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EXPLORING THE QCD PHASE DIAGRAM

» main goals of beam energy scans (u. reersen, Qm20171
» what is the temperature and the density?
what are relevant degrees of freedom?

what type of phase transition and existence of critical point?

what are the transport properties?

Yy Y Y Y

chance to learn about QCD thermodynamics not (yet) accessible by
lattice techniques

» turn oft QGP signals

» chiral symmetry restoration
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WHY IS STRANGENESS SO IMPORTANT?

» in QGBP, strangeness can be easily produced as ss pairs in
gg or q(_] fUSiOIl [Rafelski, Miiller, PRL 48 1066 (1982)]

(a) g

® s ©
» min Q=200 MeV (while g s .
reaction n+n — n+A+K ::}VW\M<
needs at least 670 MeV) g : o
g S

» reactions fast enough to

produce enough strange I
quarks to produce (=Z, () ,MW\/\4<
T’ ;

through coalescence

S

S

[Blume, Markert: PPNP 66, 834 (2011)]

> nearly 20% of all energy content of QGP is transferred to
the production of strangeness when chemical equilibrium
is reached [Rafelski, APP B 43 829 (2012)]
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QCD PHASE DIAGRAM

|B. Miiller: BEST Col. Meeting 2016]
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> the region of intermediate baryon density covers the
largest up range including possible critical point
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SPS AND RHIC BEAM ENERGY SCANS - EXPLORE INTERMEDIATE ges
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[A. Aduszkiewicz, QM2017]

Star Note 598
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SPS AND RHIC BEAM ENERGY SCANS - EXPLORE INTERMEDIATE ges
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[A. Aduszkiewicz, QM2017]

Baryon Chemical Potential ug

Vsnn [GeV] 7.7 11.5 145 19.6 27.0 39.0

~up (central) [MeV] 420 315 260 205 155 115
Star Note 598
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NA61 AND STAR EXPERIMENTS
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SPS: NA61/SHINE

Beam

Target

Super-conduction \

Time Projection
Chambers —

Time of Flight

Projectile = Detectors
Spectator - o~
Detector

[M. Unger, EPJWC 52, 01009 (2013)]

fixed target

coverage of the full forward hemisphere
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NA61 AND STAR EXPERIMENTS
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SPS: NA61/SHINE

Beam

Target Time Projection
Super-conduction \
magnets Chamber

Time Projection
Chambers —

Barrel EIectroMag‘mtlc
Time of Flight Calorlmeter

Projectile = Detectors
Spectator - o~
Detector

[R. Ma, Mor1bond QCD 2017]
[M. Unger, EPJWC 52, 01009 (2013)]

collider experiment with

fixed target :
5 fixed target option

coverage of the full forward hemisphere full azimuthal coverage
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TEMPERATURE OF CHEMICAL FREEZE-OUT AND BARYON DENSITY
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TEMPERATURE OF CHEMICAL FREEZE-OUT AND BARYON DENSITY
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Phys. Rev. C 73,
— Cleymans et:al. 034905 2006)

[ ® 00-05%

: _ ® K p
130"~ O e IO [ S S — f) ..........
L A 6o-ggve  Andromoetal. R o 9% /50 100 150 200 250 300 350
190 : __G__r__an_d___Qano_n_l_qa_l___E_n_s_em_b__l.e...(.Y!e.ld..El.t.)....i ........... . (N
100 200 300 400 , .
u_ (MeV) particles used for the THERMUS fit
B

» particles included in the THERMUS model fit were i, K, p, p, A, and =

[Wheaton et al., CPC180, 84 (2009)]

» T4, appears to be lower when strange particles were excluded from the fit
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DO STRANGE QUARKS REALLY FREEZE-OUT AT HIGHER T?

» Lattice QCD calculation predicts T,,~160 MeV for strange quarks
and T4~145 MeV for llght quarks at yg = O [Bellwied et al., PRL 111 202302 (2013)]

—_

"1 .© u I s s
strange quark x4/ = = b Pb Pb ﬁ_z 76 TeV
25 I ight quark 74/Xo —+— 1= [ et e R B
HRG prediction for the strange quark - - - - |5 10" —é
for the light quarks | E D e .i ..... 5
1 8 - :
10° -
; —
10°% I Data ALICE 0- 20% (preilmlnary) * * A
E s . Model calc. with: pardmeters: | A N T B -
- . T=148 MeV; (= 1 MeV flxed) E
o [Bellwied et. al, PRL 111 202302 (2013)] [ TeleAMeViwstMey
| | | | | | a4l R Preghenella APP B43 555 (2012) @
130 140 150 160 170 180 19 10" - =

Ry ) + =/ —_ o+ E+ - T+ = -
T [MeV] K'/nt K/m p/n p/n =E/n =E/n Q/nt Q/n

» thermal model fits to particle ratios from ALICE show T, (s-quark)
= 164 MeV and Tch (U.,d - quar k) = 148 MeV [andronic et al, PLB673, 142 (2009) ]

» could we do the same Lattice QCD calculation at pg ~ 100 MeV?
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CUMULANT RATIOS OF NET-PROTON(KAON,CHARGE) MULTIPLICITY

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

STAR, PRC 94, 024901 (2016)
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. 2
» non-monotonic energy dependence of net-proton Ko~ and net-kaon So

» need more statistics

> no critical physics implemented in UrQMD

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
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STRANGENESS ENHANCEMENT MEASUREMENTS

o ( T A ‘yzc)) / (idmg; ’ L:o)
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STRANGENESS ENHANCEMENT MEASUREMENTS

N part> dy
w 3 Mesons i’ | Baryons
+ . NA49 \/%:17.3Ge
L O NAS57 m=17.3Ge +
2__ é + 20 Y STAR\[s =200 GeV )
X -
i 2
- ] *
" [Blume,Markert, PPNP 66, 834((2011)] 5 ®
0 co by b by ey | 0 |||||| Loy by by
0o 1 1 2 1 1 2 3
tn K K ¢ sl A A T Q sl

> hierarchy of enhancement with strangeness
» enhancement for baryons higher at SPS than at RHIC

> statistical models - strong reduction of the available phase
space for strange particle
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PARTICLE RATIOS AS A FUNCTION OF SYSTEM SIZE FROM STAR
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> expected
result
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K*/x* (y=0)

0.2

0.1

K+/mr+ FROM NA61 - p+p VS Be+Be
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p+p NAG61 (prelim.)
Be+Be NAG61 (prelim.)
p+p RHIC

p+p LHC

p+p world (4m)

Au+Au AGS

Au+Au STAR (prelim.)
Pb+Pb SPS

Pb+Pb LHC

> blue circles vs green diamonds - no enhancement

> is Be+Be too small (N, = 10) for QGP formation at SPS
energies?
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STRANGE BARYON/PION RATIOS IN ENERGY SCANS
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» Statistical Hadronization Models (SHM) successful in prediction

> maXimum net bal‘yon denSity Of GCEN 8 GeV [Randrup, Cleymans, PRC 74, 047901
(2006)]

» maximum in the production ratio is expected to shift toward higher energies
with increasing strangeness content of the baryon
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ANTI-BARYON TO BARYON RATIOS

» primordial density of hadron species i
[Cleymans et al., PRC 71 054901 (2005)]:

9i
ni =755 m; TKa(m;/T) exp(pi/T)

» which implies

n—K:eX Q/LB | 2,“5 N=+ — ox 2,LLB | 4#5
P | P T T

A T T N=—
» T - temperature N+ 2up  Ous
— exp |
no— T T

> Up, Us - baryon, strangeness
chemical potential

> ys - strangeness saturation factor (for not fully equilibrated
systems)
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ANTI-BARYON TO BARYON RATIOS
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ANTI-BARYON TO BARYON RATIOS
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ANTI-BARYON TO BARYON RATIOS
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LATTICE QCD PREDICTION FOR pug/25 RATIO
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» LQCD and Hadron Resonance Gas (HRG) model prediction for T at 17.3 GeV and 39
GeV

» PDG-HRG includes all known strange hadrons while QM-HRG includes, in addition,
predicted strange hadrons not yet observed

» baryons [Capstick, Isgur, PRD 34 2809 (1986)], mesons [Ebert, et al., PRD 79 114029 (2009)]
» QM-HRG freeze-out temperatures much closer to LQCD than those from PDG-HRG

» indication of more strange baryons at RHIC?
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> “step” reproduced by 3

TRANSVERSE MOMENTUM SPECTRA OF KAONS

1 Hydro model [Gazdzicki et al., BJP 34 322 (2003)]

» assumes 1st order phase transition (modification of EOS [van Hove, PLB 118 138 (1982)] )

> but also Wlth Ur QMD based [Petersen, et al., J. Phys. G 36 055104 (2009)]

T [MeV]

» either 1st order phase transition or EoS effectively softened due to non-
equilibrium effects in the hadronic transport calculation
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10? 10*
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p+p NA61 (prelim.)
Be+Be NA61 (prelim.)
p+p RHIC

p+p LHC

p+p world (4r)

Au+Au AGS

Au+Au STAR (prelim.)
Pb+Pb SPS

Pb+Pb LHC
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NUCLEAR MODIFICATION FACTOR

“a STAR Preliminary STAR Preliminar
\o ) | | | ] Y
S 19.6GeV D ieaey
o . 14.5GeV
1
o 3 - -
4 | -
3> 2+ v o ' ] é
m —
o | o"%e + _ o9
= @ = T AA
g AL A - EAelAAAA T L E
oc I
. | STAF{I Preliminarly §TARI PrelirlninarY
| | | |

" 11.5GeV

7.7GeV

[(dN/de)/Nbin]central
[(dN/de)/Nbin]peripheral

Rcp =

» how strong are cold
nuclear matter
effects?

» NAG61 preliminary
results in p+Pb
collisions could come
in about half a year

» d+Au energy scan
collected by STAR in
2016

- » similar pattern as for
light hadrons

[STAR: arXiv:1707.01988]
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NCQ SCALED qub RATIO
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o ( al)l T 00 Gev 0-5% % (b) b - '] Assume approximately
2 :;g gez’]g ig:’ﬁ* 19 equal momentum of
. € - 0 - i .
L $19.6 Gev 0-10% | 0al coalescing strange quarks
=S [J11.5 GeV 0-10%| = 0.3 o
J : 5‘5' N o 2 i . N(Q™ +Q pQ — 3ps
Y ol 2 O77 GeV 0-60% | = ks (p) = ( qz( L — r)
107 E _ 2N(¢)(p} = 2p%)
0.0l ," N 1 Parameter A from a
“l "‘9 ! Boltzmann distribution
. L : gSAmT —(mr—my)/T
-- Fit ‘ _ ---1-0 T(ms+ T)
. 0.1 STAR: Phys. Rev. C 93 021903 4 . :
10° L g I T S is proportional to s quark
0 0.002 0.004 0.006 0.008 . 71 .
rapidity densit
pS =P, /m, (GeV/c) A =< dN/dy of s quark pIcity y

» Str ange quar k coalescence test [Chen, et al., PRC78 034907 (2008)]

> strangeness density seems to start to drop ~ 11.5 GeV
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ELLIPTICAL FLOW OF IDENTIFIED HADRONS

0.1 7.7 GeV 19.6 GeV
| Au+Au, 0-80%

L n-sub EP

o o5 1 15 20 05 1 15 20 05 1 15 2
(m_-m)/n, (GeV/c®) STAR: Phys. Rev. C 93, 014907(2016)

» ¢ meson’s NCQ scaling seems to break down at 11.5 and 7.7 GeV
> ¢ meson has significantly lower collision cross section in hadron gas

» but the statistics is insufficient - need BES-II
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FUTURE PLANS

https://science.energy.gov/~/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf | » 2019-2020: BES P hase II at RHIC

BES- -
1 I L I I L
rLQQ 6'?/& oR Q:\ \9'6 \b(?‘) »\‘\?‘)
» detector upgrades with better

o I CMS resolution,wider rapidity range,and wider
rgy target BeSn Rapidity He [MeV] pr coverage at STAR
Energy AGeV

62 .4 7.7 30.3 210 420 > Fixed-target at STAR
39 6.2 18.6 1.87 487 > allows for QCD phase space diagram
27 5. 2 1 206 1.6 3 541 exploration extended to py = 721 MeV

19.6 4.5 8.9 1.52 589 > At SPS, NA61 will have 1 kHz readout

—
o
w

» improvement of statistical
uncertainties

—
o
N

Current Data Sets

» RHIC luminosity increase by a factor of
~25

Million Events

—
o

> improvement of systematic
uncertainties [STAR Internal Note SN-0598]

ot 1T Vs (GeV)

Collider

Ene

14.5 3.9 6.3 1.37 633 (2020)

11.5 3.5 4.8 1.25 666 > high statistics beam momentum scan with
0.1 3.2 3.6 1.13 699 Pb+Pb collisions for precise measurement
77 3.0 2.9 1.05 791 of multi-strange hyperon production
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QCD PHASE DIAGRAM AT INTERMEDIATE geg - CURRENT STATUS

» QGP signals appear to turn off at lower energies of beam
energy scans; more statistics necessary

» indications of a flavor hierarchy in chemical freeze-out

> no strangeness enhancement in SPS Be+Be collisions at
\/SNN = 8-17 GeV

> in searching for a critical point and the type of phase
transition, beam energy scan will provide further constraints

» at both SPS and RHIC, upgrades will be online soon
» RHIC BES-II 2019-2020

» SPS beam momentum scan 2021-2024
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