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The QCD phase transition
between hadronic and partonic phase

QCD on the lattice predicts a cross over at
zero net baryon density with critical
temperature Tc~154+-9 MeV (2014), critical

energy density ~0.6 GeV/fm*3

(Nuclear Density: rho=0.15 GeV/fm”3
Density inside Nucleon: rho=0.5 GeV/fm*3)

Zero net baryon density

F. Karsch, Lect. Notes Phys. 583 (2002) 209, hep-lat/0106019
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The order of the transition depends on the parton masses.
A cross over is expected by Lattice QCD for the physical
point (for the physical u,d,s masses).
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The transition from quarks and gluons to hadrons is believed that took place few 10-6
sec after the Big Bang.

The QCD phase transition is the only phase transition of the early universe that can be
reproduced in the Lab today since Tcritical is about 200 MeV




Reach of accelerators in terms of
initial Temperature
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The expected QCD phase diagram

Heavy lon
o Collisions

Quark-Gluon Plasma Ph. Rosnet,1510.04200

Matter Made of ' Color
Nestrows & Protows o Supcrconduc(or

Newtron Save”

Baryon chemical potential (i) or net baryon density

Goal: explore experimentally the QCD phase diagram (order of transition,
critical point, properties of the QGP).
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Signatures of the Quark Gluon Plasma

Direct photons from QGP - T(QGP)

Strangeness enhancement (Mueller, Rafelski 1981) -2 K/pi
U.d,s yields for T(freeze out) or pT slopes (Van Hove, H Stoecker et al) —> plateau vs energy
at Tc -2 e_init(crit), sqrt(s)(“‘crit™)
Multiquark states from QGP (Greiner et al) - ‘small QGP-lumps’
~ Critical fluctuations near the critical point, Tc - K/pi, <pT>, etc -
Hadronic mass/width changes (Pisarski 1982) - rho etc
Charmonia suppression (Satz, Matsui 1987) - T(dissociation) of ccbar, bbbar

Jet quenching (J D Bjorken 1982) - medium density

--> Goal is to achieve a combination of many signatures
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Quarkonia suppression as QGP signature

T < T T =12T Matsui-Satz: screening the potential
C e C
:I:I]:I:I]:I:| I :: :: :: Screening in . Qar’l,d(jcannot
T T a deconfined “see” each other
S medium: o < rQg
’ 2 2 ) ffecti
VANV Y X, Y X v Y X, charge of Q@
e 5 od"®
T ~ 3 TC reduced . .
H- Satz, NUCI. PhyS. A (783): 11 Il [N 11 .
249-260(2007) 0o HRTRT Assume: medium effects described with a T-dependent potential
[N 11111 A. _a_eﬁ”e—r/ru(T)
Y r
s, = 0= ® RHIC data
| state || J/6(18) | x.(1P) | ¢/(28) | T(18) x(1P) | T(28) | ws(2P) T(38) | :
| TT. | 210 116 | 112 | =40 L7 | L&0 | L19 117 \
. o \!
Quarkonia: Thermometer of QGP via their ST el
suppression pattern (Satz, Matsui) = [~ STAR un9 Jy-h correlation, p+p 200CeV
FLX Bt nt e T
Many effects play a role like dissociation in QGP, g |+ Douimpac paramet;ergg;ﬁ\} 8TeV
. - = - ife time, p+p 1.96Te
| cold matter absorption, recombination/ | §°'5:CM|S|B."6 time, pap 7TeV
coalescence from c, cbar, feeding, eg B mesons %0.4 legéf:gg
carry 10-25% of charmonia yields (B->J/Psi from ?03_ 3,,,(,,,{,,,,,,,,,,,\. T
J/Psi-h correlation STAR measurement) @

o
)

Other models: B. Kopeliovich et al, D. Kharzeeyv,
E. Ferreiro, A. Capella, A. Kaidalov et al etc.

..
——

=
11111111

Sonia Kabana, Heavy lon collisins at RHIC, 28 Marc




Jet quenching as QGP signature

Au+Au Collision
Partons interact with the medium and
loose energy through eg gluon radiation

Collisional “elastic” energy loss:
elastic interaction with the medium

p+p Collision

p

leading particle
0

leading particle
\%
Radiative energy loss:
parton radiation due to interaction

jet
with the medium

Jark or 9luop

quark or gluon

quark or gluon
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Jet quenching

leading particle

et “The nuclear modification factor” R , ,
% compares A+A to expectations from p+p :

Yield(A+ A
R(pp) = cdUAE /D
Yield(p + p) x <Ncoll>
N coll : Average number of NN collisions in AA collision

Suppression of jets in AuAu: R, , <1

03l light
dead cone S .
— Quarks are expected to exhibit different
) 02 / o - radiative energy loss dependingon

E bottom

0.1 . //—/
ol L=5fm, 1=1fm

5 10 15 20 25
E [GeV]
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Flow coefficients vn, Nn=1,2,3..

Reaction

dN

e 1+ znz;vncos{n(d> -@,)]

v, =<cos[n(dp—-D_)]>
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Il Accelerator facilities and experiments today
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Relativistic Heavy lon Collider
at the Brookhaven Lab, Long Island, New York, USA
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RHIC has been exploring
nuclear matter at extreme
conditions over the last 15
years 2000-2015

4 experiments initially:
STAR PHENIX
BRAHMS PHOBOS

Still runing: STAR

Still analysing data:
PHENIX

Colliding systems:

p+p, d+Au, Cu+Cu, Au+Au

Cu+Au, U+U, Zr+Zr, Ru+Ru
Energies A+A:

Vsnn = 62, 130, 200 GeV

and low energy scan

7.7,11.5,19.6, 22.4, 27, 39 GeV
+ Fixed target
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Large Hadron Collider (LHC)
at CERN
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run-1 (2009-13) : p+p Vsnn =0.9, 2.76, 7, 8 TeV,
=2.76 TeV
run-2 (2015-18) : p+p Vsnn = 5.02, 13 TeV p+Pb 5.02,8.16 TeV  Pb+Pb at Vsnn
=5.02 TeV

p+Pb Vsnn =5.02 TeV,  Pb+Pb at Vsnn




Current Experiments with Heavy lon program

LHC
S QD STAR at RHIC

HLT

SPS H2 ==»],

1.z<|3|<z.z AD=27TT
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lll Selected physics results:

1. Direct photons

BEsamsiianss|
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ICNFP2017 PHENIX
T pae | AUAU 200 GeV

10' | ]
T %PRL 104, 132301 ]

Wenqing Fan,

PRL 98, 012002
- 8 PRD 86, 072008 - :
& — pp fit { Different method:

AwsAu data Measuring gamrr_las v_|a
IPRL 104, 1323014 ~ external conversions In

PRL 109, 152302 1 :
presentdata 1 detector material

—Ncon-scaled pp fit

Ve =200GeV 3 EAYAU at low pT :
nearly exponential shape :
' ')24’ ,-,-7—.» - R e et

(GeV/c)7?]

d’N
2npr dprdy

1
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RHIC PHENIX: Direct photon excess in min bias Au+Au at

q;" g - Direct photon spectra at\[s,, = 200GeV

e 1L J= e T[T < d+Au (RUNS)

a LO Vogelsang 107 o TaalT g, d+Au (RUN3)

E Al sun = 200 - —=— Au+Au (MB, PRL104 132301)

210 E? T 1025 L T ax p+p fit result
o "’B 102 E Au +Au :‘-’ C j E
D E . - - 3 ..
= S C ™ o107 E -
> 5 i min. bias 310 W F Y. Yamaguchi, PHENIX

4102 Ths = 5

2] — s Coll

-> E \\\[' PH EN'X E 10-4 — g.i: O "

S104k e L T F g QM2011 poster

a f NN T3 w - =

E B RN E \-}\\ X S *.i~

nz 10'5? ‘iﬂ T ™ 10 ; "?l

s E AN C o

w - D+ S{ ‘ - PHENIX preliminary e

e, PP g, i o
- PRL 104, 132301 (2010) “Eeg -
-7 | Lo by | T ' | 11 TR R B | | | | | |
10 1 2 3 4 5 6 7 1071IIII2I]II3IIII4.[III5IIII6IIII7
P, (GeVic) p. (GeV/c)
T

Confirmed also with other measurement method : PHENIX 1405.3940, published in PRC 91 (2015) 064904

Direct photons in p+p described by NLO
Direct photon excess in min. bias Au+Au at 200 GeV over p+p at 200 GeV below pT ~2.5 GeV

Exponential spectrum in Au+Au - consistent with thermal below pT ~2.5 GeV with inverse slope 220 = 20 MeV -->
T(init) from hydrodynamic models : 300-600 MeV, depending on thermalization time

Critical d+Au check : No exponential excess in d+Au

Direct thermal photons were firmly
established for the first time at RHIC
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Example: viscous hydro + thermal emission

Direct photons also flow

E
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=
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(a) Invariant yield

- 0 PRL114, 072301

and priv. comm.

-------- QGP w/o viscous
—— QGP w/ viscous

- - - semi-QGP

w/o viscous

[ (All three include HG)

E Au+Au 20-40%
[\ S=200GeV

¢

- Yield is from PRC 91, 064904
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PHENIX: Phys. Rev. C 91 064904 (2015)
and 1405.3940

Sonia Kabana, Heavy lon collisins at RHIC, 28 March-1 April 2018, Athens,Greece



ALICE direct photons

ALICE:1509.07324
ALICE dlfferent centralltles ALICE vs PHENIX

S Pb-Pb {55 =2.76 TeV S F
> — k: i
> 10t [5] 0-20%ALICE — PDF: CTEQEMS, FF: GRV g 7] [*]ALICE
S [#]20-40% ALICE - - (n)PDF: CTEQ6.1MEPS09, ® 4ok — -
= o E 0-20% Pb-Pb |5, =2.76 TeV 3
. 1L [F]40-80%ALICE  FF:BFG2 =~ F A ( T )\ T :
e NEs — Aexp(-p ]
> Q.-1 ” JETPHOX Zé g... L Tew= 3031/ :?1 st + 407" MeV
% [T I PDF: CT10, FF: BFG2 %5 [ 1k [=] PHENIX =
Q nPDF: EPS09, FF: BFG2 o E 0.20% AGA _ozTN o
3 10 (all scaled by N_,) s UAU VS ° ]
= = — Aexp(-pJT 4) e
P % 10 T =239 + 25% + 7%° MeV .
10° -
2
10° 102 ] E
10° = _
IEE ]
104 103 ! o _g
10 e 173
10° 104 E
107 g } :
1 ll 1 1 1 L1 11 '1|0 10’50—|| |||1| L1 |2|| L1 |:|3|| ||A|!| ||5| 1
P, (GeV/c) P, (GeV/c)

« 2.6c excess in low prin 0-20% central
* T.=304+x11+40 MeV (30% larger than at RHIC) .

T(dlr phot.) at RHIC and LHC is > than critical Tcrit~154 MeV
The real initial T of the source is higher than the measured T
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RHIC
Theory on direct photons

C. Gale et al, 1308.2440

MCGlb. n/s=0.08
Au+Au 0-20% @ vs =2004 GeV (a)

0.96

0,84

40.72

-40.60

-40.48

40,36

0.24

0.12

0.00

2 < 6 8 10
7 (fm/c)

7 (fm/c)

The 3rd dimension in these plots is cross section of photons

VAN | dydTdr
dN? | dy
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LHC

Theory on direct photons

MCGIb. /s =0.08
Pb+Pb 0-40% @ v5 =2.76ATeV  (C)
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Photons as a thermometer

range of photon |[fraction of total photon yield
emission AuAu@RHIC| PbPb@QLHC
0-20% centr. | 0-40% centr.
T = 120-165 MeV 17% 15%
T = 165-250 MeV 62% 53%
T > 250 MeV 21% 32% C. Gale et al, 1308.2440
T=0.6—-20fm/c 28.5% 26%
T > 2.0fm/c 71.5% 74%

Conclusions:
* Photons can be used as a thermometer

*T>Tc is reached
* More model calculations needed to fit the data and extract the T(init)
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Latest results from RHIC Beam
Energy Scan: direct photons

effective
T(from
direct
photons)
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T, vs. collision energy

'V\/_
PH.ENIX
preliminary

++

2760 GeV Pb+Pb: y subtracted
200 GeV Au+Au:y pm:':' subtracted
200 GeV Cu+Cu: yp:mpl subtracted
62.4 GeV Au+Au:y p:,mp'p unsubtracted
39 GeV Au+Au: Y prompt unsubtracted
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3. Collectivity, Flow, Strangeness
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Flow and shear viscosity

- 2003: discovery at RHIC of large flow and first ‘ f T F
extraction of shear viscosity -> RHIC white papers e w% . A
| <@
- QGP : a perfect liquid : %
- strongly interacting QGP | "x j
o] e
10 0.5 (T.‘:(IC)/TD 05 10

PHENIX

Schenke, Jeon, and Gale, PRC (2012)

0-3 0.3 L I T T T 0.3

vp 20-30% — vp 20-30% —
| Y3 | [vg 20-30% — | | [vq20-30% —

0.25 0.25 1| /® 20-30% 1/s=0.08 025 [ % 50-30% 7/s=0.16
v 20-30% --- vg 20-30% - -.

02 r 02 |-PHENIX vy ret 02 |PHENIX vy r+t -
PHENIX vy et -t

£ 015} 0.15 |[PHENIX vq ro-

........
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Strangeness and charm v2
STAR New DO v2 from STAR Heavy Flavor Tracker

1701.06060, STAR

Mass ordering NCQ scaling
[ ! 1 0 ' ! ! | ! | ! | ! | n B | | ! | I i
o~ D STAR Au+Au@200GeV { S ' fb) * D° STAR Au+Au @ 200 GeV -
- 03f &= o — R B 10-40% -
8 - 10-40% ; L o]
£ - 0 K =Tk - 1 S o1 ° Ks Y -
S o2| =" P = f - 1 5 : oo . ]
o Eonc oy T E - 3 Wp& T E - - T
2 == § P >, 0.05 - i$ o
S o _=F 1] 5° ¥
IS o-=p y =
2 et 3
o e @ L e -
SO 1 < 1 , 1 1 .
—_— 0 0.5 1 15 2 2.5
0 1 2 3 - 5 6
p, (GeVic) (m_ - mg) / n, (GeV/c?)
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CMS DO and strange particles in pPb, PbPb

CMS 1705.01974

CMS Pre/lmlnary pPb 8.16TeV CMS Preliminary Pbe 5. 02TeV
T : T — T 1 r r T 1 ! 1T — T T 7]
0.10} @ D° 185 < N\ < 250~ 015 Centrality 30-50%

'|:|KS lyl <1 7 ' IyI<1-
oA ¢ j _
o ol _dh i ]
< | &2 & %NE { =010 - B - 1
5 005 ¢ ¢ ° o 4 e U ]
U)>N \\“\\ - > ‘ \D\N i
L . E 0.05 £ o ®--g 3
- - - Polynomial fits to Kg ] - - - Polynomial fits to Kg i

0.00f L 0.00[ ———

2 3 2 3

KE;/n, (GeV) KE;/n, (GeV)

Left, pPb at high mult: v2/nq of strange particles tend to lie on a universal curve
below 1.5 GeV, while DO fall below indicating weaker collective behaviour for
charm quarks

nght PbPb semiperiph.: v2/nq of strange particles and DO tend to lie on a
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Small Systems
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v2, v3 observed also in small

systems:

PHENIX, d+Au

200 GeV

62.4 GeV

39 GeV

5 nl < <035
0.25F o v,{EP}
0.2f
0.15 1 si sl
i I||
0.1 A
: .
0.05F &
E .
oL
O

-, d+Au S,

llllllllllllllllllllllll

= 62. 4 GeV 0 5%

T d+Au S, 39 GeV 0-10%
T PH ENIX .

1 preliminary .

05 1 15 2 25 3
P, [GeV/c]

1.5 2
P, [GeV/c]

|
05 1 15 2 25 3
p[GeV/c]

007-—
006
005

004

003
0.02

(EP}

i b,

|I'||'I|l|ll|ll‘ll‘llll
d+Au \s,. = 62.4 GeV 0-5% (b)

d+A vs_ 39 GeV 0-10% ()

PH ENIX
prellmlnary

PHENIX, J.
Velkovska,
QM2017
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Large flow observed in p+Pb collisions at sqrt(s)=5.02 TeV

~ 0.2k EBE pePb 220NT<260 8 = Pb+Pb Centraiity 55-60%, vz(;;T/1'.25);o.6€'3
> E ~©- Pb+Pb Centrality 55-60% E :
015E O qee O . 1F
0.1;-3‘.’ e ° o HF FJ’ "0 o . Results from ATLAS
0.05)-¢® . o F . . 1409.1792
O ATLAS R | I _ATLAS -
0 5 10 0 10
. L0V »[M  After applying scale factor
- Pb220sN<260 [ -5 entrali V,(p_ /1.25 .
> ot o pors oy s [ cnmmsen k@112 4 of 1.25 accounting for the
® 1r ] . .
5980 . 11 ﬁma‘o * | difference in mean pT of
0.05 L® o —1F é -
| I . L. S S ATLAS . R
° Y T Y-
0.08— I . 1 . 1\
N - + B pP0220aN3<260 || 8- Pb+Pb Centrality 55-60%, va(p, /1.25)x0.66
0.06 d>¢¢ # + ~©- Pb+Pb Centrality 55-60% | [ .
0 1 o ;
004 © 1F l1!‘.1 e .
i *s + : ‘fﬁ + :
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Number of quark scaling in 3He+Au

T L
0145 0.5% *He+Au 200 GeV PHENIX
. preliminary
0.12— m 1*+rn S Huang,
e K'+K
> 0.10 _ STAR!
(= A ptp
> 0.08 QM5

@@@B@%@%@ﬂ%ﬁﬁ@ s
a

|||ll|||||||||l|||||||||
III|II||III|III|III|III|III|I

ol

I|III|II
02 04 06 08 10 12 14 16
KE/ng (GeV)

—

8

The familiar behavior of number of quark scaling observed in Au+Au
collisions is also seen in the small 3He+Au system
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ALICE

- [mﬂlﬂ]‘ The novel measurement of {-\LICE: consistent
240 strangeness enhancement in pp, pPb and PbPb
collisions which depends on strangeness
U0 g content and cannot be reproduced by models at
A+A(x2) same time as p/pi ratio
W{ﬂ- i b i Adds to previous measurements showing
| Wl 545706 QGP signatures in small systems. These new
s I H measurements at LHC point towards possible
s | H] ”' formation of QGP matter at high Temperature
3 o ﬁ HHH 2+ 2 (x16) and density also in small collisions systems.
i “ :gg i A Comment from ALICE paper:
i . ':;’IEE: . "The remarkable similarity of strange particle production in
i l O P-Pb sy =502 TeV pp, p—Pb and Pb-Pb collisions adds to previous
c [ Pb-Pb,Vsyy=276TeV measurements in pp, whch also exhibit characteristic features
o e ETEAS known from high-energy heavy-ion collisions and are
S EPOSLHC understood to be connected to the formation of a deconfined
i [) ) nh 1 1
107 7Tl il
10 102 10°

QGP formation also in small systems

<chh/d71>|,,| <05

Sonia Kabana, Heavy lon collisins at RHIC, 28 March-1 April 2018, Athens,Greece



Do small QGP droplet form in
p+p, p+A?

Till few years ago, p+p, p+A in the heavy ion community were
assumed to be QGP-free systems by definiton to which people
compared A+A to find the QGP

New data on collectivity seen in p+A, p+p prompt the idea that
QGP may form in p+p, p+A ?

S.K. P. Minkowski, 2001 New J. Phys. 3, 4:
proposed the universality of QGP phase transition in p+p, p+A,
A+A appearing above a critical energy density.
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200k

Universality of the QCD phase transition

S
[
Z
=
g
=
=
©
[
Q
§
&

]
%
.

IN P*P, PTA, ATA YRS
° " Nuce Net éaryon Densi

9 o50 F ®e’e sqrt(s)=91 GeV < .t etV 1T Ay
[} : O ppbor sqrt(s)=900, 1800 GeV
= 1 * A+A sqrt(s)=2, 4.9, 5.4, 17, 19, 130 GeV * A+A sqrt(s)=2, 4.9, 5.4, 17, 19, 130 GeV
~— w p+p sqri(s)=17 Ge\ i o) ppbor sqrt(s)=900, 1800 GeV
g 200 - l j’ 1 F @ e’e” sqrt(s)=91 GeV
— [
o | J- l - x
o ¢ [ © l + + | ©
Q. 150 B - ‘ ¢ |
qE, - & .
had 1 10 3 |

1001 ¥ |

50 B + -2

10
0 I

10
Ein (GeV/fms)

Key idea: extrapolate to muB=0

Consequences:

-> Universality of onset of phase transition near ~0.8 GeV/fm*3

-> Universality of onset of saturation of strangeness suppression factor

Differences of AA, pp, pA dissappear at high enough initial energy density and

at same mus
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First measurement of the
Vorticity of QGP
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First Vorticity measurement in AuAu 200 GeV
20-50% centrality

STAR, Nature, 2017, 1701.06657 Average vorticity points
towards the direction
e of the angular momentun

J(sys) of the collision.

dN -
=1 (1+0c cose*)
dcos©* 2 ||

forward-going
beam fragment

quark-gluon ’
plasma /

A
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8

Py (%)

sQGP vorticity measured to be maximal

P_H: average polarization with
H: Lambda or Antilambda

| T T T T T 1T |
- Au+Au 20-50% |
— sk A this study —
@ A this study

Y A PRC76 024915 (2007)
O A PRC76 024915 (2007) |

10°

ISy (GeV)

STAR, Nature, 2017, 1701.06657

Measurement of vorticity in Au+Au collisions with 20-50%
centrality via the average polarization of Lambda and

Antilambda.

Fluid vorticity can be calculated using the hydrodynamic
relation (Becatini et al 1610.02506.)

o = kT (§A’ —|—§K1) /h,

* The Quark Gluon Plasma produced in heavy ion collisions is
- hotter

- least viscous

- and has larger vorticity,

from all fluids ever produced in the laboratory !
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- 4. Jet quenching
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Single hadrons
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Jet quenching haadrons
Collision energy dependence

IIIlIII| I IIIIIIII | |

SPS 17.3 GeV (PbPb) [0 GLV: dNy/dy = 400
GLV: dNy/dy = 1400
1 GLV: dN/dy = 2000-4000

O n° WA98 (0-7%)

RHIC 200 GeV (AuAu)
— YaJEM-D

CMS y E PJC - O " PHENIX (0-10%) ---- elastic, small P

-.- elastic, large P
esc

(201 2) 72:1945 1.5 % ht STAR (0-5%)

LHC 2.76 TeV (PbPb)

1 1 L I | | — 1 I |

-+= YaJEM
® CMS (0-5%) — ASW
¢ ALICE (0-5%) PQM: <G> = 30 - 80 GeV?/fm -

1 L 1 | I 1 L 1 |

dN/dy(g)=400 for SPS
dN/dy(g)=1400 for RHIC
dN/dy(g)=2000-4000 for LHC
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Secondary vertex reconstruction of D mesons with HF T

Heavy Flavor Tracker started taking data in run-14

r|]rrrrJjrrrryjryrryjryrry|prrr v Ty

- T T -
700E Mo star peimnary 1 O TAR, QM15
< F D% - Kn Au+Au V5, = 200 GeV -
S 600_ RHIC Run 2014 =
(0] - -
S 5001 E
o - -
‘: 4005 ................................. + _:
& F ..t L
& anoF " Fithout HFT Cuts eil
g *F ; :
S 200F "F ; =
8 E T With HFT Cuts 125M MinBias Events 3
100 "' _— _ SHWS+B =18 —
= N Y R N R -
o—n PO T TR TR W S SN U TR WO WO NN ST WO N YUY SR SN WA U T U WA NN TN S S NN NN NN NN SN SN NN NN AN A
17 175 1.8 185 19 195 2 205 2

Invariant mass, mg,, (GeV/c2)

~ 4 orders of magnitude reduction of combinatorial background
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DO nuclear modification factor in Au+Au 200 GeV from HFT
|

' STAR Preliminary  Au+Au 200GeV, 0-10%

e D° 2014
o D°2010/11

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

Transverse Momentum P, (GeV/c)
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Comparison RHIC to LHC
|

T STAR Preliminary  Au+Au 200GeV, 0-10%

e D°2014

o D°2010/11
T v ALICE

Transverse Momentum P, (GeV/c)

RAA of DO mesons is similar in RHIC and LHC at pT>2 GeV/c
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RAA of open charm and
beautv at the LHC

A|,.|5:E arXiv:1506.06604 _ ALICE, QM2015

- I l o RN R -
0: : Pbe \sNN_276TeV -

- n* (ALICE) 8<p_<16 GeV/c, |yl< _

125 o D mesons (ALKLE) 6ep <16 Govic, ri<0S ] Pb+Pb ALICE, CMS:
@ Non-prompt J/w (CMS lsrellmmary)

... BoP <30 GeVic, i<l 2 ovsomsumizan N

o (empty) filled boxes: (un)correlated syst. uncert. .

: it ki ; RAA of D mesons isSs much
08 CMS non-prompt J /v smaller than RAA of non-
o6l " B;>J/PSI prompt J/Psi represen.tlng

# 9 _ open beauty (B->J/Psi X)
50 80%" 1 c
0.4 f g - (but pT range different)

- O B g ALICExand D

0'2__ 30-40% 20 30% F j PRI o Y, VAT , Al ok AR e e sil] (a7 po T R et N e o
 n* shifted by +10 in (N ) 10-20% i
0 L Ll l Ll l ) U N T Y N N U N N U U U SN N U U U N N N -

0 50 100 150 200 250 300 ?ZSI\OI 400
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RAA of Charm and Beauty in min. bias Au+Au at 200 GeV

PHENIX: arXiv:1509.04662 (2015)

16| (a) —
14 — b—e

& (c+b) —e
1.2} ™ Phys. Rev. C 84, 044905 (2011}

SRR R R B R
s

L A e e g QR e e 8 0 e o 8 N e e e s

Au+Au from Unfold
p +p from e-h correlations |
Phys Rev.Lett. 105 (2010)

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

ly/<0.35
0.5} Au+Au MB /5, — 200 GeV
PHENIX Run 4 + Run 11
% 3 4 5 6 7 8 9
pT [GeV/c]
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STAR Beauty vs Charm in Au+Au 200 GeV 0-80%,
mass hierarchy of energy loss

5 —lll]Illlll]llllllllIIIIIIISITI‘AIRJIPIIII.II.IIIIIL LiYi,STARCOII.
reliminary
“ | Authe Fw=200Gev 7" v Santa Fe work.
S O De : Jan 2018
""" DUKE : B—e
----- DUKE : D—e
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PHENIX B->J/Psi in Cu+Au
collisions

= 5 ~—
3 APHTENIX  [5y=200 GeV
O 3t

2

e Cu+Au— B—=J/y pT>O
= Cu+Au— Prompt J/p pT>0
| JEPS09 for B— J/y

3
rapidity
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ALICE p+Pb and Pb+Pb data at LHC

II[IIIII |IIIII:IIIII| llllllllllll
ALICE, charged particles

" e p-Pb |5, =5.02TeV, NSD,|n_ <03

1.6, Pb-Pb \s,,=2.76 TeV, 0-5%central. | n| < 0.8
1.4F4 Pb-Pb \s,, =2.76 TeV, 70-80% central, | n| < 0.8

—
Q0
TTTT1

R(pPb) for charged
particles is compatible
with 1 at hight p
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Reconstructed jets
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Jet cross section in p+p 200 GeV RHIC

10. LJ L) 1 4 1 I L L) L] LJ I L L] L) L I L] L L] L I 1] 1 L 1 I 1]
7 (a)
10 " STAR
S p+p = jet + X
0 10°F \E=200 GeV
% midpoint-cone
;;;'10‘ Lore=0.4
0.2<n<0.8
T n
5 10*
3
w1
o

—— Combined MB
—e&— Combined HT
—— NLO QCD (Vogelsang)

! l 4 ' I $ I I I l J 3 | I l ! d
* T T

‘Sg;stemalic Unceﬂainfy o (lb)

e Theory Scale Uncertainty

Sonia Kabana, Heavy lon collisins at RHIC, 28 March-1 April 2018, Athens,Greece



Hadron vs jet suppression

Hadrons Jets

32“. PHENIX AusAu, |5 = 200 GeV, 0-10% most central < b =
x22 § drect y (aXiv 1205.5759) § My 0-20% cent. (PRLSS, 232301) T 15 Run 11 AusAu s 2200 GeV, 60 5b"

2 §=° (PRUI01. 232301)  Buw0-20% cont (PRCS4, 044902) ; -

# 1 (PRCE2. 011902) | e, (PRCB4, 044505) 14-

18- # ¢ (PRCE). 024090 § X' (PRCE3. 084903) -~ -

16 § p (PRCAY. 064900) 2 12

+ .

2

Il { 5 o8-

' I e 08
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Dijets
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Dijet imbalance in STAR: A _J
STAR, PRL 119, 062301 (2017)

Prcut=2 GeV/c prcu=0.2 GeV/c

preed>20 GeV Rerun jet-finding algorithm prtead>20 GeV (pr,cut=2 GeV/c)

prSublead>10 GeV anti-kr on theso events ... prsubLead>10 GeV (preu=2 GeV/c)
—_—

A®cad,sublead™> 2/3 T ‘ J—

_____________________

p, [GeVic]

n. matohbsaogs .
; 04,

7

Calculate A; with constituent prcut>2 GeV/c Calculate “matched”
P |Aj| with constituent
T, , , — prec _
A= i, PTEPT P A prcut>0.2 GeV/c.
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STAR, Dijet imbalance Au+Au 0-20% R=0.4

Anti-kt R=0.4, p1,:>20 GeV & pr1,2>10 GeV with prcut>2 GeV/e

c 022,
.% 02: O ppHT ® AuAu MB p>">2 GeV
o = +
. 018 —
T : ® AuAu HT p">2 GeV
o 016 —¢— .
3 ouf st
0ME Au+Au 0-20%
Sys. Uncertainties: 0.12 - : Anti-K_ R=0.4
- tracking eff. 6% —
- tower energy 0.1 :_ ........................

'+

scale 2%

AR
i’}i Preliminary

T+
it

0.08
0.06—
0.04 - p;“'(p?">2 GeV)>20 GeV
0.02F- p?“’“’"’(p:">2 GeV)>10 GeV ——
E =0=
0 Coova gt b b by M—
0 0.1 0.2 0.3 0.4 05 0.6 7

1Al
Au+Au di-jets more imbalanced than p+p for preut>2 GeV/c
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STAR, Dijet imbalance Au+Au 0-20% R=0.4
J. Putschke, STAR, QM

Anti-kr R=0.4, p11>20 GeV & p12>10 GeV with preut>2 GeV/c

c 0221
ie) - O ppHT ® AuAu MB p">2 GeV
g 02 O pp HT ® AuAu MB Matched
= - o AuAuHT P;>2 GeV
o 016 E AuAu HTMatdledp“">026eV
> -
W o014 —¢—
= iy Red: ptcut>2 GeV
Sys. Uncertainties: 012 == ~ + j: Anti-K, R=0.4 Grey: pTcut > 0.2 GeV
- tracking eff. 6% —
 Sower onergy 0.1 + (matched)
scale 2% L ﬁ
US = :$:_¢_ Preliminary
0.06 —
0.04 = "“d(p >2 GeV)>20 GeV i
ook P :""'“"(p:"t>2 GeV)>10 GeV E?E
n s
0 . L1 11 I L1 11 I L1 11 I | I | I L1 11 I L1 11 i
0 01 02 03 04 05 06 7

Au+Au di-jets more imbalanced than p+p for preut>2 GeV/c
Au+Au A, ~ p+p A, for matched di-jets (R=0.4)
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Dijet imbalance with R=0.2

Anti-kr R=0.2, p1,1>16 GeV & pr2>8 GeV with preut>2 GeV/c

c 02¢
ie) - O ppHT ® AuAu MB p’">2 GeV
© 018
© —
uh_ n
= 0-16: i o AuAuHTp:">26eV
o —
Lﬁ 0-14: 5 i
012 4 : ‘ | Au+Au 0-20%
. B Anti-K R=0.2
Sys. Uncertainties: 01— +
- tracking eff. 6% _—F
- tower energy —
scale 2% 0.08[— + ﬁm
— » Preliminary
0.06 —
- _O_
0.04f— PL™(pS">2 GeV)>16 GeV —4—
002 PE*(pS"'>2 GeV)>8 GeV —o—
- —
— —o—'
0_||1||||1||1|11|11|1||1|1||1||'
02 03 04 05
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Dijet imbalance with R=0.2, matched

Anti-kr R=0.2, p1,1>16 GeV & pr2>8 GeV with pre't>2 GeV/c

- 022
O > O pp HT ® AuAu MB Matched
2 ' pe>0.2 GeV
= 018 y
*U-_. - ® AuAu HT Matched p:_'t>0.2 GeV
c
S 0.16— $ &
i 0.14F
: :+ + :$: Au+Au 0-20%
0.121— :$:_+_ Anti-K R=0.2
Sys. Uncertainties: —
- tracking eff. 6% 01~
-~ -towerenergy — —— lRieaeatc agicaatereaicaatic gt pa s gtz
scale 2% 0.08 — _+_ ﬁk
e Preliminary
0.06 —
0.04F. PL(pS">2 GeV)>16 GeV :SZ
04 » —
0.02F- pSUted(p™>2 GeV)>8 GeV —O0—
0:IIII|IIlIIIIlIIIIlIIIIlIIIIIIlII n
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

IAJl

Matched Au+Au A, # p+p Asfor R=0.2
omts(recoil) Jet broadening in 0.2 — 0.4

At RHIC the lost energy seem to reside inside
a cone of R=0.4
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Comparison to LHC: first LHC results

AT CMS,/ | CMS Experiment at LKC, CERN
~———_ .~ | Data recorded: Sun Nov 14 19:31:39 2010 CEST
— |25\ | RunfEvent: 151076 / 1328520
t ! ’ ‘ Lumi section: 249
Er(Ge > ol | o
mlGeV) S Leading jet , e WP
1 : 205.1 GeV/c B
100 :3 Pr . !
%i Subleading jet
3

py:70.0 GeV/c
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Event Fraction

Event Fraction

Jet quenching via dijet imbalance

- (@)
0.2

cMs

Ldt=35.1pb"

® pp\s=7.0TeV
— PYTHIA
Anti-ky, R=0.5

— e PbPb\s_=2.76 TeV—
—— PYTHIA+DATA
Iterative Cone, R=0.5

L L S S BN S BRI S T 1

1¢(b) JL dt=6.7ub"

| TR

A L

Py > 120 GeVic
Py,> 50 GeVic

-_\oﬂ> ”
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Where did the lost energy go?

CMS: Look at track-jet correlations

-> RHIC and LHC differ: in LHC lost energy is moved from large to small
PT and from small to large angles namely outside the leading and

subleading jets cones.
CMS, PRC 84 (2011) 024906

BAGRAE ::::::;:::::::::__:d::;}:::::::::}::::}::::‘
_ () in-Cone 1 @ Out-of-Cone .
[ CMS 0-30% 1
40~ pb+Pb \s_=2.76 TeV W08 R:08 .
i [La=ez.p’ 1 ] Color decoherence
_ 20f nE = 1 can lead to large
Q - - . . : - -
> : - —”‘:&‘3——_ 5 : angle emission
S o ' - -
D ® >0.5GeVic
o> [ 05-1.0GeVie | N. Armesto et al, 1207.0984
-20 [ 11.0-20GeVic - K. Tywokiuk et al 1401.8293
[CJ20-40Gevic 1
.40 T 4.0-8.0GeV/c
BN > 8.0 GeV/c 1
PP EPRPETEP APRPEPEPE IPETSPEPS APSPEPEP IPATETSrS EPAPITET AP RS AP AT APAPA A
0.1 0.2 0.3 c4 0.1 0.2 0.3 0.4
A, J
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Jet transport coefficient at
RHIC and LHC
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Extracting jet transport coefficient from data and models at RHIC and
LHC

In last years the JET collaboration of groups using different models has made an important step forward
evaluating for the first time g-hut with a fit to both RHIC and LHC and reaching a good agreement of all
models while fiting the experimental data at RHIC and LHC.

Models: GLV-CUJET, HT-M, HT-BW, MARTINI and McGill-AMY. GLV and its recent CUJET implementation.

Jet transport coefficient for a jet initiated by a light quark considered (10 GeV jet assumed).

For the QGP medium viscous hydrodynamics (VISH2+1) is employed (Ohio State group).

Karen M. Burke,! Alessandro Buzzatti,>® Ningbo Chang,®® Charles Gale,® Miklos Gyulassy,* K. Burke et al. JET collaboration. 1312.5003
Ulrich Heinz,” Sangyong Jeon,® Abhijit Majumder,' Berndt Miiller,® Guang-You Qin,>! Bjérn i y
Schenke,® Chun Shen,” Xin-Nian Wang,> 2 Jiechen Xu,?> Clint Young,? and Hanzhong Zhang®

1 : | : | : Example results from the Higher-Twist-Majumder (HT-M) model

— 4, = 2.0 Gev’/fm o L L

e PHENIX 0-5 % 2012 RH N: - ‘\‘
— |
\

0.8

i ol T
S T \ Dedx(radiative)-
2 \ g-hut
n \
1= N/ —— ALICE+CMS 0-5% ]

— — PHENIX 0-5% 20127

- 1 I 1 I 1 I 1
g GOE e . 2.5 3 3.5 4

— 4, =296V fm| -~ -

e q, (Gev®/fm)

- - —_
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Extracting jet transport coefficient from data and
models at RHIC and LHC

Scaled jet transport parameter gq-hut/T*3

7 _'_lz | L UL DL L L DL L R I (NN IRLARLL
-0 GLV—CUJET 1 ]
6 ?: v E Dashed boxes show
5 pA McGil-aMy b | ] expected values for
- O MARTINI RS 1] S i
: i alE qrt(s)=0.063, 0.130
- RN I
<o A DR
3 F gl L @
2 F Bhel
X ,Au+Au at 0.2 TeV, i
1 _
qN/T&ff (DIS) 5 Pb+Pb at 2 76 Tev.
%% i 100025 03 035 04 045 05

T (GeV)
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5. Quarkonia suppression
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CERN press release 2000

Sequential Psi prime and J/Psi suppression has
been observed at CERN SPS Pb+Pb 158 A GeV

Eur Phys J C 49 (2007) 559 JIPsI/DY n-bin/1st bin
s b 2 r -
3 1.4 5 - WOV, 40 : eripheral
§, §.1'8 . O Puzex1s8Gaveres - R, 2 perip
%I.Z W, o O 5{32 x 200 GeViehU 2% +
3 B ot S | SNPE . 3
B 1 e ® =% E"‘ - * pleo0 GaVie, VHIMA p -
. 2k ] FPPUL VT FOTIN PPPR P
§°'8 il 0 1 2 3 4 5
= 1" GeV/c
§ 0.6 ] : i P )
a 08 © : central
PO - PO 1896 with Minemus Gias » @ P08 x 108 GeVa) P ‘ -
02 | =S A . 0.4 ~® 802 x %0 GVl + . : L
p-A \AB& * N piss Govie, LIFA ++ , 1> -0-_,.+|
PPl 8 0.2 ~4 pi480 GaVic HIFA + e
0 Ev DI400 GeVio, VIIFA 0 AALAlLAAllLLAAIAlL—hAAAA
o 05 1 15 2 25 3 35 0cC J 0 1 2 3 4 5
i (T) 1 dB; (7_) ¢ (GeVim?) 0 1 2 3 4 5 6 7 8 LQ('":)O p‘(GQV/C)
Bj = T 1
AT dy A Kurepin, 18th Nucl
Phys Div Conf of EPS

* Psi prime is suppressed from 1.23 GeV/fm”3 on g B0
* JIPsi is suppressed from ~2.4 GeV/fm*3 on Hg <25
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J/Psi in p+p coll at RHIC

- CGC+NRQCD and NLO NRQCD (prompt) consistent
with data (inclusive) at p+p @ 200 and 500 GeV

p+p@ 200 GeV p+p@ 500 GeV
‘E lll]ll]l]]]l]]]l]]]ll |I||[I|[ l': o 102]IIITIT]I]]]I]I]IITITIIIIIIIIIIIITIIIIIIIIII
2 10k p+p Vs = 200 GeV N ) p+p @ 500 GeV
3 - —®— Run15 |y|<0.5 (dimuon) 3 > 10 e STAR J/y—e'e, lyl<1,
S 1 —&— Run12 |y|<1 (dielectron) ?: 8 A & (bin center)
= E CGC+NRQCD 3 s 1 e STAR J/y—uty, lyl<0.5;
'; 10—1 - NLO NRQCD = .E, (mean pT)
o F W N CEMMaa Vogt : —~10"" CGC+NRQCD
102 .- E © I NLO NRQCD
'g - N 3 Q_1 0—2 _—
3 B o STAR preliminary
N qnal ] 41073
A E 2
X F E T,
= = E}I{
- B i i - —5
10° E STAR Preliminary ! % 10
C m
L1l I L1 1 I L1 I L1 I | I .| I L1 1 I L1 I L1 1 l 1 —
o 2 4 6 8 10 12 14 16 106 llllllllllllllllllllllllllllllllllllll Ll
GeV/ O 2 4 6 8 1012 14 16 18 20 22
NLO NRQCD: Ma et al., PRL106 (2011) 042002 P, [GeVic]
CGC+NRQCD: Ma, Venugopalan, PRL113 (2014) 192301 P; [GeV/c]
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pt dependence of J/Psi suppression in Au+Au,

PLB 722 (2013) 55 Cu+Cu 200 GeV
1 8M@020% | AuwAu | (b)20-40% - T T T T T 1
16F osTAR  \Sw=200 GeV : 3 Au+Au— JAp+X o STAR (p>5GeVic)
140 e STAR
1.2 PHENX ok 5 PHENIX OWPT

r —— Zhao, Rapp — (p,>4.5 GeV/c)

' --- Liu et al. ---(p,>5 GeV/c)

1.8 1(d) 0-60% ]
16 - —Model |, Liu etal.
14 _ 0-60% 1 - = Model Il, Zhao et al. ]
1.21
é 1
T 8
g-g S - STAR Preliminary
0.2f _ \/Syn = 200 GeV %I
R ' 0.2[ \ \ | | | | .
0 50 100 150 200 250 300 350
NPart

- JIPsi not suppressed at high pr’s in non-central collisions

- J/IPsi suppressed at all pt’s for most central events

- Raa of J/Psi is systematically larger for higher pt. Low pT J/Psi is more

suppressed
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J/P Suppression in Au+Au Collisions

PHENIX: PRL 98 (2007) 232301
ALICE: PLB 734 (2014) 314
ALI-PREL-121481

Low pr J/Y in central collisions:

A
- - - -
N B @D o™ N

A
[y

Jy R
S ©o o @
N E (=2 (=)

o

- P, >0GeV STAR preliminary
[ % STAR: Au+Au, s =200 GeV, Jy—u'w, lyl <0.5
O PHENIX: Au+Au, \s =200 GeV, Jiy—e'e’, lyl <0.35
:_ B ALICE: Pb+Pb, |5, =276 TeV, J/y—e'e, lyl <0.8
@ ALICE: Pb+Pb, |s,, =5.02TeV. J/u—e'e’, lyl <0.8
: E@E WE %
- o 4
s - Wy 4
: *
—  STARN,_, uncertainty

1 1 I 1 1 1 1 I 111 1 I 11 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 50 100 150 200 250 300 350

Npm

<= LHC
<= RHIC

Raa(200 GeV) < Raa(2.76 TeV) ~ Raa(5.02 TeV)

Less regeneration at RHIC

Jhp l-'lM

CMS: EPJC77(2017) 252

Tsinghua at RHIC: PLB 678 (2009) 72
Tsinghua at LHC: PRC 89 (2014) 054911
TAMU at RHIC: PRC 82 (2010) 064905
TAMU at LHC: NPA 859 (2011) 114

High prt J/Y in all centralities:

E Jp—utu STAR preliminary
1.8~ 4 STAR: AutAu, |s,, =200 GeV, lyl <0.5, p,>5 GeV/c
16 :_ m CMS: Pb+Pb, Vs—NN =276 TeV, lyl <2.4, P> 6.5 GeV/c
- Tsinghua Model — RHIC —LHC
14— TAMU Model -- RHIC --LHC
1.2
1T R A B RS S e - - - -
0.8
0.6— “s
04 0 TN BTTTTTREE
0.2 STARN_, uncertainty * LHC
lIIIIIlllllllllllIlllllllllllllllll
00 50 100 150 200 250 300 350
Npart

Raa(200 GeV) > Raa(2.76 TeV) ~ Raa(5.02 TeV)

Less color screening at RHIC
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Y In p+p p+A

R. Vogt, et. al, PoS ConfinementX 203(2012
F. Arleo, S. Peigne, JHEP 1303(2013) 122
K. J. Eskola, et. al, JHEP 0904(2009) 06¢

0+p o+AU

R. Vogt ,Phys. Rept. 462(2008) 125

—~_25
= = _IIIllllllllllllI.Il'l|Illlllllll(lll|I||l|lll|||l||_
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R L 4
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o i —
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o E » PP _
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R O CMS, p+p ["] g
1= - B
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* Yields consistent with NLO model * Roa quantifies CNM effects
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Hierarchy of quarkonia suppression has been
observed at RHIC and LHC

0 02 04 06 038 1 1.2
Binding energy [GeV]

14 T =TT T
- % Y(1S): STAR Au+Au@200 GeV lyl<0.5
STAR, Z Ye, QM201 7 L2~ 4 Y(1S): CMS Pb+Pb@2.76 TeV lyl<2.4
[ ¥ Y(1S+25+3S): STAR p+Au@200 GeV lyl<0.5 -
1
1.2 T T T T T < o8] STAR Preliminary
I P P = 2 7 T V MS |
_ b b \ NN 6 e CMS | Y(1S) 506
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In central collisions Y(2S+3S) more suppressed than Y(1S)
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Y Suppression in Au+Au Collisions

14 30;60% 0-6?% 10;30% 0;10% 1.4 30;60% 0-6?% 10:30% 0;10%
- Yo% Y(1S): STAR Au+Au@200 GeV lyl<0.5 - Yok Y(25+3S): STAR Au+Au@200 GeV lyl<0.5
12 ¢ Y(@1S): CMS Pb+Pb@2.76 TeV lyl<2.4 1.2 ¢ Y (2S): CMS Pb+Pb@2.76 TeV lyl<2.4
*  Y(1S+2S+3S): STAR p+Au@200 GeV lyl<0.5 - —— Y(3S): CMS Pb+Pb@2.76 TeV lyl<24
] ] NN
K E STAR N, uncertainty
< 08 _% + STAR Preliminary 08l STAR Preliminary
0| “5 _
o 0.6 06
R o e T e
0.2 i 0.2 B m S% C.1L %
s STARN_, uncertainty ~ ~~~ "o ToomEmpEmesss e B "I‘ A Y NI
O 100 T 300 400 2% 100 200 300

part

part

400

lines are to guide eyes only

Seqguential melting observed at both RHIC and LHC energies

CMS, PLB 770 (2017) 357
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New: Quarkonia at 5 TeV PbPb
CMS, J. J. Lee, QM2017 Y(1S) and Y(2S)
Y(1S) PbPb at 2.76 and 5 TeV PbPb at 5 TeV

PbPb 368/464 ub™', pp 28.0 pb™ (5.02 TeV) PbPb 368/464 ]J.b'1, pp 28.0 pb'1 (5.02 TeV)
l]]]ll]lIT]]IITIIT]]IIT]TTIIIIT]IIIIII]]—— i -lllll||]|I||||I||||lllllllllllllllll]llll i
1 .Zhl; pi* < 30 GeVic CMS - 4 1.2r p <30 GeVie CMS ]
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0.8 - _“' , “'x,\, . S = —__— n 0.8H#*: =_ 4r 1/s=2 [:] Y(3S) 68% CL _“_ -
é DN N = T - :E 1T e 4n n/s=3 7 Y(38) 95% CL T
X060 ANE YK e + 060 AN + S
oaf gt B o N e Tq -
0.2 ™ Vsw=276TeV yq s) """""""""""""""" T 1 oo WG [Y(25) T +  q4
I Rl SNN =5.02 Tev 5 TeV I ] Y(385) |I R e oo B -4+ = {1
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« Indication of larger suppression at 5 Tev ~ * Highest precision measurement

- Consistent with predictions from a hotter ~ * Upsilon sequential suppression at 5 TeV
and denser medium « Still no sign of Y(3S) with high statistics data

arXiv: 1611.01510
Submitted to PLB
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J/Psi recombination at LHC ?

> () GeV/¢ | ALICE:PLB 734 (2014) 314
pT PHENIX : PRL 98 (2007) 232301 Pt >5 GeV/e CMS: JHEP 05 (2012) 063
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What is the right normalization for quarkonia ?
Yield(A+ A)

: . ' R, (pr)=—
1. JIPsi AA/pp : RAA(J/Psi) (Pr) Yield(p + p)x (N ;)

2. Jpsi AA/pA : RpA
(J/Psi AA measured)/(expected from pA) (NA5O)
to subtract Cold Nuclear Matter effects (CNM)
3. (J/IPsi AA/pp) / (open charm AA/pp) :
RAA(J/Psi) / RAA(open charm)

4. (J/Psi AA/pA) / (open charm AA/pA):
(RpA (J/Psi) )/ (RpA (open charm))
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J/Psi compared to open charm - RHIC
' Low Pt

High pT

1.2

-
—

™) -
—~
-
—
-
-
-
-

—
—
4
4
—
-

0. _
AuAu {5 = 200 GeV - 4
o PHENIX: & « D (g >2 GeVic, iyl <0.35)
0™ . STAR Wy (p.>5GeV, ) <1.0) ’ 0.2

AuAu |5, =200 GeV f
o PHENIX:e « D (g} >03 GeVic, Iyl <0.35)
o PHENIX Jiy (Iyl <0.35)

50 100 150 200 250 300 350 400

Noan

* JIPsi seems to be neither suppressed nor enhanced with respect to open
charm at all centralities at high pT (However pT range is not exactly the same)

* JIPsi seems to be significantly suppressed with respect to open charm at
low pT in central Au+Au events (same acceptance here) <,
22

o |
[a) L
15 H

T

T T T T T ’
AutAu— D° + X @ 200 GeV y10+y1T]

A 40-80%
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J/Psi comzoared to open charm LHC
"Low|" Pt (2-5 GeV) _High Pt>6.5 GeV.

1. 12 2r
a:: ALICE ; f i ALICE.
Pb-PD, 5, = 276 TeV - 1|-= PD-PD, (S = 2.76 TeV -
oD’ lyicD 5, 2<p <5 GeVic - " Average D°, D", D", 6<p_<12 GeVic -
.mmwsoibq«o ZQYdGer- - ;cmagreanpwy p>65(<ieVIc
0 Z Cormeiated syst uncenantes N 0 8.— ZCorrelated syst. uncenainties N
: Ouncorreiated syst uncenanves . “L [JUncorrelated syst. uncertainties
- mmmmc%wuu‘n -
0. '+' - . 0.6[-f Bm .
¢ [Ya o . '#l : :
> L EI ; oa ~ T Hy ;
0. q 0.2 g § -
commen normatzaton ncenarty ™ (erghens) 1 &N cerwa) }-ummmwmuum-nmnn:j
501001502(!)2503)0(?’50;00 5010015020025030()(&50‘;00

parnt

H. Satz, arXiv 1303.3493

J/Psi seems to be neither suppressed nor enhanced with respect to open
charm at all centralities, at intermediate (pT=2-5 GeV) and high pT>6.5 GeV

However experiments should compare more precisely within exactly same
acceptance (here different y) and at low pT too
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Measured ratio of J/Psi to D mesons at SPS

[ (a) (J/¥/DDbar)
14} (measured/expected)

! ® p+p. p+A NAZS NAST
12 ' ® Po+Pb 1996 NASO

(J/¥/DDbar) (meas/exp)

The J/Psi/(DDbar) estimate is

e oy = = Ee :

- Open charm measured by
dimuons in region 1.6-2.5 GeV

P Sa e 2
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Beauty M. Jo et al CMS,

Etretat QGP 2014
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i NN ’ ol —%— lIsolated photon (0-10%) || < 1.44 |
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Y(1S) in PbPb seem less suppressed than open beauty in PbPb (needs better stat)
if so -> no Y(1S) suppression

Y(2S), Y(3S) in PbPb seem more suppressed than open beauty in PbPb
-> compatible with Y(2S) and Y(3S) suppression
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- 6. Future
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Energy scans with Heavy lons
Future: BESII, NICA, FAIR, J-PARC

_ T. Sakaguchi, QM2017

o
6 FAIR SIS-100 CBM | P

| | N|CA (2017 ’ ISR S N S
o———o (flxed target) ; ;
1()4 nesmmm———— ! NtOA collider) [2020 )

1 NN
‘ 10
Collision energy VS [GeV]

RHIC BES n

Interaction rate [Hz]
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Chemical freeze out temperature vs baryochemical

potential
Quark-Gluon Plasma B ES 1
| Au+Au Grand Canonical Ensemble
018 5 50cev STAR Preliminary

A s [
g2 =0T TR
£ ) 39GeV % T -
9 I P R,

i = 0.14] ¢ 005% 11.5Gev [,
'E - O 05-10% 7.7GeV

0 12' ® 10-20%

L = — Cleymans
® 30-40%
=== Andronic

L A 40-60%
0.1 © so-80%

0 01 02 03 04
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0 250 500 750 1000
Baryon Chemical Potential p (MeV]

Model used for particle ratio fits: THERMUS by J Cleymans et al

Grand canonical ensemble fits to particle ratios give consistent results for
mid-central and central Au+Au collisions and disagree for peripheral

collisions
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Directed flow of protons BES 1
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* Directed flow slope is sensitive to a 1st order
transition

* STAR: v1 slope changes sign from positive to
negative between 7.7 and 11.5 GeV

Pions and antiprotons have always negative v1
slopes.

* Net-proton v4 slope shows a minimum around
11.5-19.6 GeV

UrQMD model (model without phase transition)
cannot explain the data
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g‘-“f@ FiXed Target program energies

Collider Fixed-Target Single beam A Center-of-mass ug (MeV)
Energy Energy GeV Rapidity
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

2017/8/17 Chi Yang, ICNFP 2017, Aug 17th - 29th, 2017, Crete 29




* STAR upgrades for BES-Il and 2020+
* New detector project at RHIC: sPHENIX

sPHENIX: start data taking 2022

RLITN Wi

TPC »
Exte.nQIed Calorl_metw INTT. I — \;\f\ _Outer HCal
precision vertexing MAPS ‘ i ‘\L Solenoid

and tracking for !l Magnet
jet quenching, charm, I

beauty

. Inner HCal

A
e
VN Emcal
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IV Conclusions

- QGP signatures observed in central Au+Au and Pb+Pb collisions at RHIC and LHC as
well as at SPS.

- We have obtained first quantitative estimates for characteristics of sQGP, like its shear

viscosity, temperature, density and energy density. The sQGP has a temperature more
than 100000 the T of the core of the sun, has the smallest shear viscosity and the

largest vorticity measured in fluids in the Lab.

Further studies are needed to study in detail and understand jet quenching, quarkonia
suppression and other phenomena.

AIR: Z2=-0 0 e,
J-PARC: 1-10 GeV

- FCC (100 km circular ring, p+p at sqgrt(s)=100 TeV, Pb+Pb at sqrt(s)=39 TeV)
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A view Into the far Future : FCC

enninger

Photo courtesy J.
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FCC: The Vision

~100 km tunnel, 16 T magnets
sqrt(s)= 100 TeV pp collisions

FCC-hh
FCC-ee
FCC-he

Possible first steps

*FCC-ee, E_CM=90-400 GeV
*HE-LHC 16T 28 TeV Schematic of an
in LEP/LHC tunnel 80 - 100 km
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FCC quarkonia

- p+p at sqrt(s)=100 TeV, Pb+Pb at sqrt(s)=39 TeV  D. d Enterria, QM2017

Te =155 MeV FASTSUM
m FCC-AA (T,~1GeV) can  2ff | mm—gw— T 8% - T 235 1
8 -+ + -
probe Y(1S) “melting” 6 :! :k ]
expected by latt-QCD £ AP T e
_ T 5 199 T 12T 183 = -
AT, h I I :
2 -:"| —+ p 4 - -
1 -: ~~~~~ - H E -
[G'AartS etal, JHEP 07 (2014) 097] 0 9 10 11 12 13 ll4 ;5.-.9 10 11 12 13 14 15 9 10 11 12 13 14 15
w (GeV)
o 4l -
® Density of bbbar pairs r2p porTra
large enough for i3 E
. . 0.8 _ .
Y(1S) recombination? o Lo YTOE
0.4:— —:
- do /dy=73 pb . 1
0.2 \Sy=40 TeV -
[A.Andronic, et al., JPG38 (2011) 124081] NN et AT :

¢} 50 100 150 200 250 300 350 400

Noan
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LHC experimental upgrades

ALICE upgrades for run-3

GEM-TPC ITS MFT

pad plane
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YRR =
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STAR Beam Energy Scan Phase 11

m

Collision Energies (GeV) Related to

Chemical Potential (MeV) 420 315

Observables Millions of Events Needed

R., up to pr5 GeV N/A N/A 160 125 92 Turn-off of

Elliptic Flow of ¢ meson (vz) 100 150 200 300 400 Q@GP
signature

Local Parity Violation 50 50 50 50 50

(CME)

Directed Flow studies(v,) 50 75 100 100 200 15t order

asHBT (proton-proton) 35 40 50 65 80 ph a.s?
transttion

Net-proton kurtosis 80 100 120 200 300 Critical point

Dileptons 100 160 230 300 400 Chiral

Proposed Event Goals 100 160 230 300 400

BES I Event 4 N/A 12 20 36

Only part of physics topics in BES II are shown here!

2017/8/17 Chi Yang, ICNFP 2017, Aug 17th - 29th, 2017, Crete 28




Electron lon Collider EIC
eRHIC at BNL / JLEIC at JLAB

Start of construction estimated: 2022-2023

ep: ‘/§m= 140
AU VSpay= 90
nuclei from deutehum to Uramum
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Luminosity (10%° cm?s™)

Lepton-Proton Scattering Facilities
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Example of results II:

EoS of QGP Matter

Example: determine the EoS of QGP matter from experimental measurements
what equation of state would the physics model choose to best describe the experimental data?
e create set of QCD Equations of State (aka the prior)
e run physics model with each EoS
e use comparison with RHIC/LHC data to determine which Equations of State are consistent with data (i.e. the posterior)
> posterior is very similar to Lattice EoS!!
Constraining Eq. of State with RHIC/LHC Data (MADAI Collab.) __
| | ' T Lattice: Hot QCD / BW

upper/lower ranges (arXiv:1407.6387)

o
w
T

cs? (speed of sound squared)
2 3
1 1

150 200 250 300 350
T (MeV) Pratt, Sangaline, Sorensen & Wang: Phys.Rev.Lett. 114 (2015) 202301
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1986-2000: Discovery of a new
state of matter at CERN ..

AT dy

Evidence: Sequential Psi prime and J/Psi suppression has

: been observed at CERN SPS Pb+Pb 158 A GeV
ccbar suppression
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Strangeness NASO, Phys Lett B 477 (2000) 28 Eur Phys J C 49(2007) 559 000y n-pinv1st bin
s 2 ¢ -
enhancement 'glA %1 " _ N0V, a5 _ " 2 peripheral
& O Po(208 x 158 GaVio)-Po 2 &
212 li; . o s:az.?oloc.w.:-.. . :
T(chem. freee out) 2 E:f : swmwoweta 3 b b +++
ngn 1 . « A p 3
=g T (Crltlcal % g ¢ pla00 GaVie, VHI)A r l l : l
] o AAAAAAAAAAAAAAAAAAAA
Sos : 0 1 2 3 4 5
' t ~ ] GeV/
Direct gammas Boe : : S ; Ip‘( K
. . a . " Qe centra
consistent with T > 204 S ! b yiov. ++ T® R
TCI"Itlcal ‘;:::;V‘Uwﬁ:--gms f . nm‘fm.-.fra(le\'-:.o'n + :
I'. el l'- = I'u Ed J'- el f'- b I'- e f'- = I'- 4 "- = I"- k4 J'- e . W'E ! 0 ‘ L ’ sy ,: ) ““/‘H ! ‘ d 1 +
o ) + +++ ++++

o

: ¥ o400 GeVic, VA 1
3 ® 1 2 3 4 5 6 7 8 9 10
e (GeV/im')

L (fm)

o

* Psi prime is suppressed from 1.23 GeV/fm”3 on i 2328 2004
* JIPsi is suppressed from ~2.4 GeV/fm”3 on "9 ’
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CMS DO and strange particles in pr PbPb
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pPb at high mult: v2/nq of strange particles tend to lie on a universal curve below 1.5
GeV, while DO fall below indicating weaker collective behaviour for charm quarks

PbPb semiperiph.: v2/nq of strange particles and DOtend to lie on a universal curve
below 1.0 GeV, indicating strong collective behaviour of DO similar to the

Sonia Kabana, Heavy lon collisins at RHIC, 28 March-1 April 2018, Athens,Greece




LHCb p+Ar at sqrt(s)=110
GeV fixecd taget mode SMOG
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The expected QCD phase diagram

o4 Ge& Quark-Gluon Plasma

.'1 39GeV %\

# 27cev ‘
o 196GV

& 115 Ge\l%
¢

® 7.76eV

Temperature (MeV)

Hadronic Gas

0 250 500 750 100C
Baryon Chemical Potential . (MeV|

Phases of QCD Matter

Areas of different net baryon densities and temperatures can be probed using different collision
energies and nuclei.

Goal: explore experimentally the QCD phase diagram (order of transition, critical

point, properties of the QGP).
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Direct photons flow too
J= Paquet et al,1509.06738
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_ I_’HENIX, c_eriv_:I 509.07758 _
Anisotropic emission of direct photons
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RHIC: results from 2015 p+Au run
and results from 2014 3He+Au at 200 GeV

PHENIX 3HeAu: Phys. Rev. Lett. 115, 142301 (2015)
PHENIX dAu: Phys. Rev. Lett. 114, 192301 (2015)
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Alm vs. dN.p/dn ALTCE
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=/m and Q/x vs. dN_,/dn
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Baryon to meson ratio
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Quarkonia

Matsui-Satz: screening the potential

Q and Q cannot
“see” each other

o < rQQ

Screening in
a deconfined
medium:
effective
charge of Q
and Q
reduced

O ?...

Assume: medium effects described with a T-dependent potential
(04

A __eff e—r/rD(T)
- r

® RHIC data
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VXV Y X, YX, b4 Y XY’
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|'I'nglf'£; 2.10 1.16 1.12 = 4.0 1.76 1.6( 1.189 1.17

Quarkonia: Thermometer of QGP via their
suppression pattern (Satz, Matsui)

Many effects play a role like dissociation in QGP,

- cold matter absorption, recombination/
coalescence from c, cbar, feeding, eg B mesons
carry 10-25% of charmonia yields (B->J/Psi from
J/Psi-h correlation STAR measurement)

Other models: B. Kopeliovich et al, D. Kharzeeyv,
E. Ferreiro, A. Capella, A. Kaidalov et al etc.
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Multi-parameter estimates
from a variety of data
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Multiple parameter estimation

Important progress in estimating properties of QGP using statistical analysis methods and a
multi-parameter model-to-data comparison, with many different data (flow, spectra, etc)

S Bass et al Phys.Rev. C94 (2016) no.2, 024907, and others Review: S. Bass. QV2017
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Example of results |

\ Temperature Dependence of Shear & Bulk Viscosities |

Review: S. Bass, QM2017,

temperature dependent shear viscosity: oor | 0-06%%s

Prior range
+ analysis favors small value and shallow rise — gg-jecfsr median E ol f \
+ results do not fully constrain temperature ; -
dependence: g P oal  1/S(T) = (n/S)min + (n/S)siope x (T-Tc)x(T/Tc)# 00 \ : 19
B independently ,
- current analysis most sensitive to T< 0.23 GeV KSS bound 1/4n

» RHIC data may disambiguate further CEE 0.0 025 030 A

n/s min n/s slope n/scrv
Temperature [GeV] [Gev-1]

* inverse correlation between (n/s)siope Slope and
intercept (n/S)min

+ insufficient data to obtain sharply peaked 02 00
likelihood distributions for (n/s)siope and curvature

w

n/
n/s slope
[Gev-1]

n/s crv

temperature dependent bulk viscosity: Us(T)=(ls)max / [1+(T-Tc)2/?]
- setup of analysis allows for vanishing Prior range
value of bulk viscosity
« significant non-zero value at T¢ favored,
confirming the presence / need for bulk viscosity

- either high sharp peak or broad & shallow ~
temperature dependence

caveat of current analysis:

* bulk-viscous corrections are implemented using

relaxation-time approximation & regulated to 0.00== 012 016 090 ¢/s max

prevent negative particle densities Temperature [GeV] "[2“;3’]”‘

+0.025
otor 0.0150015

0.08+

0.04+

{/s max
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Needed developments

Review: S. Bass, QM2017,
current analysis focus was on the properties of bulk QCD matter and utilized only
LHC data on soft hadrons. The analysis needs to be extended to:

- include data from lower beam energies
»necessary for determination of the temperature and s dependence of transport
coefficients

- include asymmetric collision systems (p+A, d+A, 3He+A, A+B)
»generate improved understanding of the initial state

- include hard probes (jets and heavy quark observables) M
> consistent determination of jet and heavy flavor transport coefficients AETSCRFE

- include other physics models

»analysis is model agnostic, allows for quantitative comparison among different models
and verification/falsification of models/conceptual approaches

Sonia Kabana, Heavy lon collisins at RHIC, 28 March-1 April 2018, Athens,Greece



RHIC Beam Energy Scan:
At which energy does J/Psi suppression turn off?
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Strangeness suppression near Ic

P. Castorina, S Plumari, H Satz, 1709.02706
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- Different dpT/pt for RHIC and LHC, for
same RAA

- dpt/pt is 25% higher for ALICE

- dpt/pt decreases slightly with
increasing pt (where rise of RAA occurs
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Jet quenching of light hadrons at RHIC

52'4 _ PHENIX Au+Au, |s,, =200 GeV, 0-10% most central
2.2 § direct y (arXiv:1205.5759) § J/y 0-20% cent. (PRL98, 232301)
2 B # =° (PRL101, 232301) # o 0-20% cent. (PRC84, 044902)
E ¥ n (PRC82, 011902) } e.; (PRC84, 044905)
1.8 # ¢ (PRC83, 024090) f K' (PRC83, 064903)
16 5 § p (PRC83, 064903)

EXRA)
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STAR Raa of Do in Aut+Au 200 GeV

2F T y aF d P STAR: Phys. Rev. Lett. 113 (2014) 142301 and 1404.6185
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Raa of Do at high pr:

- RAA DO suppression in central Au+Au 200 GeV

- suppression at high pr similar to pions
- Enhancement at pT~0.7-2 GeV (described eg by models with charm
quark coalescence with light quarks)
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ALICE new data on charmed
baryons
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LHCb J/Psi and B->J/Psi in p+PDb

LHCb, 1706.07122
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Universal Strangeness
Production

P. Castorina, S Plumari, H Satz, 1709.02706
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Upsilon vs models at RHIC
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Modification in Jet

fragmentation
ATLAS arXiv:1702.00674

Jet fragmentation function D(z)

Z: longitudinal momentum
fraction of a particle with
respect to jet
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