signs of the
quark-gluon plasma itself are quite subtle. The
minuscule puff of plasma blinks out of existence
in less than a billionth of a billionth of a second,
leaving visible only the thousands of ordinary
particles gushing in all directions.

But in that torrent of particles, researchers
have found evidence of the plasma of unbound
quarks and gluons. For example, an elongated
puff rebounds so that it quickly becomes shorter
and fatter, like a squeezed water balloon return-
ing to its round shape. Such “hydrodynamic
flow” is a hallmark of the quark-gluon plasma.
Researchers have also shown that the tiny cloud
appears to drag on jets of highly energetic parti-
cles moving through it and snuff them out. That
“jet quenching” is another sign of the plasma.

The signs of the critical point would be sub-
tler still. For example, the flow should cease
when the transition from bound quarks to free
quarks becomes violent like boiling, says
Horst Stoecker, a theorist at Johann Wolfgang
Goethe University in Frankfurt am Main,

Germany. More generally, near
the critical point, conditions
within the superhot cloud of
nuclear matter should begin to
fluctuate wildly, leading to
event-to-event variations in the
number of particles such as
π mesons, K mesons, and pro-
tons and in other variables.

In fact, researchers working
on another experiment may have
already glimpsed signs of the
first-order transition. From 1996
to 2002, researchers at the Euro-
pean particle physics laboratory
CERN near Geneva, Switzerland,
slammed lead nuclei into a sta-
tionary lead target. At energies of
about 7 GeV per nucleon, the
ratio of K mesons to π mesons
peaked dramatically. That and
other signs suggest that the colli-
sions pushed around the east side
of the critical point, says Marek
Gazdzicki, an experimenter at the
University of Frankfurt and the
Swietokrzyska Academy in

Kielce, Poland. He has proposed taking more data
at CERN, although that won’t happen for at least
3 years, he says. Meanwhile, researchers at
Germany’s GSI laboratory in Darmstadt are
developing an accelerator that could also take up
the search in 2012.

Still, Gazdzicki and others agree that with its
wide energy range and two large particle detec-
tors, RHIC is ideally suited to hunt for the critical
point. The best opportunity should come after
researchers upgrade the STAR detector in 2009.
In the meantime, interest in the critical point is
building like pressure in a boiling tea kettle.

–ADRIAN CHO
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Landmark study. Physicists have seen a smooth transition from bound quarks to
quark-gluon plasma (dotted line). They now hope to find the point beyond which the
transition becomes violent (white line).
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Motivation

Explore the phase diagram of 
strongly interacting matter

• Theoretical constraints:

- T = 0 First order phase transition

- μB = 0, T = TC Crossover

- Critical Point at finite μB

• Experimental constraints

- Signatures for deconfinement at RHIC 
and top SPS

- Disappearance of these signatures at 
SPS energies?
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Introduction  RHIC @ BNL

• Has already explored an 
important part of the phase 
diagram:

- Signatures for deconfinement

- Studying properties of deconfined 
matter

• Energy/System size scan up 
to now

4

200 130 62.4 20
Au+Au ✓ ✓ ✓ ✓
Cu+Cu ✓ ✓ ✓

p+p ✓

N
u 

X
u

Critical point and 1st order phase 
transition line are the landmarks -
are they accessible at RHIC?
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Introduction  First Ideas for RHIC-Low Energy

5

• Fixed target RHIC program
10 < EBeam < 100 AGeV

• Cross-check the structures seen 
in hadron production excitation 
functions

• Use BRAHMS, NA49 detector?

Bergen Workshop 2005 7

RHIC Beam Regions
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Accelerator  Fixed Target vs Collider Mode

6

NA49 acceptance

Advantages of collider mode over fixed target:
• Acceptance stays constant with energy
• Spatial track density rises slower 

√sNN 6.27 GeV

√sNN 17.3 GeV

fixed target

collider
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Accelerator  Collider Mode

7

Potential collider mode drawbacks: 

Trigger
Zero Degree Calorimeters not usable at low energy
→ Beam Beam Counters receive sufficient hits to 

be used ✓

Rate
Injection energy from AGS: 9.8 GeV/u per beam 
(√sNN = 19.6 GeV)

γ2 scaling of luminosity at higher energies.

Scaling for energies below normal injection energy 
unknown
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Accelerator  Status

8

Jeff Landgraf, AGS-RHIC users meeting 2007               STAR preliminary

First test runs below standard injection energy:
• June 2006: √s = 22.5 GeV p+p
• July 2007: √sNN = 9.2 GeV Au+Au

Au+Au collisions @ √sNN = 9.2 GeV seen in the STAR detector on June 7, 2007:

Were successful - optimistic scaling for rates at low energies holds!
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Accelerator  Status

9

First test run below design injection energy exceeded 
optimistic estimate for low energy luminosity

• Test run at √sNN = 5 GeV (at the end of run VIII) will show the scaling for lower energies
• Electron cooling in AGS (RHIC) would increase luminosity by another factor of 10 (100)

√sNN ELab
BBC 

Coinc. Rate
Days / 

M Events
Desired 

Statistics
Beam Days

4.6 GeV 10 AGeV 3 Hz 9 5M 45

6.3 GeV 20 AGeV 7 Hz 4 5M 20

7.6 GeV 30 AGeV 13 Hz 2 5M 10

8.8 GeV 40 AGeV 20 Hz 1.5 5M 7.5

12 GeV 80 AGeV 54 Hz 0.5 5M 2.5

18 GeV 158 AGeV > 100 Hz 0.25 5M 1.5

28 GeV 410 AGeV > 100 Hz 0.25 5M 1.5

Planned energy scan: Au+Au at 7 energies (NA49 + 2)

= 3 months of run X
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Accelerator  Conclusion

• RHIC is capable to extend 
existing program into the low 
energy region in collider mode

• Theoretical predictions see 
critical point in energy range
5 < √sNN < 20 GeV

• RHIC gives access to the whole 
range with sufficient statistics

10
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Experiments  STAR and PHENIX

• Two commissioned, proven detectors: STAR and PHENIX
...with forming low energy working groups

• Large acceptance: 2π (STAR) and wide pT range for PID
11
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Physics    Observables

• Spectra and yields

• Fluctuations

- K/π

- <pT>

• Flow

- v2 scaling behavior

- Ω and φ v2

- Disappearance of proton v2 at 40 GeV?

• HBT

• Heavy flavor mesons, di-leptons

12
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Physics    Observables

• Spectra and yields

• Fluctuations

- K/π

- <pT>

• Flow

- v2 scaling behaviour

- Ω and φ v2

- Disappearance of proton v2 at 40 GeV?

• HBT

• Heavy Flavor Mesons, Di-Leptons
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Observables  Spectra and Yields
Non-monotonous structures in SPS energy 
region

Not only kaons, general strangeness feature:
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Interpretation under discussion - Systematic re-measurement of 
all strange hadrons for 5 < √sNN < 200 GeV will hopefully solve 
the issue

Current SPS data seen as “suggestive but inconclusive” (Paul 
Sorensen)

Hyperons at AGS energies: FAIR? NICA?
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Observables  K/π Fluctuations

• Positive dynamical fluctuations, rising fast towards low SPS energies

• Only excitation function of a fluctuation observable not being described 
by hadronic model
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Figure 5. Energy dependence of the event-by-event fluctuation signal of the [K+ + K−]/[π+ +
π−] ratio (left panel) and the [p + p̄]/[π+ + π−] ratio (right panel). The systematic errors of the
measurements are shown as gray bands.
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Figure 6. Preliminary data obtained by the STAR collaboration. Left panel: Distribution of
K/π ratio from data and mixed events for Au+Au at 200 GeV. Right panel: Energy dependence
of the event-by-event fluctuation signal of the [K+ + K−]/[π+ + π−] ratio.

ionization in the TPC, but in this case in the 1/β2 range of the Bethe Bloch curve allowing to
separate pions and kaons in a momentum range from 100 to 600 MeV/c.

The data in the RHIC energy range are within errors consistent with the two highest energy
points obtained at the SPS as shown in figure 6. The fluctuation signal in the data taken at 158
AGeV incident energy was found to be consistent with calculations performed assuming a grand
canonical ensemble without enforcing local conservation laws [17]. The fluctuation pattern is
thus consistent with every event being a random sample from the identical thermal ensemble.
The constant evolution towards higher beam energy indicates no significant deviation from this
behavior.

Towards lower beam energies a steep increase of the fluctuation signal is observed as shown in
the left panel of figure 5. This observation is consistent with many physics scenarios predicting

181
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Observables  K/π Separation: STAR TOF

Measurement is tricky at RHIC:

- Kaon efficiency in collider lower (due 
to decay, cτ = 3.7m)

- K/π separation by dE/dx in TPC 
ambiguous above p = 0.5 GeV/c

- Misidentification has large impact on 
flucuations

- STAR TOF will enhance 
unambiguous kaon sample - full 
barrel TOF completed in 2009

16
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Observables  K/π Separation: STAR TOF

17

C
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Simulations

(K++K-)/(π++π-)

STAR TOF will enhance unambiguously identified kaon sample - 
important for hadron ratio event by event analysis

√sNN < 8.8 GeV
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Observables  Flow

Probe the early stage of the collision:

Test for initial pressure and degrees of freedom

18
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Observables  Flow

• Large Ω and φ v2

• Quark number scaling

Do these signatures disappear at lower energies?

19

PRL 92 (2004) 052302; PRL 91 (2003) 182301 
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Observables  Flow

Proton v2 collapse as signal for deconfinement

- Difference between methods: Depends on v2 fluctuations and non-flow contributions

- Azimuthally symmetric detector STAR can measure event-by-event flow vector

- STAR event plane resolution makes measurement with smaller error possible

- Event plane detector as upgrade under discussion

20
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to centrality bin 2 (see Table I). Results are shown from the standard method, from cumulants for two-particle correlations
(v2{2}), and from cumulants for four-particle correlations (v2{4}). The smooth solid lines are from Blast Wave model fits.
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collisions, while we would have expected a significantly smaller value following the observations at 158A GeV.
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collisions, while we would have expected a significantly smaller value following the observations at 158A GeV.

NA49 PRC (nucl-ex/0303001)

√sNN = 8.75 GeV
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Conclusion  Comparison of Programs

Large worldwide efforts to scan the phase diagram:

• The RHIC energy scan will provide a systematic study over a wide energy 
range (total covered range: 5 < √sNN < 200 GeV) with large acceptance 
independent of energy

• CBM at FAIR will add the measurement of rare probes at lower energies

• The program at SPS adds the complementary system size scan and a larger 
rapidity coverage

21


