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Let’s Remind Ourselves of Where We Started
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CERN Courier, May 2000
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* The critical temperature was expected to be around 200 MeV
* The phase transition was expected to be “sharp” for all baryon chemical potential
* Data were sparse
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We Made Progress in both theory and Experiment

Early Universe The Phases of QCD

Future LHC Experimenis
*Estimates of the critical
temperature dropped and
came close to chemical
equilibrium model fits to data
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*The transition is understood
to be a crossover at pg =0

*Additional phases at high i,

expected Critical Point
il
Hadron Gas Color
*Energy scans proposed create Superconductor
systems with a range of initial P /
conditions to explore the e Maiter __ Neutron Stars

phase diagram 900 MeV
Baryon Chemical Potential
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Further Refinements
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*Good
agreement
better
experiment
and theory
at top RHIC
energy

*Still not
clear as to
the nature
of the phase
transition at
higher g

Temperature (MeV)

We Are We Today?
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=>» These still open questions are important, and have motivated BES-II
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What do Heavy lon Collisions Tell us about the Big Bang?

Hadronization Hadron | | Lepton | | Big Bang
Transition Nucleosynthesis

Inflation

form, sitrons 8 .
10¥5ec.  oonihilote,  50me hydrogen Ul
fuses into helium.

10 sec. , b e
10 min.
atoms form,
\ 10° yrs, Pro;o—goloxies form,
Heavy lon Collisions: T W
S Galaoxies and stars form.
* Temperature of the Phase Transition " 10" yrs.
. . . . Now

* Initial Hadron distributions
* Evolution of hot hadron gas
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What Could We Learn from details of the Hadron Epoch

*Cosmic microwave background only takes us
back 300,000 years, after the big bang.

*The hadonization transition took place rough
one microsecond after the big bang.
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*We now know the temperature of the el /%Jpemova burst 19874
hadronization transition B | ' | Reactorantiv
*We know the initial ratios of hadrons 1t Background from old supernovas
*We know the pathways by which 0T

. . o¢® Terrestrial anti-v
mesons decay into neutrinos, allows 10 .
higher precision estimate of the CvB 10 N
| virom
*Better initial particle ratios place !
tighter constraints on baryogenesis. 10} .
* The better initial conditions could L S N
. . 10 103 1 10° 10° 10° 10" 10" 10
influence estimates of BBN peV  meV eV  keV  MeV GeV TeV  PeV  EeV
Neutrino energy

Daniel Cebra RHIC/AGS Annual Users Meeting

10/June/2016 Brookhaven National Laboratory Slide 7 of 11



Can We Make Further Progress?

Studying the Phase
Diagram of QCD
Matter at RHIC

A STAR white paper summarizing
the current understanding and
describing future plans

01 June 2014
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Beam Energy Scan li
(2019-2020)

Select the most important energy range
=> 5to0 20 GeV

Improve significance
=>» Long runs, higher luminosity (eCooling)

Refine the signals
=>» Detector improvements

Extend Range
=>» Fixed Target Opportunity

Concurrent Theory Initiative

=»Beam Energy Scan Theory Collaboration
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Reduction in Errors with Improved Statistics

0- 80% Au+Au CD"ISIDHS at HHIC

R o (0-5%060-60% )

-

Vo

ITTT1ITITA FIT T FATH ITTRIETITETTTA FARTLITTR VAT

e

¥

—
—
|

wum Lol el oglioiabinsalopnloinloi

0.511.52253356445

0.3 1152252335445

P, fGew/d

P, (Gevc)

T
—=a 0061 (1) "'rSrum = ? T{Ge*u"} T (2} \-"SMM = 11 5|[GE.*".-’] m
O - A K 4 4
d O p B oA E E+ A
004 ® & 5 - + =
— ——'ﬂ Hoo ':lnl nqrf'
» 7.7 GeV y - o + T > 1
= 11.5 GeV S ol o # ' ‘ 4 Bt -
. 19,6 GeV =N £ g"'-?
. L O 4 % 1
' L o |
oFm Ll 1 |
.:f;- i | BESIL: g-maspn v, statistical errar 1 BESIL: ¢-mascn v, stafistical eror _
|
l 002 - e | 1 |
| STAR Preliminary A | | L A A A A A A A
IIIIII II[IIIIIIIIIIIIIIIIII I IIIIIIIIIIIIIIIIII D UE'E n-S n-?S I 125 u u-ﬁ 05 0?5 1 125
0.8 115228 3354 4.5 Transverse Momentum p./n, (GeVic)
P, (e

net proton
| Au + Au Collisions at RHIC 0.01 | T p— s28 076 808 712 NGy,
Jf"E’-F'“':“'r- : i — e BES-Il extrapolafion
1o S * ..... + ......................... - - \ - = . v el expectation at BES)
wﬁ (" [ D Ti—i L] ;L | P = as5f H‘xx s data
R ' . \ & 3
_,5 o T T STAR net-proton E-— oF -~ l'., {',cfi_ -%i 25 “""-,_%
2] o & 0-5= O TO-EDW % ' z "\,
ol T T IYFOB: O 0BGV l S 1 ] !
E il BEE|iermor & wm 15
=z SR t mEsiqnamecennaig | & | |
o4l _ mm-m 1 -0.01 § BESH {10-15% canrality) E s b ﬁé@gﬁﬂg”ﬁéfﬁﬁﬁw
' ' T B BESU{10-&%cantralty] | = - | | BE5 STAX Preduinary
5 10 20 ) 00 200 . . e 0 20 20 eo i
Colliding Energy s, ,, (GeV Vapgy (GEV)
NN
Daniel Cebra RHIC/AGS Annual Users Meeting lid f
10/June/2016 Brookhaven National Laboratory Slide 9 of 11



Top 5% Au+Au Collisions at RHIC
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Conclusions

* There has been much progress in our understanding of
the phase diagram of QCD matter.

e Data and Theory have both advanced and resolved
some questions (T at pg = 0)

* Open Questions: Is there a 15t order phase transition
and a critical point?

e BES-Il and the BES-T Collaboration will complete a
detailed and focused study
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Quark-Gluon
HENIE!

Temperature

Baryon Chemical Potential i,
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Disappearance of QGP Signhatures - R,

* R for hadrons and
for identified particles
can provide a measure
of partonic energy loss
in the medium.

* Not sufficient reach
to search for evidence
of high p; suppression
below 19.6 GeV

* Stopped Baryons
complicate inclusive R
measurements

* pQCD calculations
show high p;
suppression

* Hybrid calculations
describe the low p;
behavior
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Chiral Phase Transition

R. Rapp, private communication,
R. Rapp Adv. Nucl. Phys. 25,1 (2000)

Low Mass Region:

Black lines are the Cocktail
(excluding the p meson)

Grey lines are in medium

calculations from R. Rapp which

include both HG and QGP

components (including medium

Low Mass Region:
Emission depends on T,
total baryon density,

broadened p meson). Model is and lifetime
able to match the data
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Search for 15 Order Phase Transition — v,
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* First order phase transition is characterized by -0.04
unstable coexistence region. This spinodal region
will have the softest Equation of State
* v, is a manifestation of early pressure in the 1
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Search for the Critical Point — kc?

A scenario: STAR results show a fall and rise of the
: ' o fluctuation variable
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BES Phase | — What have We Learned

* The BES at RHIC spans a range of u; that could contain features of the QCD
phase diagram.

* Signatures consistent with a parton dominated regime either disappear, lose
significance, or lose sufficient reach at the low energy region of the scan.

* Dilepton mass spectra show a broadening consistent with models including
hadron gas and quark-gluon plasma components

*There are indicators pointing towards a softening of the equation of state which
can be interpreted as evidence for a first order phase transition.

* The higher moment fluctuation is sensitive to critical phenomena, but these
analyses place stringent demands on the statistics.
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BES Phase Il Proposal

BES Phase Il is planned for two 24 cryo-week runs in 2019 and 2020

Lg (MeV) 370 315 250

BES | (MEvts) 43 - 117 24 36
Rate(MEvts/day) 0.25 1.7 2.4 45
BES | £ (1x10%/cm2sec) 0.13 1.5 2.1 4.0
BES Il (MEvts) 100 160 230 300 400

eCooling (Factor) 4 4 4 3 3 Revi
evised
Beam Time (weeks) 12 9.5 50 55 4.5 estimates
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Creating Little Bangs in the Laboratory

Nonequilibrium Relativistic
initial state > S >Hadron Transport
dynamics — 1~ Hydrodynamics

4 * Rapid thermalization during compression
3‘5 e Local equilibrium in Quark-Gluon Plasma
= 25 R * Cooling during Hubble-type expansion
= Q . . -
< 2 |¥ * Hadronization at phase transition
=5 . . . .
1'5  Continued cooling through elastic scattering
05 * Kinetic freeze-out
0

-0 -5 0 5 10 e
x (fm) \GS Annual Users Meeting Slide 20 of 11
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200 GeV Au+Au, <N _ >=1322 il
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