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3. BIG BANG INTHE LAB
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4., TIMELINE OF A HEAVY ION COLLISION

MIT Heavy lon Event Display: Au+Au 200 GeV

* Pre-thermalization stage:

~| fm/c

* Quark-hadron transition:
~7-10 fm/c

* Chemical + kinetic freeze-out

Heavy lon Group @ MIT
Yen-Jie Lee,Andre S. Yoon and Wit Busza
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Time = -10.0 fm/c
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5., TIME EVOLUTION OF A HEAVY ION COLLISION
'Ygeioy’i

n N

Initial stage:

* Hard scattering

* Jet formation

Leptons, photons:

* ”shine through”

Hadrons:
* Dissociation and coalescence

* ”"Final” hadrons created at freeze-out

How do we know if sQGP

was there or not!

W T
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EXPERIMENTAL CONTROL PARAMETERS

] Future LHC Experiments

lEa"" Lnerse The Phases of QCD

* Collision energy: controls initial temperature, initial g

Current RHIC Exp ents

* Collision system & centrality: controls available volume
* Event geometry: reaction plane, event plane, fluctuations
* Important parameters: N, . (system size), N, (x-sect)

N
3
Nuclear /
‘ Matter Neutron Stars

Central Au+Au Peripheral Au+Au
N_,..~300

part
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7.. FACILITIES: LARGE HADRON COLLIDER (+SPS)

* LHC collisions: p+p, p+Pb and Pb+Pb

* Energies:from 2.76 TeV/nucleon to 13 TeV (p+p only)
* Experiments: ALICE,ATLAS, CMS, LHCb, LHCf, MoEDAL, TOTEM
* Phase diagram related studies: SPS (NA6 | /[SHINE, previously NA49)
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8., THE RELATIVISTIC HEAVY ION COLLIDER

At the Brookhaven National Laboratory, Long Island, New York, USA

Collisions of: p, d, 3*He, Al, Cu,Au, U

Accelerator energies: 7.7-200 GeV/nucleon, even 0.51 TeV for p

Experiments: STAR; future: sSPHENIX; past: BRAHMS & PHOBOS & PHENIX

AT, BT TR
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5. PHENIXAND sPHENIX

PHENIX: versatile detector identifying many different particles, recording
large amount of collisions. Dismantled in 2016, to give way to sSPHENIX

 sPHENIX: to take data in ~2023

* Jets, jet correlations, Upsilon states

* EM+Hadronic calorimetry, high resolution tracking, fast (~100 kHz) data aquisition

&) ~PENX ol 2012 T
/ PbSc/ 2 Magnet . \
4

¥ 9¢ =weol

.,.", ‘,f," / f

[ Pos/fy /

- /i ¥

TOF-wisey  f BBC
I b
an /‘ ?

\ R\ % MPC (F)er
\l"‘ \I-'I..' \ '//.

X A%\ % 5

5 A 2
\ \
\.& " Acrogel

West Beam View East

WY, BT OPOBEITAN RLSRRA




10., THE RHIC BEAM ENERGY/SPECIES SCAN

¢ Collision experiments: acceptance independent of energy

* 4BES-I|

Small system scan:

* STAR fixed target

7.7-200 GeV; BES-II: 7.7-19.9 GeV, increased luminosity

u, 19.6-200 GeV
mode: down \'

VSvn | STAR AutAu [PHENIX Aut+Au Year NG PHENIX oo
[GeV] | events [10°] | events [10°] [GeV] events [10°]

200.0 2000 7000 2010 200.0 2.2 ptAu
62.4 67 830| 2010 200.0 1600 | 3He+Au
54.4 1300 -1 2017 200.0 2057 d+Au
39.0 130 385| 2010 62.4 | 655 d+Au
27.0 70 220| 2011 39.0 2000 d+Au
19.6 36 88| 2011 19.6 1040 d+Au
14.5 20 247 | 2014
1.5 12 -1 2010
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| 1., QGP SIGNATURES EXPECTATIONS, 1996

« Critical energy density: €, =~ 1 GeV/fm3, temperature T, ~ 170 MeV

* Some observed, some not...
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J. Harris & B. Mueller, ,,The Search for the QGP”,Ann.Rev.Nucl.Part.Sci. 46 (1996) 71 [hep-ph/9602235]
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2., NUCLEAR MODIFICATION: TOMOGRAPHY!
nucleus+nucleus
proton+proton .\

Simply just more!
A+A = many p+p!

4
S
is
K,
u

RaA

PG IS QGPORSERVITIONY  BITMSER
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I‘;zg SUPPRESSION AS A FUNCTION OF CENTRALITY

* No suppression in d+Au or peripheral Aut+Au; strong suppression in central!

51.6

o 4_1 °0-5% Ce ¢ d+Au | Phys.Rev.C76:034904,2007
""E PHENIX o 1
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;29 SUPPRESSION OF THE AWAY SIDE JET

* Angular correlation of high energy hadrons

* Outgoing jet: similar in p+p, d+Au,Au+Au

* Inward going (away side) jet: missing in central Au+Au
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HOW DO OTHER PARTICLES BEHAVE!?

* All hadrons suppressed, direct photons ,,shine through”

* Suppression dependent of system size (controlled by centrality or N_,.)

# o (PRC83, 024904) 1K' (PRC83, 064903)
§ p (PRC83, 064903)

PHENIX Au+Au /Syn=200 GeV
Phys.Rev.Lett. 94 (2005) 232301

52-4 L PHENIX Au+Au, ys,, =200 GeV, 0-10% most central
Y 2.2 & direct v (PRL109, 152302) § J/y 0-20% cent. (PRL98, 232301) 2 @ photons
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I6,29 OBSERVATION OF THE ELLIPTIC FLOW

* Spatial anisotropy creates

momentum-space anisotropy!

* Quantified via
anisotropy

parameters

ELLIPTICFLOW
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The pressure
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ELLIPTIC FLOW SCALING

* Hydro predicts scaling (v, versus w~Ey /Tesf)

* Coalescence predicts quark number scaling

Egadron

vrklladron (Ellgadron) ~

quark
ngEy

quark quark
ng v, (E % )

Flow develops in pre-hadronic stage!
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'a.. THERMAL PHOTONS

Soft component in direct photon spectrum

compared to p+p extrapolation
* These are thermal photons!

Large initial temperature, 3-600 MeV!

44.2°C

19.8°C

10!

10°f

pp data
o PRL 104, 132301
o PRL 98, 012002
v PRD 86, 072008

_ t — pp fit —

Au+Au data —
a PRL 104, 132301 1
= PRL 109, 152302

® Present data
—Ncon-scaled pp fit

VISNN = 200GeV

hﬁ

F Low momentum i}
| direct photon N
L enhancement

[ PRC 91,064904 ™ L
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pr |GeV /c|
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ELLIPTIC FLOW IN D+AU AT RHIC

Underpredicts data at 19.6 GeV and 39 GeV

superSONIC in good agreement at 62.4 GeV and 200 GeV

Data still contains nonflow effects: AMPT(EventPlane) w/ nonflow matches

Deuteron-gold energy scan (19.6-200 GeV), PHENIX, PRC96, 064905 (2017)
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NI, i/li/C 00F.0B

20,29 ELLIPTIC FLOW IN P+PB AT THE LHC

* ldentified particle elliptic flow, ALICE pPb @ 5.02 TeV, from pions to A’s

* Quark number scaling works well; LHC pPb not so small system though..
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51. ELOW IN I3 TEV P+P AT CMS

* No mass ordering in low multiplicity p+p (v, due to jets)

* Mass ordering, quark number scaling in high multiplicity pp

CMS, Phys. Lett. B 765 (2017) 193

CMS pp vs = 13 TeV CMS pp Vs = 13 TeV —————T———————
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22, ORIGIN OF FINAL STATE COLLECTIVITY?

* Is it due to the appearance of the sQGP (i.e. a strongly coupled fluid)?

* If yes, how much time is needed to spend in QGP phase?

* Test: d+Au collisions from 20 to 200 GeV panags

\ o= PHENIX
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* |s it due to initial geometry and hydro!?
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-
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* Hydrodynamics: initial spatial correlations

V2
020

Alternative: initial momentum correlations

Test: p+Au, d+Au, 3He+Au
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How do v, and v; evolve with initial state geom.?

d+Au Beam Energy Scan
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23,29 INITIAL STATE AND HYDRO EVOLUTION

e Evolution from SONIC

t=10tm/c L.7im/c 3.24im/c 4.54m/c_ =
* Initial stage: ] PrAu 0_308
3 " o A
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24,9 FLOW IN SMALL SYSTEMS: GEOMETRIC ORDERING

* Flow ordered similarly as initial state:

—| T T T T | T T T T | T T T T | T T T T | T T T T T T T T | T T T | T T T T | | T T T I:
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0.161 -
-+ “He+Au 1 " :—+ *He+Au 3
014 & d+Au . | ? = d+AU + E
0.12ep+Au . - e p+AU * E
0.1 8 . = 3 } + } :
ocsr W §F g : 1 ! :
wo " | : . E
0.047" 5 =B A I .
- _ = i E
0.02F J E | é .
i I T T T T T T T [ NI NI A A A .0C S ¢ S P @ - O_‘I 1 L I I R I R R
05 1 15 2 25 3 J&5F &5 05 1 15 2 25 3
pr (GeV/c)  amxiv1805.02973 pr (GeV/e)

§9+Au < UEHAu ~ v3He+Au p+Au d+Au < U3He+Au
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25,29 COMPARISON TO HYDRO CALCULATIONS

02 pipspinipiniptnipipigiotisiap v b TPy v eriirridg IllllllllllllllllllllllIII::IllllllllllllllllllIIIIIIIIIll:
VS, = 200 GeV 0-5% b F VS =200 GeV 0-5% ¢ 3

V. 0.8
)16

0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

* Hydro calculations

—-@- v, Data
—4— v, Data

* Both 2+1D,n/s = 0.08, MCGlauber initial cond. | SONIC cuphus 075 150015

='= v, IEBE-VISHNU PRC 95, 014906 (2017)

* Different hadronic rescattering

\'Syy = 200 GeV 0-5% a

arXiv:1805.029/3

05 1 15 2 25

pr (GeV/c)

“pr(GeVie)  pr(GeV/c)
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6,29 IS THERE AN ALTERNATIVE EXPLANATION?

* Hydro: initial state spatial correlations a.k.a. geometry

Final state momentum
correlations
£ .

* Alternative: initial state momentum correlations
Mace et al. Phys. Rev. Lett. 121,052301 (2018)
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27.. ALTERNATIVE MODEL VS DATA

* MVST postdiction (Mace, Skokov, Tribedy, Venugopalan, PRL121,052301)
 Official PRL Erratum: Phys. Rev. Lett. 123,039901 (E) (2019)

* Before erratum: reasonable v, description, misses v; ordering
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»3. ALL MODELSVS DATA

—-@- V, Data
* Hydro description much better already ,,by eye” —4— Vv Data
— Vv, SONIC
* Tools for discrmination: confidence level = =V, iEBE-VISHNU
[ A ceen Vo, MSTV
¢ MVST: multiplicity dependence; test v, at same dN/dn _vj MSTV

v 0.18F \Syy = 200 GeV 0-5% ‘_ \'Syy = 200 GeV 0-5% {5 = 200 GeV 0-5%
0.16F  arxiv:1805.02973 - PHENIX

,,,,,,,
..........
'''''

O 02 .. F_T:__xn @‘ﬂi\'\, ,\ C

T Y o 21 |=' il g _f=-'!ﬂ_$;_ (:_
05 1 15 2 3 05
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5. SUMMARY

Clear consensus on a list of QGP signs found in nucleus-nucleus collisions

* Suppression, flow, thermal photons

Strong evidence for QGP droplets in small systems
* Quark number scaling works in p+Pb, mass ordering already in pp

* Hydro works well in p/d/*He+Au

LN LN LN LN BLELELELE BLELELE IIIIIIIIIIIIIIIIIIIIIIIIIIIIII::IIIIIIIIIIIIII'IIIIIIIIIIIIIIl: V2Data
v 0.18 Sy = 200 GeV 0-5% a \Su = 200 GeV 0-5% b \S\=200GeV0-5% ¢ 4 _g v Data

arxiv:1805.02973 ¥ A& — v. SONIC
1 - 1 == v, iEBE-VISHNU

| T LN K
15 2 25 3 i 15 2 25 3

pr (GeV/c) pT (GeV/c)  py (GeV/c)
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0.14f
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0.08f
0.06f
0.04f
0.02f

15 2 3 056 1 45 2 55

pr(Gevie) — pp(GeVic)
30 THANKYOU FORYOURATTENTION

If you are interested in these subjects, come to our
Zimanyi School 2019
December 2-6., Budapest, Hungary

ZIMANYI SCHOOL'19

19. ZIMANYI SCHOOL

i WINTER WORKSHOP ON
i HEAVY ION PHYSICS

Dec. 2. - Dec. 6.,
Budapest, Hungary

Janos Kass: Cantata Profana Jozsef Z1many1 (1931 - 2006)

http://zimanyischool.kfki.hu/19
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32, HOW TO INVESTIGATE THESE LITTLE BANGS!?




COLLISIONS OF DIFFERENT CENTRALITY

Peripheral Central




& M. Csanad (Eétvés U) @ ICNFP 2019

4,9 FACILITIES: LARGE HADRON COLLIDER (+SPS)

LHC collisions: p+p, p+Pb and Pb+Pb

Energies: from 2.76 TeV/nucleon to 13 TeV (p+p only)

Experiments: ALICE,ATLAS, CMS, LHCb, LHCf, MoEDAL, TOTEM

Phase diagram related studies: SPS (NA6 | /SHINE, previously NA49)
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EXPLORING THE PHASE MAP OF QCD

Phase map: temperature versus

matter excess (baryochem. pot. L)

Control parameters:

* Collision energy, system

* Collision geometry

Crossover at low pg and T=170 MeV

Probably It order quark-hadron p.t.
at high ug (NJL, bag model, etc)

Critical End Point (CEP) in between?

A RHIC-
i Beam Energy Scan
S
m STAR fxt
X | +]-PARC HI
FAIR-CBM o
| Quark-gluon

o\ pI asma
5
# -
g Q% .zz® -=zz==:
g- Hadronic,maiey " Color super-
o ke conductor
= nuckear ey rases

Baryochemical potential

High pg: nuclear matter, neutron stars, color superconductors...

Phase transition importance: even in core-collapse supernovae!
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ELLIPTIC FLOW IN THE BEAM ENERGY SCAN

: of 27 GeV 0%-10% = 11.5GeV 10%-40% K
e Wlth B|aSt-Wave ﬁtS 008:— Antiparticles F  Particles 3
TRA Foom ]
. 0.06f
* Predictions for not fitted _t
particles agree well 0o
of
* Flow in all systems! 0.12 F 07 Gev 10%a0% A

0.1

STAR Collaboration, e
PRC93,014907 (2016)

04F

o

0.02F

0.16
0.14F
0.12F
0.1
0.0sF
0.06F
0.04F
0.02;

1L L 1L L L MEETE A AT A A BT B A PEE IR b
0204 06 08 1 1272 02 04 06 08 1 72712
P; (GeV/c)
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SUPPRESSION IN THE BEAM ENERGY SCAN

° |de

ntified partic

Rcp analyzed here instead of R,,, transition to above one with coll. energy
Hadron enhancement: Cronin-effect, radial flow, coalescence domination

Competing effects, HIJING reproduces enhancement w/o jet quenching

les: less suppression for kaons, enhancement for protons

10

Rep [(0-5%)/(60-80%)]

AutAu’
IS = 7.7 GeV
11.5 GeV

14.5 GeV

19.6 GeV

* 27 GeV

39 GeV

e 62.4GeV

Rep ( 0-5% ) / ( 60-80% )

...............

1+ 624GeV w390GeV|

T 270GeV v 196GeV |
o] 4 145GV m 11.5GeV |-
E : : e 7.7 GeV
' e i I rowws ST W FW W R
5 3 4 5 1 3 4 5
P [GeVie] P, [GeVic] P, (GeVic]




33.. SEARCH FOR THE CRITICAL POINT POSSIBLE?

120

. T[MeV] |

00

90

* Effects of the CEP in a broad region (via an effective potential ~

» Y.Hatta and T. Ikeda, PRD67,014028(2003) [hep-ph/0210284]

* Hydro evolution attracted to the critical point
* M.Asakawa et al., PRL101,122302(2008) [arXiv:0803.2449]

qu'ark nt

[ Tricrit.Point

(chiral limit)
N

umber susceptibility

~N

- h

300

Xq/xqfree

O=aaN
oo, oO

220

200 |

N=2 QCD)

Chemical
Freezeout

| === s/ng=29.4 (QCP) - Ceritical Point
— 5/ng=25.6 (CO) - Cross-Over
s/ng=22.2 (FO) - First Order

200 400 600

/8 (MeV)

800 1000
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e

39,29 STAR: UPGRADES AND FIXED TARGET PROGRAM

* Large acceptance, great PID capabilities: great for identified hadrons

* Upgrades for BES-I

* innerTPC:better dE/dx (PID) and
momentum resolution, by 2019

Endcap TOF

* Event Plane Detector: replace BBC,
better triggering & EP resolution, by 2018

* Endcap TOF: extended fwd PID, by 2019

* At the lowest energies: out to ug > 700 MeV
T . 210ecm<V,<212cm |

4
E o - o
& 3 P ~ ,
> / » &
> E g >
/ K "% \

1=

0 10°

’
|
\ i

\
£ \ 1
£ s
1F \ ., ]
E A e
2l
E 10
3}
af
gy e |

aaad sl ol ol
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4\0‘, FIXED TARGET BARYOCHEMICAL POTENTIALS

* Reach down to 3 GeV in center of mass energy!

Collider | FixedTarget| Single Beam
Coll. Ener oy | C.M.Energy Rapidity Hg(MeV)

m 30.3 2.10 420
- 39.0 18.6 .87 487

27.0 5 2 12.6 .68 541
O 19.6 4.5 8.9 .52 589
145 3.9 6.3 1.37 633
15 3.5 4.8 1.25 666
90 3.2 3.6 .13 699
3.0 2.9 .05 721

;

Energies unreachable in collider mode

WY /A45/G08EAVATIONS S SRECENTARRRNEN RN
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FUTURE FACILITIES: NICA, FAIR, J]-PARC HI

New facilities planned/built
NICA: 2020, MPD&BM@N
FAIR: 2022, CBM

* J-PARC HI: 2025, JHITS

proton (existing)

b6+ 386+
U3s* 61.8 AMeV -"PARC HI __ HI (under planning)
20 AMeV stripping Figures: Not to scale

Pt
o8

HI LINAC

Strippinginjection

qiﬂﬂ{w“

U35+ )66+ ‘?f A
{4 res o
AUET

20 > 67 AMeV
‘%’0.4 >3 Gevf stripping

s+ Y92+ f,
0.727 AGeV 4

X
\\

H~ %’L’MHM"“
U86+

61.8 > 735.4 AMeV

H™ Linac: 0.4 GeV

0.727 > 11.15AGeV =

FAIR phase 1

FALR PDlNasSe V.

== | -
> I

W BM@N (Detector)
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J  -:3 \(
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42,9 (FUTURE) FACILITIES COMPARISON

Many future facilities and experiments, 0
™~ 106 22022—20255: 5|s-1otj FAIR
SPS and RHIC already running = -
L 0oL CABNM@N. Il
E ? O | R
. i i < 3 HapES N :i'lPﬁ P
RHIC, NICA: Collider and fixed target s 10 hapes NS
5 1035 E sIARFr/‘ STAR BES Il
' & - My ARaE *
SPS, FAIR, J-PARC: fixed target 8 100 48 ranTeesy
c E 7 T
. e A
Energy ranges from 2 to 20 GeV in /syy A R
1 10
Compilation from Daniel Cebra and Olga Evkidomiv: Collision energy \S_ [GeV]
RHIC BES-II &
Fixed Target m NIEA m FRAREH
Experiment STAR NAG6 | MPD & BM@N JHITS
Start 2019 2009 2020-23 2025 2025
Energy (vSyy, GeV)  2.9-19.6 GeV 49-17.3 2.0-11 2.7-82 2.0-6.2
Rate 100-1000 Hz 100 Hz 10 kHz 10 MHz 10-100 MHz
Physi Critical Point Critical Point Onset of Deconfinement Onset of Deconfinement Onset of Deconfinement
/e Onset of Deconf. Onset of Deconf. = Compr. Hadronic Matter Compr. Hadronic Matter Compr. Hadronic Matter

WY /A45/G08EAVATIONS S SRECENTARRRNEN RN
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43,, HEAVY FLAVOR SUPPRESSION & REGENERATION

Timeline: quarkonium (qq) formation —» QGP evolution — qq decay

Quarkonia experience the whole QGP evolution, competing processes

Suppresswn due to coIor—screemng temperature and S|ze/mass dependence

T/Te 1/{r) [fm1]
-

temperature T B Xb(lp)

J/p(15) Y'(29)

%o (2P) Y'(3S)
x.(1P)  w'(25)
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44,, CONTROL EXPERIMENT: D+AU COLLISIONS

Suppression in Aut+Au collisions: |5t milestone

Lack of suppression in d+Au: 2"¢ milestone

) ’ Jetof particles
Two PRL covers ORI .
In a collision of protons, hard
Au +Au scattering of two quarks produces L
back-to-backjets of particles. e

+0, 0+
|
* Proton
»

Inthe dense quark- o

gluon medium, the jets . - ....:‘..

are quenched, like . San ... » .Q
bulletsfiredintowater, o LT T e m ¥ & ®

and on averageonly sants #=——DQuark-gluon
singlejetsemerge. » medium
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5,9 RHIC RECORDED RUNS AND LUMINOSITY

RHIC energies, species combinations and luminosities (Run-1 to 17)

2z B 0 12 15 20 23 27 39 54 56 62 130193 200410500 510

Center-of-mass energy \fs_\-,h- [GeV] (scale not linear)

WY, JA051G08seRrATIONS  SRECEVTAFTRRLER RN
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6,9 FREEZE-OUT FROM PARTICLE YIELDS

* Chemical and kinetic freeze-out parameters via THERMUS and BlastVVave

* Thermal multiplicity assumption valid
* Systematics investigated (parameter constraints, included species)
* Separation of T, and T, around /syy = 4- 5 GeVTch flattens at ~IO GeV

80200 62439 27 196 115 TTGe\/ 200F —
| L | T | i i
Au+Au CoII|S|ons | B prnrdenranenne]
i ] ; B = '.‘. A A__

N GE L i
| . i
i %ﬂ m ;; o i
B 1- 1 1 1 11 ; n
& * L ]
L 1 L
- 1 Ten Tiin

il

A Y World data
® B STAR BES

-- T, Andronic et al.
-- Tch Cleymans et aI
1 I L L

00" ""500 500 400 10 100 1000
1, (MeV) \ sy (GeV)
STAR Collaboration, Phys. Rev. C 96,044904 (2017) [arXiv:1701.07065]

. @ 00- 05 % C!eymans et! aI :
1 30 --30- 40% T

: A 60- 80"/ Andronlc et aI . 0

Grand Canonlcal Ensemble (Yleld Flt)

—

W/ asgoaseimony R RN R
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EVEN HEAVY FLAVOR FLOWS!

* Electrons from heavy flavor

measured

* Even heavy flavor is

suppressed
* Even heavy flavor flows

* Strong coupling of
charm&bottom to the

medium

* Small charm&bottom
relaxation time in medium

and small viscosity

<
<
oc
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1.4

1.2

1

0.8
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0.2

0.2

0.15

0.1
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L L B L B L LA LN ILNLEL AL LN B AL BN
; (a)  0-10% central = == Armesto et al. (I) —E
f_ [ ] vanHeesetal.(ll) —f
- S _{ 3/(2xT) Moore & -
— ¥ ol 000 e 12/(27T -
- _ (2nT) Teaney (lll) .
- N =
:_ .I.l.l.r:.l-g. 5 _’i
- AucAu@\5,, =200 GeV R g . ]
EAE e ] | e | —
s (b) . + ] 7°Rans P, > 4 GeVie| -
[ minimum bias s 710V, P, > 2GeVic | 4
- + ® 'R, e VF i
- N |
— w Al ]
: = PH--ENIX -
- L L1 |.l‘..|l...‘|...‘|‘...|‘...|..‘7
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48. VISCOSITY

Viscosity/entropy density: proportional to mean free path

200

== Helium 0.1 MPa
=== Nitrogen 10 MPa
= Water 100 MPa

Strong coupling: small 7/s

-

<

(=
I

h
41T

AdSp,./CFTp, lower bound: >

* Malcadena et al.:Adv.Theor.Math.Phys.2:231-252
* Kovtun et al.: Phys.Rev.Lett. 94 (2005) 111601 ;

100~

VISCOSITY/ENTROPY DENSITY
@
S
1

1 ] 1
1 10 100 1000
TEMPERATURE (K)

* Measurement and calculation results: . yer——
R hydro caledations
* R Lacey et al., Phys.Rev.Lett.98:092301,2007 . PRL 38:02301,2007
* H.-). Drescher et al., Phys.Rev.C76:024905,2007 —— arhi0704 3350
¢ S. Gavin, M.Abdel-Aziz, Phys.Rev.Lett.97(2006) 1 62302 ! O e
* A.Adare et al. (PHENIX), PRL98:172301,2007 —.— Admetils | acer
o 1 2 3 4 5 &6

4n n/s

WV /451G OBSFRVATIONS RECETRFATNEN RN
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49., |/%¥ IN THE BEAM ENERGY SCAN

* Regeneration from cc and feed-down from y. and ¥’, increases with /Syy

* Screening and
cold nucl. matt.:
less primordial

charmonium with
increasing \/Syn

* Two effects seem

to compensate for
\VSNN < 200 GeV

2
o

1.2

1

0.8

0.6

0.4

0.2

— Total

Theoretical curve N, uncertainty

----Primordial .62.4 GeV p + p uncertainty
....... Regeneration B39 GeV p + p uncertainty

Centrality: 0 - 20%

-----
.
- -
-
-~
-

.200 GeV p + p uncertainty

-

ot
et
et
_____

2 3 _
10 10 I'syy (GeV)

STAR Collaboration, Phys.Lett. B771 (2017) 13-20
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0,9 J/IPSI IN THE BEAM ENERGY SCAN

* STAR Collaboration, Phys.Lett. B771 (2017) 13-20

< T ————r T r——— T e A0 e S L B A S S S S S ey R B B T T T T T T T T T -
n:< 1.2 » ﬂ:< - @ ® 200 GeV (this measurement) 1 b) 0-60% Au + Au ]
2 . . [ © 200 GeV (RHIC run 10) I ]
~ Theoretical curve N.on Uncertainty - B 624 GeV 1 [ N, uncertainty 1
- i i * 39 GeV T 62.4 GeV p + rtainty |
1| —Total 200 GeV p + p uncertainty 5 #r NA38(19.4 GeV)/50(17.2 GeV)i60(17.2 GeV) = 19 Ge\?p’: p ﬂ::::aiz't'; v
| ----Primordial .62.4 GeV p + p uncertainty 5 © 276 TeV(ALICE) —> y(2S) melting + E
08 - Regeneration li39 GeV p + p uncertainty ] —> w28y and y melting
- Centrality: 0 - 20% 1
0.6 — v ° -]
0.4 — E —
[ T ] i N B T B | ] ) ) ) . ] . ) . ) |
02 e e - 0 100 200 300 400 0 5 10
T ] Npare P (GeVic)
B ””l””“”ll ...... ) |‘”~|.”:I.; il il il il il |- | L il il il |_ LI B B LI B R ) T LI B I | LI I . ) LI B . ) LI N B T LI B ) LI L L LI LI B T
0 > . ical curve’ T T ] |(b) T LA T |(c) T T il T T
10 10 Vs (GeV) \Sny = 200 GeV ] VS = 62.4 GeV \Sun = 39 GeV
'’ -.Primordial T T [ N.o uncertainty

= =Regeneration - 200 GeV p + p uncertainty

0.8 4 Il 62.4 GeV p + p uncertainty -
[ ] [ 39 GeV p + p uncertainty
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(57
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51. QUARK PARTICIPANT SCALING

* Transverse energy and particle number: not constant vs Npart!

* Number of quark participants: a better estimator, quark degrees of freedom?

(@)

[
T

dE /dn /_:(0.5 N_), o, [GeV]

Y
T T

0.5

@ 200 GoV Au+Au
M 130 GeV Au+Au
V 62.4 GoV Au+Au
& 39 GeV Au+Au
o) 27 GoV Au+Au
A 19.6 GeV Au+Au
® 145 GoV Au+Au
M 7.7 GeV Au+Au

WY/ asgogseimony R R R

qp)[r=0]

dN_/dn /(0.5 N

&n
T T

o
in

o~
T

-
T T T T

[ (b)

@ 200 GeV Au+Au
M 130 GeV Au+Au
V 62.4 GoV Au+Au
® 39 GeV Au+Au
w27 GoV Au+Au
A 19.6 GeV Au+Au
@ 14.5 GoV Au+Au
M 7.7 GeV Au+Au

-------
s

PHENIX

PHENIX Coll., Phys. Rev. C 93,024901 (2016)

(=)
T

1000

Nap



* QGP droplet and hydro describes data the best; MSVT close to marginal
M Jd+Au M SHe+Au M Combined

075 JREEE - I - -

0.5 I I e

Q25 4 R R

0 P
SONIC iEBE-VISHNU MSTV AMPT
p+Au 0.966 0.086 7.07x10-"7 2.09x10-7
d+Au 0.689 0.313 0011 |.58x10-'8
3He+Au 0.465 0.432 0.007 2.17x10-2

Combined 0.896 0.139 9.8x10-!7 2 67x| 043
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MVST PREDICTION FOR FIXED MULTIPLICITY

* Compare similar collision systems

0_24_ 1T T 1 | T T T | I I;I | 1T T 1 | 1T T 1 T 1T T

- d+Au 20-40% (dN/dn = 12.2+0.9) 0000 PHENIX Ini<0.35, ys,, = 200 GeV E
PRC 96,064905 (2017) 2 0 23_ SONIC d+Au =

e p+Au 0-5% (dN/dn = 123 +1.7) 0.18 === SONIC p+AU =
PRC 95,034910 (2017) 0165 + E

UL MSTV p+Au =

* Fixed multiplicity: 0.141 e
same MVST prediction for v, 0121 &
0.1~ —

* Hydro description: 0.08E- =
better qualitative agreement 0.06} —m— d+Au 20-40%
(same multiplicity scales with 0.041 —o— p+Au 0-5%
eccentricity) 0.02E ¢ arxiv:1805.02973 1
oo b b b b T

* Note: no nonflow systematics b 0> 1 1> 5 22 2
| / pr (GeV/c)

estimate in d+Au (= than in p+Au)
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“4),29 FROM PP THROUGH PPB TO PBPB

PR XYY VYvvvem

* ALICE, arXiv:1903.01790 S ebPrAs Wy ALCE E
YL pp pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb ]
0 14:_ 13 5.025.02 544 5.02 13 5.02 5.44 5.02 \{S_NN(TEV) E
 Agiven hydro does not describepp F — S S5 D 088 0, el 101
. . 012 — R B9 O [ Tk e v,2 A0 > 1.0}
very well, still better than Pythia o @ -
B P 3 Y N Yooy .
. . . :_ T ek “-k * )
* Unified description from pp to 008 KL a
006/, 4 ¢ *dagan"" x
PbPb in Weller, Romatschke I *,
041= Hi

Phys.Lett. B774 (2017) 351-356 oon
arXiv:1701.07 145 :

.

8
;.g tee ¥ &OQM:{

i

Zo18®)  'Hydo  ALICE
> - Xe-Xe Pb-Pb  pp p-PbXe-XePb-Pb
0.16— 544 502 13 5.02 544 5.02 s, (TeV)
- ER = ol B8 N v,4)
0.14:_ Inl <0.8 o DD D e Vo4
0.12f 0-2<p, <3.0GevVic o B R O v{6)
— * v2{6}2—5ub
0.1 0 v,{8)
“F r0 00 vyi8),
0.08|— i sg’ .*’ hfh b
- 0 (Y g w* #*
0.06— #* *
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DIRECT PHOTONS

* Clear direct y signal at lower energies
* Yield scaling from RHIC to LHC, transition from p+p, to A+A: p+Au, d+Au
* Effective photon temperature similar from 39 to 2760 GeV
* Note overlapping mechanisms: hadron gas, sQGP, jets, bremsstrahlung, hard scatt.
1 02 E '§‘ -
= P(dA) +p(A) =7, +X TN a=1.25 > o ALICE \s,,, = 2760 GeV, 0-20%
- ¥ Pb+Pb, ys,, = 2760 GeV PH>>X<<E le = 400 = PHENIX \s,,,, = 200 GeV, 0-94% Fitrange p_< [0.9 GeV, 2.1 GeV]
—_ 102— # Au+AL, \’ﬁ=200 GeV I’E|Imlnal" —’a;; - Fit range p_« [1.0 GeV, 5.0 GeV] Pb+Pb T, =297 + 12+ 41 MeV/c
._>L_> C e AusAu, {5, = 62.4 GeV P Y - F |~ 350 - Cu+Cu T, =288+ 49 + 50 MeV/c Phys. Lett. B 754, 235 (2016)
o 17 8 Au+Au, fsyy = 39 GeV " 300~ PHENIX |s,,, = 62.4 GeV, 0-86%
©) E v Cu+Cu, {Sy, = 200 GeV - - Fitrange p_«< [0.5 GeV, 2.0 GeV] §
o C [ deAu, {5, = 200 GeV 3t - AusAu T,, = 211+ 24 + 44 MeV/c
: - Vo » 250
— -1 5 p+Au, Y5, = 200 GeV -1y - PHENIX |, = 200 GeV, 0-92%
A 107E . 5 - 200 GeV o o Fit range p_< [0.6 GeV, 2.0 GeV]
— St 200 —PHENIX \s,,, = 39 GeV, 0-86% Au+Au T, =242+ 28 + 7 MeV/c
o - Fit range p_& [0.5 GeV, 2.0 GeV] Phys. Rev. C 91, 064904 (2015)
> 1 0% 150 [Au+AU T, =177 + 31+ 68 MeVic
S 8 W. Fan, WWND 9 -
= 1{ N,y Scaled prompt photons 100 = . 2760 GeV Pb+Pb:y  subtracted
107 fit, s = 200 GeV - 200 GeV AusAu:y” """ subtracted
© g // —35%6, F: = 2760 éeV = PH ENIX 200 GeV Cu+Cu: y™" " subtracted
C —pQGCD, Vs =200 GeV 50— imi 62.4 GeV Au+Au: y """ unsubtracted
1074 —pQCD, Is = 62 GeV - preliminary 39 GeV Au+Au: y *°" unsubtracted
E 1 1 1 |||||| 1 1 1 \I\Ill 1 1 1 1 III\I 1 1 lllllll 1 1 lllllll 1 1 lllllll Ip,o"l'p'lllllll

10 10? 10° 10

-

2 3
10 dN_ /dn Inl(? 10 \s [GeV]
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SUPPRESSION IN HIGHLY ASYMMETRIC SYSYTEMS

* ptAu, d+Au, 3He+Au compared

¢ Centralities determined

as for large systems

* New p+Au results show

large centrality dependence
» System sizes agree at high pT
* At moderate pT, ordering seen

* Model comparision:
* Vitey, HIJING++ investigated

* No full match of ordering,
peak location, etc

O,

®)

o

o Rp/d/aHe+Au -

6]

® |n|<o 35, \s,, = 200 GeV

Global uncertaint

%,
of%e. o0,
’o...m.ii:"“i“ ‘

* p+Au, 0-20%, prelim:
* d+Au, 0-20%, PRL98, 172302

e *He+Au, 0-20%, prelim.
1 ‘ L L 1 L ‘ L L 1 L L 1 L L ‘ L

e

9.7%/

PH.- E.le N. Novitzk MI7r
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o**% @ I
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Global uncertainty 9.7%
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e d+Au, 60-88%, PRL98, 172302
[« *He+Au, 60-88%, prelim,

L
0

10 15
P, [GeV/c]

10 15
P, [GeV/c]




