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| Introduction
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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
zero net baryon density with critical
temperature Tc~154+-9 MeV (2014), critical

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 for the physical
point (for the physical u,d,s masses).
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The expected QCD phase diagram

Ph. Rosnet,1510.04200

Relatrmstic
Heavy lon
Collisions

Quark-Gluon Plasma

Matter Made of Color
Newtrows & Protons Supcmonduclur

Newtron Sears?®

Baryon chemical potential (i) or net baryon density

First calculation of path of early universe in the (T, muB) plane:
S.K., P. Minkowski, J Phys G 28 (2002) 2063-2067.

Phases of QCD Matter

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

The order of the transition is expected to change with the net baryon density.

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

A. Signatures originating ‘“from the QGP itself” :

Direct photons from QGP - T(QGP)

Strangeness enhancement (Mueller, Rafelski 1981) —> K/pi

U.d,s yields for T(freeze out) or pT slopes (Van Hove, H Stoecker et al) - plateau vs energy
at Tc - e_init(crit), sqrt(s)(“‘crit”)

Multiquark states from QGP (Greiner et al) -2 ‘small QGP-lumps’

Critical fluctuations near the critical point, Tc - K/pi, <pT>, etc
Hadronic mass/width changes (Pisarski 1982) - rho etc
Flow -> shear viscosity (eta/S), etc

B. Signatures of high pT probes altered by the QGP, ‘“Hard Probes” :

Charmonia suppression (Satz, Matsui 1987) = T(dissociation) of ccbar, bbbar
Jet quenching (J D Bjorken 1982) - medium density and properties

--> Goal is to achieve a combination of many signatures
and measure the characteristic properties via multiple
observables
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Il Accelerator facilities and experiments
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Relativistic Heavy lon Collider
at the Brookhaven Lab, Long Island, New York, USA

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 and
PHENIX

Colliding systems:

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

Cu+Au, U+U, 3He+Au, p+Al/Au
Energies A+A :

Vsnn = 62, 130, 200 GeV

and low energy scan e.g.

7.7,11.5,19.6, 22.4, 27, 39 GeV
Energies p+p : 200, 500 GeV
Energies d/p+A: 200 GeV
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Large Hadron Collider (LHC)
at CERN

Low B (pp)
High Luminosity

& Future Expl.

Oclant3 7

LLHC layout I

run-1: p+p Vsnn =0.9, 2.76, 7, 8 TeV,
run-2; p+p Vsnn = 13 TeV

p+Pb Vsnn =5.02 TeV,  Pb+Pb at Vsnn =2.76 TeV
Dec 2015: Pb+Pb at Vsnn =5.1 TeV

Sonia Kabana
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Current Experiments with Heavy lon program

CMS  LHC ~LHCb

. STAR at RHIC
experiments

[ mmo ] | Barrel EMC |

ALICE

PHENIX at RHIC

PHENIX Detector

NAG61/SHINE at SPS
-

l.2<|3|<2.2. A®=2TT
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lll Selected physics results:

1. Jet quenching

Sonia Kabana
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Jet quenching

p+p Collision 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

Energy loss
eading particl leading particle D E ~ L

Jet ‘4 / je(
b

Radiative energy loss:
quiorghoon [, quikorgon parton radiation due to interaction
‘ with the medium
|
1 3

' ol
4 DE~L2
‘45 -'- e

Baier et al (BDMPS), Gyulassy et al (GLV+D), 2035 S
Arnold et al (AMY), JP Blaizot et al, U Wiedemannetal, : : : = :
J. Aichelin et al, B. Kopeliovich et al, AdS/CFT, etc s . 13
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Jet quenching

We compare A+A to expectations from p+p, using often the “nuclear modification factor” R , ,

defined as:
Yield(A+ A)

Yield(p + p) x <Ncoll>

N coll : Average number of NN collisions in AA collision

R, (pr)=

Suppression of jets in A+A: R, , <1

light

03

Mass dependence dead cone

Quarks are expected to eXh|b|t different _\E.‘, 02 /’\\

radiative energy loss depending on their E
mass (D.Kharzeev et al. Phys Letter B. 0.1
519:1999)
Mg =0.35GeV
ol . L 5fl'l’| 1 =1fm
5 10 15 20 25

E [GeV]

M.Djordjevic PRL 94 (2004)
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Flow coefficients vn, n=1,2,3..

Reaction
plane (Pgp )

Matter in the overlapp area of two colliding nuclei gets compressed and heated

:_':) w1+ zivncosmw;'@n)l

n=1

v, =<cos[n(¢p—-D_)]>

v : flow coefficients
(v1: directed flow, v2: elliptic flow, ...)
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Discovery of jet quenching at
RHIC (2003)
Jet quenching was discovered at RHIC

RHIC white papers for the 4 RHIC experiments 2005

§ 02k — p+p min. bias E
= | * Au+Au central ]
T | i
z | o d+Au FTPC-Au ,
—~ 0.1 0-20% &
5 = -
=)}
R . f
Z il
R ’ :
ol RN MR T ] W TR TN RS

0 /2 n

A (radians)
STAR Phys. Rev. Lett. 91, 072304 (2003), nucl-ex/0306024.

Dihadron correlations for pT(trig)=(4,6 GeV) and pT(associated)=(2 GeV,pT(trig))
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Single hadrons
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Jet quenching of light hadrons at RHIC

§2°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 N # =° (PRL101, 232301) # o 0-20% cent, (PRC84, 044902)
E ¥ n (PRC82, 011802) } e (PRC84, 044905)
1.8 # o (PRC83, 024090) f K' (PRC83, 064903)
1.6 F § p (PRC83, 064903)

a

pT(GeVIc)

* Light hadrons are quenched
* Photons are not quenched
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RAA of charged particles in Pb+Pb at LHC

ATLAS, arXiv: 1504.0337

'YI - + - ""'l g - T ""'l ""l L] L] . ""'l L] L L] ""'l
ATLAS

p+p, Po+FPb

1S, |5, = 2.76 TeV

X S Le=42pd", L™ =0.15nb"
1
. .' 0:. ... h\l<25 N <..:,J ‘_‘g% ‘
o e*. =+ (50-60%)/(60-80%) i ) e .
0.2} :::-:: . = (30'400/0)/(60'800/0) - 0.2 .%:. ‘ Téf . ATLAS, h'||<10
Sy = 2.76 ToV. +(10-20%)/(60-80%) Tt °OMS hiki0
L =015 nb” = (0-5%)/(60-80%) 1 " 0 ALlCE h1|<o 8
RAA vs pT in Pb+Pb by ATLAS RAA in 0-5% Pb+Pb by ATLAS,
study of centrality dependence ALICE, CMS
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Jet quencning haarons
Collision energy dependence

9% 17 3GV (Poly DLV Oy = 300 A
2 Py 3 oy - 1006 j Sakaguchi, PHENIX, QM2012
) LV OGNy & 20004000
ot Vs S . RAA 0-5% Centrality B PHENIX7® Au+Au 200GeV
¥ SWENIX (010 o N ® ALICE h*" Pb+Pb 2.76TeV
15 P elastc, smail P ! = [PLB 696(2011)30]
. \ ) o T L B
SPS ‘ . e oo VaM J i
J ©® CMS 0% — AW | L —f—
m§ ‘I" ¢ Ak POM: <> ® 30 . 30 GV’ am - - *'%Mﬁjﬁd
1 prsssssnns P RN NN N N N RN RN IR R E RN IR R RN RN RR NI RN NN R RR R R sessssnnene T LI
0.:” ] 0 b
3 1 LHC 4 4 6 8 0 12 14 16 2& » §0
Ko | ' - : p. (GeV/c
o | At - e - PHENIX pi0 in Au+Au 200 GeV and charged hadrons in PTb+Pb 2.76 TeV 0-5% look
0 5 ® f L Sene :.0 _____ 4 very similar
N " 4 & e J . o*® *”
-"""“'».,.’  RHIC | awik g
8 - Same RAA for pions at RHIC and LHC
0 A A4 4 A 114l A LA L A A Llal i i_J H
1 234 10 20 100 200 athigh pT

P, (GeVi/c)

RAA compared to models for energy loss allows for an estimate of gluon density dN/dy(gluon)
Here as an example we get (GLV model):

dN/dy(g)=400 for SPS

dN/dy(g)=1400 for RHIC

dN/dy(g)=2000-4000 for LHC

To estimate with confidence dN/dy(g), we should understand the mechanism of jet quenching via
studies of its dependence from pT, energy, event plane, path length, centrality, quark mass etc
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Fractional momentum loss is different at RHIC and LHC
PHENIX exp.

> E .,
O E - 04 = s Pb+Pb 0-5%, 5(global)=0.3%
o o 4 %;' 04a-- e Au+Au 0-5%, &(globaD=1.0%
O - ) w F —=— Pb+Pb 70-80%, 5(global)=0.7%
Z B o = S—&—— AutAu 70-80%, 5(global}=2.9%
T B, 3 03
107 L
C (1|T,, scale .. (2 Move scaled p+p ' = v Yy ' v ¥
- data, along fit 0.250- v ¥ WM
L s e pep——
10°L Au+Au data S.... 0.2— - L L ¥ .
= - ¢ |
E_ __!;__ - _’~ 0.15 :_ i
i (3) Calculate 3p, 0.1 =
oy = pT(p+p) - pT(Au+Au) =
107 0.055 a L) I f f
: AT LR
B p+p data .. -
~ i .'~.‘ =N ST TR U NI N U NN S i P BETEE A A | O
B and fit func. 12N '0‘054 6 8 10 12 14 16 18 2
107 el P, (p+p) (GeVic)
: | I L1l II b . II L1l Il b II L1l | Ll [ 1 I L
6 7 8 9

07 12 13 3415 Different dpT/pt for RHIC and LHC, for

p (GeVic)
_ ! same RAA
Measure fractional momentum loss - dpt/pt is 25% higher for ALICE

instead of RAA - dpt/pt decreases slightly with
arXiv 1208.2254 increasing pt (where rise of RAA occurs)

Fract. momentum loss : dpt(LHC) ~ 1.25 dpt(RHIC) M. Tannenbaum and
Charged multiplicity: dN/dy(LHC) ~ 2.2 dN/dy(RHIC) ~ PHENIX collaboration
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STAR Raa of Do in Aut+Au 200 GeV

oF y b JF T
T 40-80% (a) ] 10-40% (v)
~<19F 14 |3 i;-
< . ‘ 1t .. -
o 1f-=-- | (A “f# ............... - ,L‘i ..................... [
5 osf ¢ \ A | , S
-— I . ]
3 : ]
m 0 ™ A n " L A A L
L 0 2 4 6 0 2 4 6
S 2FsTARAusAs -0 + X @ 200 GoV Central 0-10% o
- » ! ® data ]
8 s T —— TAMU () ]
= 156 = o -=-=-=- SUBATECH _':
© L - Torino E
(@] P S, 1], Duke w shad. i
E a N Duke wo shad. .
- h S ) ) LANL :
— | ERRPe 4 R ST VETTTITRIRONS o RN -'—-
4] - ]
o . i}
S osf 2
- B ea e :
0 ’-l " | I | ...-..-‘
0 2 4 6 8
P, (GeV/c)

STAR: Phys. Rev. Lett. 113 (2014) 142301 and 1404.6185

no

mo <p, < 8.0 GeVic

Integrated D° R,
n

o
o

—— _ S—
STAR Au+Au — D + X @ 200 GeV, lyl<1
¢ 07< p, <22 GeVic

T
=
-
B
i

- 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)

Sonia Kabana

® 3.0<p <80 GeVic OL)¢ 0-80% MB
| i 1 2 | . i 1
0 0 100 200 300 400
N,
22
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New results from Heavy Flavor Tracker of STAR run-14

Secondary vertex reconstruction of D mesons with HFT

e STAR, QM15
700 0 STAR Preliminary R
& D - Kn Au+AU Vo, = 200 GeV -
§ 600 RHIC Run 2014 —
© - -
= 500
o - i d A
T 400E wof T =
,8-, 300; u_‘;' Without HFT Cuts 3 RS
E - 1(.‘[ 1 -
g 200: 1c-‘i ‘ =
8 . o'y With HFT Cuts ! 125M MinBias Events -
100} "7F S _ SNWS+B =18
o’_ AAAAA i 141 1 PEEE B P P PR
1.7 1.75 1.8 1.85

| PRI
1.9 195 2 205 2
Invariant mass, mg, (GeVic?)

~ 4 orders of magnitude reduction of combinatorial background
Significance per billion events : without HFT= 13, with HFT= 51

Total significance ~ 39 (min bias all pt)
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DO nuclear modification factor in Au+Au 200 GeV from HFT

' p— v

1

, — —_ —
1. STAR Preliminary  Au+4Au 200GeV, 0-10% -
1. e D’ 2014 =
. 5 D72010/11 E STAR,
X I {1 aQm15
g gt e I
m .
0. + ~
0. Ix ]
iﬁ é b :
0. T -
] )
0. p+p uncert. C 8 B
N EPEPEPUP BT BT P Ly abdi .
1 2 3 4 5 6 7 g

Transverse Momentum P, (GeV/c)

Suppression of DO at high pT
Enhancement of DO at pT<2 GeV/c pointing to charm coalescence with a flowing
medium
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Comparison RHIC to LHC

Au+Au 200GeV, 0-10%

e D’ 2014
- O D°2010/11
! I v ALICE

STAR Preliminary

lLlLllllllllLl

RAA

.- lLllllllllllL L!l

0 1 2 3 4 5 6 7 8
Transverse Momentum P, (GeV/c)

RAA of DO mesons is similar in RHIC and LHC at pT>2 GeV/c
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DO v2 with the HFT

03 L | | N 1 1
» Au+Au ?OOGeV, 0-80% Non-flow est.
025t e DEP =
0.2}
i +
0.15f
" ®
0.4 -
0.05 * * i
0 ----------------------------------------------
D STAR Preliminary
. s : ! | |
0.0% 1 2 3 2 5 6 7

Transverse Momentum P, (GeV/c)

0.25

0.2

0.15}

0.1 = l

B b W
S |
0.05 - = ]

I 1

 Au+Au 200GeV, 0-80%

" Non-flow est.
® D EP

e o e

STAR Preliminary

nNe - | ] ]
0'0“0

1 2 3 3 5 6 7
Transverse Momentum P, (GeV/c)

Observation of finite v2 of DO mesons at pT>2 GeV/c
The v2 of DO is lower than v2 of light hadrons at pT<3 GeV/c

Sonia Kabana
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Dx2nT

Comparison to theory

STAR Preliminary Au Au QOOGeV 0-10% -1

J D" 010 1 -
‘ — TAMU 1
l — SUBATECH

0.6
0.4F
0.2} ™3 s
: 1 { 1
Transverse Momentum p_(GeV/c)
40 —
® Lattice OCO: Banerjee of al STAR Preliminary ‘_’"
< Lattice QCO: Ding ot al pO.CD.\-O ..... ;
30F e [ 5
i ]
| e
T wal"" F-OO" f-b‘
Q.
20
R #
%
10} *

e

10

0.3
Au+Au EOOGeV 0-80% Non-flow est,
025 e O
— TAMU
0.2 —— SUBATECH -
o — &Jke 4
0.15f
0.4 E
0.05¢ /t*
STAR Prehmmary

Transverse Momentum p_(GeVi/c)

Models with charm diffusion coefficient
of 2-10 agree with STAR data on RAA
and v2

Lattice calculations are consistent with
the values that agree with STAR data
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RAA of open charm and
beauty at the LHC

QHFE, arXiv:1506.06604 ALICE, QM2015
o UL UL IR IR ]
@ | Pb-Pb, |sy,=276TeV
ﬁ n° (ALICE) 8<p_<16 GeV/c, |y|<0.8 ;
127 @ b mesons (ALICE) B<p <16 Govic, <05 Pb+Pb ALICE, CMS:

' e Non-prompt J'y (CMS breliminary)

r 6.5<p'<30 GeV/c, lyl<1.2 cuspasianizon .
1} !

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

g () 50-100% forron-prompi Jy : RAA of D mesons is much
0.8 H CMS non-prompt J/vw  smaller than RAA of non-
0 i | prompt J/Psi representing

| t " | open beauty (B->J/Psi X)

5080 ' .
f ¥ - (but pT range different)

SN » ALICE = and D
0.2 30-40% B — .

| I oo W RAA of pions and D

| n* shifted by +10 in (N cart) 0-10% _ . .

%5600 T80 200 2s0 a0 80 0 MESONS is consistent
Noard (pT range is the same)
28
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Heavy flavor (c,b) -> muon
ALICE

ALICE, arXiv:1507.03134

li 2:1 p]b_ T Y rrzr;sr.l!otvtl]11vTrrrrrrr[r11]111: lf 03- e
13 18F o Lo ALICE Preliminary § ¢ | PP-PD, {S=2.76 TeV
s 6E Co ntrality class 0-10% 4 XV 02Fpe«HF in 2.5<y<4
TE e pteHF 0-10% - - 20-40%
af o Megue s i of
- ast B N
12F TAMU olastic 2.5<y<4 3 .
-+ ) Sys!. uncenainty B o
L e ] =
08F ‘ r [ «HF
ook 1 o4F =3 vi (2} in 20-40% 2.5<y<4
E ++ s MC@sHQ+EPOS 20-40%
04 3 ‘ H okl 02k == TAMU elastic 20-40%
0.2 £ - BAMPS 30-50%
0_1 adaaalag aaa e e e laaa g a7 -03"
0 2 4 6 8 10 12 14 16 18 20 ~0 1 2 3 4 5 6 7 8 9 10
p. (GeVic) P, (GeV/c)
A. Dubla

RAA extended up to pT 20 GeV
RAA and v2 described by transport model
calculations
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Flow of heavy flavor at LHC

N >—1 T T I A T Ll ] L L] Ll ‘I' LJ T 1] | T T Ll ] T T ¥ T Ll T L3 ‘[ A T | I 1—1
> . .
0.4k ALICE DD, D™ average  Pb-Pb, |s = 2.76 TeV ]
“*H_] Syst. from data Centrality 30-50% §
L[] Syst. from B feed-down o
0.3 -
0.2F -
0.1 - T
[ s TR SO | | I
QRS T T
- WHDG rad+coll N
[ — . POWLANG -
-0 1—----- Cao, Qin, Bass ]
0'1: . MC@sHQ+EPOS, Coll+Rad(LPM) - - - - TAMU elastic
[ ... BAMPS — — UrQMD §
’—1 1 1 I 1 1 L l | 1 L l 1 1 L I 1 1 2 l l 1 1 | i 1 L 1 |l 1 | l-_4

0 2 4 6 8 10 12 14 16
P, (GeV/c)

D mesons exhibit a strong v2 component
-> charm quarks participate in the collective evolution of the system?
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First measurement of a B meson in A+A collisions

CMS Preliminary PbPb 2.76 TeV
AL R B NN L

: . - Data i

g B TR

O  [p >8Gevic “Signal :

%) 20 - lyl<24 e Combinatorial 1

= ont 9B JuX

o 20 :

N ,

Z 15} My=5266 + 5 MeV/c? ]

B - 1 Ta-Wei

s 10 -’ } * l 7  Wang, CMS

1] 5 } + % Hard Probes
AT 2015

=
—

WL IR T S SUN! ST S TR S

5 52 54 56 58 6
Invariant mass (GeV/c?)

P s e w1
s
rd
/
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p+Pb and Pb+Pb data at LHC

T B N B R e
1.8  ALICE, charged particles

_ e p-Pb \s,,,=5.02TeV. NSD, | 1]l_m| <0.3

1.6, Pb-Pb \s,, =2.76 TeV, 0-5%central,| n| < 0.8

a Pb-Pb \s,, =276 TeV, 70-80% central, | n| < 0.8

LA

b ek d

—
-

,« + - R(PbPDb) suppressed at

a{g i_ Hﬁﬁo%*ﬁ“; _______________ & high pT

i
T . ]
dadpuds B4t 1 11 R(pPb) for charged
) ; 1 particles is compatible
045 | - . with 1 at hight pT
0.2f T D F = = | no jet quenching in p+PB

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

The jet quenching seen in Pb+Pb is not due to cold nuclear
matter effects
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PHENIX: Charm and Beauty in Au+Au at 200 GeV
using the Silicon Vertex Tracker

PHENIX: arXiv:1509.04662 (2015)

[ w— Dala (b)

P M Mis-identified hadron JTT
- m— High-mult. Bkg. J usAu MB | 5,,,=200 GeV

A
: Dalitz PHENIX 2011
« .+« Conversion e
10°¢ I
e e i
| W ; ‘\Hm
. H v A‘:‘ '-‘ |
, 1§ i | I
l[ 'M i3, f
ot

—o:_)—
»

Sonia Kabana

Analysis of data sets
2004+2011 runs

Used the information of
Distance of Closest
Approach (DCA) of
electrons, measured with
the Silicon Vertex Tracker
(VTX) (available from 2011),
to unfold charm and beauty
contributions in min. bias Au
+Au 200 GeV
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Data/fit

(@) [« PHENIXRun4 +Run 11 MB
10° +  STARO0-80% x 274
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10.3 1 “\0 |
\\‘
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\.\
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107 | -
8 DY ly|<1 \‘\
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2.0f y .
1.5} ol®! &| (s ]
™Y )
o @8 - Blelel T
0.5}*
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PHENIX unfolded charm in Au+Au min. bias is similar to STAR direct charm
measurement (0-80%)

Sonia Kabana
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RAA of Charm and Beauty in min. bias Au+Au at 200 GeV

PHENIX: arXiv:1509.04662 (2015)

FIC
con
b -

fron
as i

RAA of (b->e) is less suppressed than

(b) Au+Au from Undold
p +p from e-h correlabons
Phys Rev.Lett. 105 (2010)

y/<0.35
Au+AuMB 5 o 200 GeV
PHENIX Run 4 + Run 11

1 2 3 4 5 6 1 8
pT [GeVic]

RAA of (c->e) in pT=3-4 GeV/c

Sonia Kabana

Example of comparison with models: model
with energy loss (however for O- 10% Au+Au)

12l FONLL (a) |
Djordjevic et al, dN/dy=1000 (0-10%)

= =« Djordjevic ¢t al. dN/dy=3500 (0-10%)
= Djordjevic etal. (0-10%) = =  |-==========--4
s Unfo'd Result

-
o
T

o
o

b—e/(b—e+c—e)
o
(=2}

0.4
0.2 ly|<0.35

' Au+Au MB /5., —200 GeV
00 PHENIX Run 4 + Run 11

1 2 3 4 5 6 7 8 39
p; [GeVic]

Future: 2014 Au+Au and 2015

p+p data analysis (with VTX).

Centrality dependence.
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Jet quenching in a non-energy loss scenario

B. Kopeliovich et al, EPJ Web Conf. 71 (2014) 00070 , 1402.2012

Vacuum + induced ) .
Color neutralization

Gluon radiation -> color neutralization -> energy loss .
colourless pre-hadron -> inelastic collisions w
. L . q !
with the medium -> attenuation _ | 4 - h
I I

Below an energy loss scenario assuming long

This model agrees with nuclear suppression hadronization time does not agree well with nuclear
factor of HERMES suppression factor of HERMES
. . W.T. Deng and X. N. Wang, Phys. Rev. C 81, 024902 (2010).
;‘__;; -_.____._ N [ ] &: : T T Y Y :
. | 1.0
2 ) > i ‘\ ! =
| TP : | 0.8fKr .
2 \:L\\ { - o
b | 0.6Xe i
™ 0.4f- -
0.2F -« oe = g0 GeVitm -
= == §=0.024 GeV /Am". -
F o - Q=0.032 GeV'AM  p N\ " 1
0.0 0.2 04 ; 0.6 08 1

Zn
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Jet quenching in a non-energy loss scenario

B. Kopeliovich et al, EPJ Web Conf. 71 (2014) 00070 , 1402.2012

The model agrees with RAA and v2 data at RHIC AND LHC
One parameter: transport coefficient g-hut
Extracted values of g-hut: 1.2, 1.6, 2 GeV"2/fm for sqrt(s)=62, 200, 2760 GeV
They extract similar values for the g-hut of the medium from J/Psi analysis

PHENIX

"Au-Au Vs, =200 GeV

Sonia Kabana

. ALICE Pb-Pb

L | v veers
| V8, =276 TeV

. 0.-80%

1

pr (GeV)

10’

ALICE

. Y . —
Pb-Pb Vs =276 TeV
ALICE Preliminary
" 5.10% +

ST iﬂ‘_i_

J - -
]

" 20-3% -

buiaes

" L "
Ll
" 0-5% 4
.
1

A L A L " A

10 — 20
pr (GeV)
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Reconstructed jets
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Jet cross section in p+p 200 GeV RHIC

o

10°E” LR
. (@),
10 % STAR =
S [ ‘:{ p+p = jet + X :
10°F - =200 GeV E
3 | - midpoint-cone '
& a5k N Gl 4
,_Jo E =3§ k(.-.:—()."l 5
% e \; 0.2<n<0.8 .
S 10°E a8 5
T F e -
3 ; . =
510°E ol 4  STAR, Phys. Rev. Lett. 97,
IR i ' \'.\\. i 252001 (2006), hep-ex/0608030.
10°E o Combined MB N E
E N =
10? —e— Combined HT . E
: '—\—1
1=~ —— NLO QCD (Vogelsang) —
L | pgeliey — gy
1.85 Systematic Uncertainty
51 4 = s Theory Scale Uncertainty (b)
. . E_ . %n_.e.: a " P T T T T T T L L L i o
E ; :E_ mnw;;:‘:.w.‘%‘w-m‘u..“..m e
w UV.oF
© 0.2 ‘ . ,
0 10 20 30

::)[GeV/cls‘o
The jet cross section in p+p 200 GeV is described by NLO
pQCD over seven orders of magnitude
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Hadron vs jet suppression
RHIC

Hadrons

2.4/ pHENX AusAu, |5 = 200 GaV, 0-10% most central -
2 <
@22 § drect y (0w 1205 5759) § My 0-20% cent (PRLOS, 232301) T 15
2: § =° (PRLY01. 232301) 9 0-20% cont. (PRCS4, 044902 e
| # 1 (PRCEZ 011902) } o, (PRCSB4, 044505) | > 14
1.8 § ¢ (PRCS), 024090) $ X' (PRCS3, 084903) &
1.61 h: (PRCES. 064900) 2 12
14 5
12 < .
1t { - { : rzi
08! } 08
0.6 | | 04
0.4/4 } ' ’ ¥ ‘ 7,
0.2 . . z -
l " i i ) . . i 0
00 2 4 6 8 0 12 14 16 18 20
p'(GoVIc)

Jets
—o— AwAuPyins
" - "
Run 11 AusAg (s, ~200 GeV, 60 yb B woching ot une
0-19% Central Collisions [ undeiding uncenanty
T T, wncenanty
Anti-k, R=023 . .
P > 0.2 GeVie
sbakrnssssetorseiiiini . B
pr* "™ > 5.0 GeVie
A *02w ..'. b’ 5
————————
- ——
-
.
- e - e w— STAR Pnllmlnary
-
e
5 10 1 2 2% 30 15
charn
P m"“’ (GeVic)

P. Jacobs, ICNFP2014

Jets are less suppressed than hadrons at RHIC, while in LHC they are

suppressed the same.
Less out of cone radiation at RHIC?

Sonia Kabana
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STAR: Effect of changing the R

Charged jets
18

18 Run 11 AuvAu |5 200 GoV¥, 80 ub"

0-10% Central Collsions
Antih, R=02

P > 0.2 Gevie
By > 7.0 Gevie

14

L |

12—
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R,, (AutAuPYTHIA)

08l
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p?*®d (GeVic)

I e A JLl 'S
% 5 10 T 75 ) e

18
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Ao >0
08—
f T untoMding uecertainty
T STAR Preliminary ™
= _._" Unzertarnes added |roarty
| 1 ..{."." A L Ak Al A b A
% 5 10 15 20 25 0

k)
p:;W (GeVic)

Sonia Kabana

Ry (AU+AU/PYTHIA)

Charged jets

16

14

- 02 0uVie R=0-3

QM2014, Y.J. Lee
e AuAuTytha
~ Run 11 AueAu |5 _*200 GeV, §0 ;ib"
- L " [ vechng off umetawty
- 010% Central Colitsions [ wnfsidng uncertanty
- T wnceranty
~ Antik, Re03 - .

PN > 7.0 GeVie
08 Aape 0200
06
04
-

02 -

ol - PP PR el PR il P - ) IR - P —

0 5 w 15 2 25 % 3

p:;"‘ (GeVic)
Anli-k; jets with

R=0203,04

STAR observes a change of RAA(Au+Au/Pythia)
with R from 0.2 to 0.4.
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New: semi-inclusive charged jet
measurement in Au+Au at 200 GeV

----------------- STAR, P Jacobs et al, 1512.08784

Au+Au, \s,,~=200 GeV
9.0 <p,” <30.0 GeV/c
A,>020,R=03
anti-k,

10"}

) (GeV/c)”
=)

;;1103
5 = ‘_‘EﬁlAR preliminary o . . .
5 %10 -y . Corrected recoil-jet distributions
° S . . .
“g10sf mOe10% SN show significant suppression at
2 reuTe S . .
D 0L o o ainty ~_  high pTin 0-10% Au+Au as

compared to peripheral Au+Au

h "
p;’et (GeV/c)
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Dijets
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p, [GeVic]

Dijet imbalance in STAR: A _J

pPrcu=2 GeV/c
prie*>20 GeV
pySublead>10 GeV

A cadsublesa> 2/3 1

Prew=0.2 GeV/c
Rerun jet-finding algorithm pre*>20 GeV (pr.cut=2 GeV/c)
anti-kr on those events ... priublesd>10 GeV (prcum=2 GeV/c)

Calculate A; with constituent prcu>2 GeV/c Calculate “matched”

/

{, = P11~ P12

P11+ P12

pr=pr —px A

Sonia Kabana

|Aj| with constituent
prcut>0.2 GeV/c.

J. Putschke, STAR, QM14
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STAR, Dijet imbalance Au+Au 0-20% R=0.4

Anti-kr R=0.4, p1,>20 GeV & pr2>10 GeV with preut>2 GeV/c

c 022
O ) pp HT © AuAu MB p™'>2 GeV
8 02 v
o
w 018
- ® AuAuHT p:'52 GeV
S 016 —o— ‘
> _—
i %—Q—
ol ‘} Au+Au 0-20%
Sys. Uncertainties: 012 Anti-K, R=0.4
- tracking eff. 6% %
- tower energy 0.1
scale 2% S AR
0.08 i 2 Preliminary
0.06
0.04 p:"‘"(p:">2 GeV)>20 GeV i
0.02 p:"""‘""(p:">2 GeV)>10 GeV ——
. Y
0 | T TN W T T YN TR TN T TN T NN AN TN NN NN N AN 1_1\’1_*_%]_‘4
0 0.1 02 03 04 05 06 7

A
Au+Au di-jets more imbalanced than p+p for preut>2 GeV/c

J. Putschke, STAR, QM14 also STAR, QM2015
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STAR, Dijet imbalance Au+Au 0-20% R=0.4

c 022
Qo - > pp HT © AuAu MB p;">2 GeV
g 02 i O pp HT © AuAu MB Matched
C e
(C 018 %%: | Py 202 GeV
= - | X ® AuAu HT p':">a GeV
o 016 . s B AuAu HT Matched p™>0.2 GeV
> = 4; 4:' { —¢ g
w T — - = —
0.14F =+= | Au+Au 0-20%
Sys. Uncertainties: 0.12 ?t'_, L Anti-K, R=0.4
- racking eff. 6% 0.1 +
- tower energy E 4
scale 2% 0.08 - . ’_{v}'ﬁu
e 3 :$_—‘* -\ Preliminary
0.06/— .
C pl(p™>2 GeV>20 GeV ——
0.04}- pr T
C pSublesd 2 GeV)>10 GeV 2
0.02 - T T b 4 ﬂf
- | | I ! == 8=
)L T T T Y T T - LT l—au_la,_‘_‘_
0 01 02 03 04 05 06 I ¢
AUl

Anti-kr R=0.4, p1,1>20 GeV & p12>10 GeV with p1=v>2 GeV/c

J. Putschke, STAR,
QM14

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)

Quenched jet energy is recovered at low pT within a cone of

R=0.4

Sonia Kabana
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Dijet imbalance with R=0.2

Anti-kr R=0.2, pr,1>16 GeV & p12>8 GeV with pre¥>2 GeV/c

c 02
0o - O ppHT © AuAu MB p}">2 GeV
T 018
© —
& »
- 016 —— ® AuAu HT p™>2 GeV
g - —O0——0— T
2 0.14|— . =
= $
012 4 : Au+Au 0-20%
L
. . Anti-K, R=0.2
Sys. Uncertainties: 011 —*—
- tracking eff. 6% ~——
- tower energy -
scale 2% 0.08 . '\—ésut
= 'S Preliminary
0.06 —
— ._O_.
004 PL=pS"'>2 GeV)>16 GeV ——
- cul
- pBublesd(n®s2 GeV)>8 GeV ——
0.02 - T T _(|)_
0—11111111111111|11|||||11||11|}—r.h—\_1ﬂ_hl_
0 01 02 03 04 05 06 0.7

A
J. Putschke, STAR, QM14
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Sys. Uncertanties

- tracking eff. 6%

- tower energy
scale 2%

Sonia Kabana

Event Fraction

Dijet imbalance with R=0.2, matched

Anti-kr R=0.2, p11>16 GeV & pr12>8 GeV with pre'>2 GeV/c

0.22
0.2 O pp HT & AuAu MB Matched
' pc*'>0.2 GeV
0.18 cut
4 ® AuAu HT Matched pT >0.2 GeV

0.16 $ o
0.14 + =¢= Au+Au 0-20%

0.12 :$:+ Anti-K, R=0.2
01
- —

0.08 _+_ I\ preliminary

0.06

004 P(p™>2 GeV)>16 GeV :8:

e p:'““"(p:">2 GeV)>8 GeV —C
011111111111111111111111111111111]22211
0 01 0.2 03 04 05 06 0.7

IAJl

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

J. Putschke, STAR, QM14
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Comparison to LHC: first LHC results

CMS/ | CMS Faper ment 2t LHC. CRRN
// Data secorded Sun Now 14 83129 209 CEST
—— | RenEvent: 151078 / 1328520

Lumd saction: 240

E;(GeV)

T EE-E-E

Asymmetry parameter AJ defined to characterize dijet balance (or imbalance).

Pt — Pr2
A= .
pr.+ pPr2
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Jet quenching via dijet imbalance

...... e S vy S ——
- (@) cMS Ita.as'pc' ‘*(b) Ilm 6.7 b (€)
02 ® pp\SeTOTeV - } o PoPbAs s2TE TV L py > 120GeVio -
5 e PYTHIA ‘ PYTHIA+DATA 4 Pyy> %0 GaVie
4] r 1 % N
@ | . Asti-k., Rs0.5 ¢ Berative Cone, Rs0.5 .+ °+ "'n'§"
s |
= [ . + . 1
9 0'1:- * i + -:- +. )
‘] |
. 1 50-100%: o 30-50% |
R— et SRR RERERE 4
(d) (e) 1 (N
0.2F - 1
§ | ; [
T . 0. 1
© , | Xy
S TN Loty
= |
$ 0.1 ¢ - B - -
w 1 1
' ‘ 1 * {
1 ¢ 20-30% ) 10-20% ¢ 0-10% ¢
I o 1 ° 1
OL ......... - Il PR S L J SRR EETETE BT S E——
0 0.2 04 06 08 0.2 0.4 06 08 1 02 04 0.6 08 1

As=(p, P, P, 4P, )

Observation of highly unbalanced dijet events in central
PbPb collisions -> evidence for energy loss in medium or “jet quenching”

Sonia Kabana
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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.

bbbttt bbbttt ettt el et eb ettt ettt PURT NN TSN U T ST U U T T U U N TN SN NN NN N
."" "l"‘l' "l""]'"'-‘,ldllilillll'llllllllll‘ll‘
L () In-Cone (@ Out-of-Cone |
| CMS 0-30% -+
40 _ AR<08 _| ARz0.8
| Pb+Pb \'s_=2.76 TeV 1
: f Ldt=6.7ub" < e
. 20} -+ .
Q = -+
S : — X S
@ = " { 3
S o == -
M F ® >05GeV/ic
> L ] 0.5-1.0GeV/ie
-20[~ 1 1.0-2.0GeV/ic
: [ 2.0-4.0Gevie
40 [ [ 4.0-8.0 GeV/c
- I > 8.0 GeV/c
[ PP PSR SRS BRSNS U U NN RN AN A AN NS AN AN AN AN AT ST T AN S AT AT
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
AJ AJ

Colored bands show
contribution to pT
for five pT ranges

Sonia Kabana

CMS, PRC 84 (2011) 024906

Color decoherence
can lead to large
angle emission

N. Armesto et al, 1207.0984
K. Tywokiuk et al 1401.8293

Dijet balance (or imbalance) characterization:
A= (pt1—pt2)/ (P11 *+ p12)
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Where did the lost energy go?
Compare to p+p

A, Inclusive anti-k, R=0.3

166 ub™ (2.76 TeV)

p,,>120;p, >50GeV
Inllnl<06A¢ > 5n/6

PbPb (p")

| ‘
PP (97) (04) f Pbe <pr)[o )

vvvvvvvv

15 5* (Pbe30100%) op T

Bl 8.0-300.0

h]ml <24

Average of track pT projections on the dijet axis

CMS, 1509.09029

Dashed line (pp) and solid

line (PbPb)= cumulative values
demonstrating the overal pT
balance vs angle.

Balance is restored when the lines
reach zero (at large angles)

CMS, 1509.09029:

For a given dijet asymmetry
The imbalance in pT in PbPb
is compensated by particles
in pT range 0.5-2 GeV

while in pp in the range 2-8
GeV -> softening of radiation
responsible for the imbalance
inPbPb

as a function of the variable: A = V{(uk — Piet)? + (Heek — Mjet)*
which is used to define annular regions around the axis

Sonia Kabana
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Gamma-jet

Photon i{ i |

Jet
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CMS: Is gamma-jet showing jet quenching in pPb and
PbPb ?

Fraction of isolated photons that do not find an associated jet of pT > 30 GeV :

1_[ llllllllllllllllllll"l""l"'l lllllllllIIIIIIIIIIIIIIIIIIIIIIIII lllllllllllllllllllll|||I||||I|||l

[ OMS Preliminary

1 CMS Preliminary 1 CMS Preliminary i

08| YEn=5.02TeV 1 Yau=276 Tev 1 feu=2.76 TV ]
[ pPb30.4nb" * 1 PbPb 150 ub* 1 PbPb 150 b T ]
06} pp5.3pb’ % —pp 5.3 pb’ & —+pp5.3pb™ " —
i ’ 1 @ % 1 ] ]
04| -+ ! -1 b -
L ? 158 1148 J

- - - + B
o2l + pPbDATA N 1 h
“L @i pp DATA (2.76 TeV) © PbPb 30-100% 1 . * PbPb 0-30% ]
i 0 PYTHIA+HUING . 0 Smeared pp reference + ®' Smeared pp referencs -

lllllllllllllll
100 10 50 60 70 80 90 100 10 50 60 70 80 90 100 11C

So
|
|
-
8

p; (GsV) Pl (GeV) P (GeV)
pPb show no jet PbPb 30-100% show jet PbPb 0-30% show even
suppression suppression more jet suppression as
as compared to pp as compared to pp compared to pp

CMS-PAS-HIN-13-006
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Jet quenching via gamma-jet

—pjet
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Peripheral Pb+Pb: data like Pythia

Central Pb+Pb: Smaller energy fraction of jet with respect to the

photon and reduction of the integral.
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STAR: At which energy does jet quenching switch

off?
. {4 -~ STAR Preliminary « 7.7GeV
2| ¥ WA (07 Y ONy » 1400 ‘ slalistical errors only = 11.5GeV
. . — YO P . v 19.8GeV
' S . ¥ 27GeV
1.5: ‘ y " ”” o' | .'. . - SQGeV
Foses i e e e ol . B24c0v
L || aa N ;\o\
q peeresreeesomminerecssssriessiteesstessienestressstee e ets st eessesessentane - W
f’&f S ¥
: LHC = 1 —a—y e T
:‘,W" . % r - . 9
.". F . 0. L oc . ———
0 5‘..@.. RHIC | N 1 +
e T o4 o T e -
Souetat ¥ " N |
0 R W W L s sl _— 0 1 2 3 4 ) 8 9 10
1 234 10 20 100 200 p,(GéVic)
p. (GeVic) '

New data at 14.5 GeV added (in the right plot)
Smooth transition from suppression to enhancement

Rcp suppression at high pT sets in from Vs=39 GeV on
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Jet transport coefficient at
RHIC and LHC

Sonia Kabana
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Extracting jet transport coefficient from data and models at RHIC and LHC

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

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).

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

[ — 4, ~ 20Gev¥/fm 7 o I l(l N III L L
L e PHENIXO-5 %2012 -_: 3 | '
RHIC .| 1 4
% sk o “ 5L \ Dedx(radiative)~
02 fomn """"’I— ] 2T \ q-hUt
0 " [ .d N><2— \
3 10 15 - \
! 1= \\ / 5 0-5% ]
e T T ) I Vo T ooz
ox-—'f“‘ ~ - ob—a 1 l (I S T R
L& -206etm| -7~ Eg_ij,,;;.j - 1 1.5 25, 3 35 4
' (&% = Example of fit to pi0 in central 0-5% Au+Au and Pb+Pb for
_____ _  the Higher-Twist-Majumder (HT-M) model.

o 20 0 %0 s 1w The model calculates the medium modified fragmentation
function including multiple induced gluon emission.
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Assumed temperature dependence of the scaled jet
transport parameter g-hut/TA3, with gq-hut estimated from
fits to data from RHIC and LHC

7 T SRR SRR - -
wes MARTIN] ' McGill-AMY
6 [== HT-BW --- GLV-CUJET:
[esee HT-M ]
5 F .
MF 4 - - ..... —
S
3 E z
2 F .
Triangle: value in E . A _AusAuat RHIC, 1 Calculation at
cold nuclei from I QT (DISY | < __Pb+Pb at LHC, 4 initial time 0.6 fm/c
DIS experiments  , E&—7, b, S )
0 0.1 0.2 0.3 0.4 0.5
T (GeV)
o [12£03 (oo T=370 MeV
T119+07 ~ T=470 MeV
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Scaled jet transport parameter q-hut/T*3

7 U RS R o AR EAASS L
D GLV=-CU ET - -
6 . HT—BW BRE
- 0 HT-M
s LA McGill—AMY
° F'O MARTINI -

: . Dashed boxes show
=4 F Li ds expected values for
< f Y15 sqrt(s)=0.063, 0.130

) B Q and 5.5 TeV
2 F el L2
_Au+Au at 0.2 TeV,
l = A ™~
4T3, (DIS) _PbsPbat 276 TeV,
0 P BT BT BRSBTS AT SR A |

o €02 025 03 035 04 045 05
T (GeV)

Results from JET collaboration agree with results from AdS/CFT
correspondance shown here with the arrows named NLO SYM
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5. Quarkonia suppression
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Quarkonia

[ < T T =12T Matsui-Satz: screening the potential
C = BC
|]] D]]] | EE EE I:[I E Screening in . Qan.dQcanno(
"o | a deconfined “see" each other
T S . : mediunm ro <rqQ
VAN Y %Y X g Y %Y decie ’\
=L oo’®
.I. = 3 'rc reduced ‘ .
H. Satz, Nucl. Phys. A (783): TR TR
249-260(2007) TRt | TR Assume: medium effects described with a T-dependent potential
ALl ALl Ll A. _":‘r e lagdT)
Y

* RrHeC aama

5
| state | J/6(18) x:(1P) | ¢/(28) | T(S) w(1P) | T(28) | wl2P) T(38)
| T,/T, 2.10 1.16 112 | =40 L76 1.60 1.19 11T \

o PACSet L. L .

: T k = ——
Quarkonia: Thermometer of QGP via their TR ol
suppression pattern (Satz, Matsui) = *2&2 g Jiyh corelation, prp 200GeV

30.6 ——— runs. corrlation, P+p e

- . . - . [ L~ UA1 J/p-h lati 630GV

Many effects play a role like dissociation in QGP, 2} D0 yimpact parameter, pap 1.8TaV
- - . 3 0.5/~ CDF Blife time, p+p 1.96TeV

cold matter absorption, recombination/ S "FoMS B life time, p+p 7TeV
coalescence from c, cbar, feeding, eg B mesons %M X'Y'%.y:d 6

. . . -+ 1.6 <2.4
carry 10-25% of charmonia yields (B->J/Psi from ?03_ £ \R,,,y(,,,,,,,,,,,\‘ T
J/Psi-h correlation STAR measurement) etc o B

0.2 . N 5
ccbar pairs can also be destroyed before L A%,_.T.”Jf_ | 1
formation of J/Psi (S. Brodsky). i 1
.  OVi I S S R O R

Other models: B. Kopeliovich et al, D. Kharzeev, . (G%/ééz‘
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J/W suppression and coalescence

Jly suppression at low p; maybe from excited stats (y’, ) F Karsch, D. Kharzeev and H. Satz, PLB 637, 75 (2006); B.
Alessandro et al. (NA50), Eur. Phys. J. C 39 (2005) 335; R. Arnaldi et al. (NA60), Quark Matter 2005; PHENIX: Phys.Rev.Lett.98, 232301,2007.

60% of all J/Psi comes from direct Jp. (30% of all J/Psi come from y, and 10% v’)
¥ and ¢’ T(dissociation) ~Tc, while J/Psi T(dissociation)~ 2 Tc LS

Suppression of J/Psi observed, maybe due to . and y’ dissociation
Directly produced J/Psi may not be suppressed at SPS and RHIC
One can then expect more suppression at LHC due to direct J/Psi dissociation eiem) e
(but must account for possible c,cbar coalescence-> J/Psi) |

J/Psi assumed completely suppressed and resurrected by c,cbar “coalescence” :
S.K., New J. of Phys. 3 (2001) 16, 0004138

A Andronic et al, Phys Lett B 652 2007, p 259

25 1.2 ® RHIC data

N [— _ - JIPsi assumed to be completely suppressed

o - ) - R_AA(J/Psi) is estimated for the process of c, cbar
| H coalescence to J/Psi, within a thermal model
i)
0.6 | &B - This estimate can describe R_AA(J/Psi) at RHIC
o " H‘j‘? S - It predicts a great enhancement of R_AA(J/Psi) at LHC
odel o
0.2 ——  LHC »
-------- RHIC
0 50 100 150 200 250 300 350
N
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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

NA50, Phys Lett B 477 (2000) 28 Eur Phys J C 49 (2007) 559 .o\

8 :
5 Bio o memrmeon | N, gr—PorOnerEl
312 W, o O SE2A20CVIIY - : . +
5 i1y B, e R |
}; g b v ¢ p(400 GaVie VHIA 1
[TETE PRUTE FRUTE PR TY FUUeY
fos : e %2 T a s
", GeV/c
§ 06 Prl )
2 : V0 central
§°4 FO - PO 1208 w M~ Tiss 06’ vIOY 0 ++ + ; (pC‘ R'z,
PO « P 1908 with Mamus Gias 0 P08 x 108 OeVa) Py :
02 0?}‘.’3'! . 04 0 SO » 200 OV U ‘ b _l_
e o H‘ LU B ey
0 . :v“mo.y,;m'q-g + o ..“l“..l....l“.'fl..“
0 05 1 15 2 25 3 35 0 - > 0 1 2 3 4 5
nd 0 1 2 3 4 5 6 7 8 9 1
) 1 dEp(7) i L (fm) P, (GeVic)
w7 = g A Kurepin, 18th Nucl
* Psi prime is suppressed from 1.23 GeV/fm”3 on Els O Sonl of EPS
* . A ug 23-29,
J/Psi is suppressed from ~2.4 GeV/fm”*3 on
* JIPsi supression occurs mainly at low pT
o4
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pt dependence of J/Psi suppression in
Au+Au, Cu+Cu 200 GeV

PLB 722 (2013) 55

1.8Ha) 0-20% Au+Au  1(b) 20-40% ]
16f osTAR  \Sw=200 GeV1
144 1
jia] o PHENIX ]

1 s cscssssscscaooqpacsccccaPoscscncans
0.8¢ *
0.6 Y1 ..
0.4 =
0.2 : A é 1
1.8Hc) 40-60% | ‘ (d) 0-80% ]
1.6+ . - — Mcdel |, Liu etal. -
1.4F % 0-60% | f == Mcdel Il, Zhao et al. ]

' Cu+Cu

1.2

1Fv . . . . - — . Juss . . .
061"~ ¢ * h‘gyy ..... .
0.4 v . X
0.2} + L -

A A

P, (GeV/c)

0123456780 01234567809

P, (GeV/c)

Liu et al, PLB 678 (2009) 72
Zhao et al, PRC 82 (2010) 064905

S Au+Au — JAp+X

2 —~
Zhao, Rapp
--= Liu et al.

T T T T
STAR (p,>5 GeV/c)

e STAR
= PHENIX

. (p,>4.5 GeVic)
(pT>5 GeV/c)

= STAR Preliminary
\/Syn = 200 GeV
0.2r 1 1 1

- = L

1 | |

0 50 100 150

200 250 300 350

NPart

- J/IPsi not suppressed at high pt’s in non-central collisions

- J/Psi 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

Sonia Kabana
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RAA

STAR quarkonia in the dimuon channel from Muon
detector (MTD)

1.3; 0-20% STAR preliminary
16 E Au+Au @ 200 GeV
14 E Jiy—e'e, |yl <1

STAR preliminary

125 @ Jiy—ptu, lyl < 0.5

“<E - Projections for Run14+16

3 X i
08" . 4 10
¥ o TrE :

Y(2S+3S)/1(1S)

10",

CMS, PRL 109 (2012) 222301
STAR (ee), PLB 735 (2014) 127

06 - = v 102

P, (GeVic)
J/Psi: Suppression in all centralities at pt<5
GeV/c
RAA of J/Psi is consistent in the dimuon and
dielectron channels

1
p+p Au+Au @ 200 Pb+Pb @ 2.76 TeV

Y(25+3S)/Y(1S) measured in
dimuon channel

In red: expectations for
run-14+16

STAR,QM2015

Sonia Kabana
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LHC is different
J/Psi recombination at LHC ? p; and Npart dependence

<147 .
o Inclusive J/y, 2.5<y<4 &
1.2 Pb-Pb ¥s,.=2.76 TeV. L = 70ub’, global sys.= 6% ,.E‘;IFE '
1 ._. ............................................................................................
F 0<pT<2 GeV/c
08 J
o | 5<pT<8 GeV/c
i R - T
0.4 |- 0
0.2
o’-lllxllllxllll11111111111[111111111[ Lad
0 50 100 150 200 250 300 350( N 4;)0

Part

RAA of J/Psi in Pb+Pb at LHC is below 1

Low pT is less suppressed
RAA of J/Psi is higher at low pT, in central collisions ->

Indication of J/Psi regeneration at LHC at low pT?
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Which is the right normalization for quarkonia ?
Yield (A + A)

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

2. Jpsi AA/pA : RpA
(J/Psi AA measured)/(expected from pA) (NA50)
to subtract Cold Nuclear Matter effects (CNM)

3. (J/Psi 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))

Very different conclusions can be drown depending
on normalization

Sonia Kabana HEP 2016, Valparaiso, 6-12 Jan 2016
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J/Psi compared to open charm - RHIC

x 14

12

038

06

04
Auha 5 =200 GeV B

o PHENIC e« D (g >0.3 GeVik, I <035}
o PHENOC Jiy (W < 0.35)

o PHENUC ¢ « D (g > 2 GeVic, iyl <0.35)

v STAR Wy p, >5GeV. W <10) 0.2

50 100 150 200 250 300 350 400

Nowr H. Satz, arXiv 1303.3493 Noar

* 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) T = 27 = p
15 # s aen
STAR : RAA(DO) shows no suppression for peripheral collisions ! .. ¢ I
0514 ‘ :
L T

P, (GeVvic)
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J/Psi compared to open charm - LHC

:1.“..!'(1'1""""'"I'l"ill l""‘ll'l‘ :12
m P~ m E m ALa
- POPD, fa =276 TeV A ; PO-PD, (S = 276 TeV -
- oo‘ms =) - " ¢ Avesage D°, D", D™, 6<p,<12 GeVic -
- 2‘3‘5«0 zqd&vb - dans.g:w.w p>65Geve -
0 - c«mmm N 0.8 = Correlated syst. uncentainties N
' Ouncomrelated syst. uncenantes J L [(Uncorrelated syst. uncertainties |
- m”-‘ﬁ.-ﬂl-ﬂ-~~d‘
0. ; “ . 0.6 E% .
+ s o : '}] - :
’ Bk ﬂ ; o~ THy :
0. . 0.2} g B
oo CUmali B S ettty N jesters b 4N s : [omemon narmatzancn uncentanty o ALICE sama’ 7% (parpnenst 1 &% Y
50100150200250300(ﬁ0~;°0 % 50100150200250300(&50300
pan

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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First study of the ratio of J/Psi to open charm (SPS)

3 [ (a) (J/¥/DDbar)
L 14} (measured/expected)
p .
8 ! ® p+p, p+A NAZS NAST
- 121 ® Po+Pb 1996 NASO
o 3
.
—
S 1 + +
8 + ++ + % S+U NA3S
o
\ -
= 08F
\ -
< !
S

os} s

: | M
04F + b
':-,
02
4
] L A A A A A A A A IA A
00 1 2 3 4

¢ (GeV/fm?)

Sonia Kabana

L 15 2 23 b} as
€ (OeVa)

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

The J/Psi/(DDbar) estimate is
suppressed at 1 GeV/fm*3

Critical energy density from Lattice
QCD for the QCD phase transition is ~
0.6 GeV/fm”*3

We need hidden and open charm
measurements at low energy to
understand quarkonia onset of
suppression.

F. Fleuret et al: LHCb SMOG program
will address chi_c at lower energies
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J/IPsi/DY

F. Arleo, S. Peigne, 1512.0179

Measuring the J/Ps/DY ratio in p+Pb (instead of the RpA) allows
to disentangle shadowing effects from coherent energy loss

>§ IYIIIYYYTIIIYYI YYYYYY ]TY'YIY!II[YY'
x> 14

— Jhp / DY pPb s =5.02 TeV

s 12]

o
R N

aayy '\ \\\ \
MMM ':;S\\'(\' '\'{\'\mvm ‘\\i\‘\\* \*:\3‘ AN \\\\\\\\\\u\\“‘ \

AN - 0
0.8 -
0.6 |

[ ' DSSZ | :
0.4/ L\ EPS09

- nCTEQ15 1

02| DWW i

—Jlllllllllllllllk AL _J : -
% 05 1 15 2 25 3 35 4 45 5
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RHIC Beam Energy Scan:
At which energy does J/Psi suppression turn off?

2
2 r
X sl AtA—= g+ X Zhao-Rapp 200 GeV

- = Au+Au 200 GeV — — Zhao-Rapp 62.4 GeV

1.6 «weee Zhao-Rapp 39 GeV
F " AutAu624 GeV g N, uncertainties

14 = Au+Au 39 GeV 1 p*p 62.4 GeV uncertainty
- . p+p 39 GeV uncertainty

12~ ® U+tU193GeV MinBias [ p+p 200 GeV stat. uncert.

1

0.8

N2l
LS S0

0.6

0.4

III1IIIIIII

o
N

STAR Preliminary

lllllllllllllllllllllllllllllllllllllllllll

50 100 150 200 250 300 350 400
Noart

o
OrrTT

Color Evaporation Model (CEM) estimate for p+p reference used for 39, 62 GeV
Raa in U+U 193 GeV is consistent within errors with Au+Au 200 GeV
Raa of J/Psi is suppressed in similar way at 39, 62 and 200 GeV
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J/Psi in pp collisions at RHIC and LHC vs event activity

>
*

- pep collisions
=

A

>

*
= 12}
V L x STARS00 GeV: Jiy—u'y, lyl<0.5, p,>0 GeVic
| STARS500 GeV: Jiy—e'e, lyl<1, p >4 GeVic

‘0: ALICE 7 TeV: Jiy—e'e’, lyl<0.9, p >0 GeVic

" @ ALICE 7 TeV: D meason, ly|<0.5, 2<p <4 GeVic | @
87
6: STAR preliminary
[ [+ S
al =
: L
2! § .. F

et "‘ STAR data points
‘,_ +1 5% one-sided erpov along btk - and y- direction

%" 05 1 15 2 25 3 35 & as
Event activity

>

12~ p+p collisions @ 500 GeV
~ x STAR: J/y—pu*y’, |y|<0.5, pT>0 GeVic
_ x STAR: J/y—e‘e, |y|<1, p,>4 GeVic
10 PYTHIAB.183 default: p >0 GeVic
- . PYTHIA8.183 default: p >4 GeVic
8 Percolation model: p t>0 GeVic

| — . ® > '/""
6 STAR preliminary /

| - /

- P | ‘,-"—
4 -~

.‘_—-E[f’: oo”
2 P
Y g STAR data points
o CTAR data pe
A#_ et +15% one-sided error along both x- and y- direction

o-uﬂ‘-{'.",' A

0 05 1 15 2 25 3 35 4 45
Event activity

- J/psi increases more than linearly with the multiplicity (“event activity”) in p+p collisions at 500

GeV

-The rising seem to be faster for high pT at RHIC and LHC

Models shown:

Multiple parton-parton interactions - PYTHIA 8

String screening — percolation model, PRC 86 (2012) 034903

Sonia Kabana
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J/Psi in p+Pb

1 4F PPPB=602TeV

R e,

ALICE (JHEP 02 (2014) 073): inclusive Jfv-—~u'y, 0<p <15 GeV/c
L. (4.48<y  <206)=58nb", L _[203<y  <3.53)=50nb’
ALICE Preliminary: Inclusive JAy—e'e, p >0

Ly, (1.37<y___<0.43)=52 ub"

1.2

global uncertainty = 3.4%

0.8}

0.6

Tlllll

0.4

EPS09 NLO (Vogt)
|G (Fujii et al)

0.2 - [ ELoss, 9 =0.075 GoV¥/m (Arico et al.)

- [ ]EPS09 NLO + ELoss, q =0.055 GeV’/Im (Arleo et al )

0-‘1111 ‘llil“ llil‘;'llll ‘111 ) llll llll l 1L

4 3 -2 1 0 1 2 3 4
ycms
* Models with energy loss in cold nuclear matter and shadowing can describe
the data on J/Psi in p+Pb at LHC
* pT dependence of R(pPb) not easy to reproduce at same time
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Psi(2S)/(J/Psi) (PbPb/pp)

CMS results

'_’-9_ _‘llIIITTIIll!l’l’lllYIII-IIIII‘IIYIIIIIIII]L
2 3-CMS Pbe&pstNN=2.76 TeV -

g [ ® 3<p <30GeVic, 16<lyl<24 T
®_  ®mB5<p <30GeVic,lyl<1.6 +

N — T —

25 __ 950 CL ]

- 1 ® 4
< [ 1
_§ C T
2 [ 1

Z§1-5.’ ]
» F +

$ - .

Z’ 1~ |
Pllllllillll11111111111'1111111'111111111:

50 100 150 200 250 300 350 400
Npaﬂ

1410.1804 CMS

Sonia Kabana

- Psi(2S) more suppressed than J/
Psi in central PobPb collisions
compared to pp collisions, for |y]
<1.6 and pT=(6.5,30) GeV

- while it is enhanced for more
forward |y|=(1.6,2.4) and pT=(3,30)
GeV
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New results from 2015 run
Psi(2S)/J/Psi in p+A

Q + p+Au — Ferreiro  PH ENIX
a_ comover preliminary
@ > 1.5 + p+Al — model
> =’ ! ]l,d-rAu PRL 111 202301 (2013)
I
< -——
+ — — —
S -
& 2 @
=[5 0.5 +15.6% global uncertainty on
f Z forward/backward rapidity points
~ i +16% global uncertainty on
0 midrapidity point
-2 -1 0 1 2
rapidity

PHENIX, QM2015, preliminary

Double ratio of psi(2S) to J/Psi in p+A over p+p: ~0.5 in backward rapidity
-> Psi(2S) strongly suppressed in backward rapidity in p+Au, p+Al 200 GeV

Sonia Kabana
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Upsilon in Au+Au 200 GeV

Y suppression was discovered both at RHIC (STAR) and
LHC (CMS) in 2011 Y(1S+25+3S) in Au+Au collisions at 200 GeV :

2: @  1(15425435)__ o', AutAu * No suppression in most peripheral collisions
= Iy e !
1.8 B o+ svs. uncertainty * Exhibits suppression in more central collisions
1.61 oo Siat. Uncartainty increasing with centrality
. 1.4- | I Free Encrgy Potential Model * The suppression observed is consistent with model
B goF [ ] wiemstCnergy Pteniol Moder | assuming Y(28) and Y(3S) suppression
) - 3 e
& 1= s I Model by Strickland et al (PRL 107, 132301, 2011,
h - Nucl. Phys. A879 (2012) 25, arXiv:1112.2761) :
=2 0.8
(1 4 . Assumes To= 428-442 MeV and 1/4n < n/S < 3/4n
0.6 . 4 i
. ® | CMS Preliminary 0-100%
0.4-STAR Preliminary 12 POPb, = 276 ToV
0_2: — _ e v Wi25) (6.5 < p_ < 30 GeVic. Iyl < 1.6)
~\/Sny = 200 GeV Ry . PRL 109,
W IS NN FEEE RN RN 01’!251(!)“?4,' ) 222301
50 100 150 200 250 300 350 08" Tomorenn L (2012)
Npart ol . Y(1S)
Jy
state | J/6(18) x(1P) | ¥/(25) | TUS) w(1P) | Y(2S) | (2P) Y@S)  O%pem .o _
‘ /T | 210 116 112 | =40 176 1.60 1.19 117 7 S T R T R B P
Binding energy [GeV)
78
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Y states LHC

é _Illllllllll LEL IR B L B ] 514 L e e B L e o e e e s e e B S
14} PbPb \s =276 TeV AuAu \ys, =200 GeV - 0 Lo )
« " 4 cv}us':Nrﬁ s) 5 srfu::" r(1s) 1 c Jof CMS P(@mmary 0-100% -
1o ® CMS:T(28) ly|<1.0 (preliminary) |~ “I" PbPbyjs,, =2.76 TeV .
- lvl<2.4 - n )
R 1
1 | K Inclusive y(2S) (6.5 < p, < 30 GeVlic, |yl < 1.6) )
’,}(g ] 0gl” T(S) (lyl <24). 95% upper imit -
0.8 L. _ T4 T(2S)(lyl <2.4) i
+ ')]  m prompt J/y (6.5 < p, <30 GeVlc, |y| < 2.4) )
- — 06, + ~
B ] L ¥ T(1S)(lyl <24) -
06 ¢ f B . :
- ¢ I i 0.4/ Y(15) 3
041 ": L . Jhy :
§ B + 1 0.2~ y(2S) Y(2S) .
0.2 . (& Y(3S) - )
+ . 0 B i1 1 I 11 1 l L i1 l 1 [ 1 LA 1 ] LA 1 )
OO | - | L1 1 1 | . l 1 l Ll l 1 l 1 ? 1 1 0 0.2 0.4 0.6 0.8 1 1.2
50 100 150 200 250 300 350 400 l il
Binding energy [GeV]

Noar

*Larger suppression of Y(2S) as
compared to Y(1S) (CMS)
*Y(1S) CMS and STAR similar in
central collisions

Sonia Kabana

* Hierarchy of suppression as expected
for quarkonia dissosiation !
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Upsilon vs models at RHIC

2
. Y(1S+28+3S) |y|<1 . T(1S) |y<1]|
“E @U+U\5,,=193 GeV U+U centrality integrated 1.8~ eu+U V5,193 GeV U+U centrality integrated
» , o - WAu+Au ys,, =200 GeV [ Au+Au centrality integrated
1.6~ mAu+Au s, =200 GeV (] Au+Au centrality integrated 1.6~ [@p+p stat. uncertainty [Jlcommon norm. syst.
i ; - Strickland model A Strickland model B
- +p stat. uncertaint common norm. syst, -
1.4F- Wp*pstat. uncerainty [ 4 1.4 «+Liu-Chen model
u Strickland model A Strickland model B -
1.2
u Rapp SBS model 12 -
i l o
0.8 . 0.8}
: & -
0.6 3 0.6}
0.4 + 0.4f
0.2 , 0.2
" STAR preliminary - STAR preliminary
0:‘1,1.l L T N e 0_11A11;111;11 U T N N TN T T N T
0 100 200 300 400 0 100 200 300 400

Model of Strickland, Bazov (Nucl. Phys. A 879, 25 (2012))
No Cold Nuclear Matter effects

T(initial)=428-443 MeV :

Potential model A is based on heavy quark free energy (disfavored) Y data In agreement
Potential model B is based on heavy quark internal energy with Y me|t|ng

Model of Liu, Chen, Xu, Zhuang (Phys Lett B 697, 32 (2011) SCenariO

Potential model, no Cold Nuclear Matter effects. T= 340 MeV

Model of Emerick, Zhaon, Rapp (Eur. Phys. J A48, 72 (2012))
Cold Nuclear Matter effects included
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Quarkonia sequential suppression at RHIC ?

STAR Inclusive Quarkonium Measurements
- Au+Au, |5, =200 GeV, lyl<1

04

0.2

| '

Iy, p>5 Gevic @ :)-(1139)5
0-10% Centrality | oy
Y(25+3S), 95% limit

0-60% Centrality

| g 1 a2 " L.
% 0.2 0.4 0.6

0.8 1
Binding

A |
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1.4
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4

1.8}~
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1.2

1

0.8}

04

0.2
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2}—

0.6+
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TA]'T‘I<I

L
i
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1(2S+3S) |y<1|
@ U+U ys,, =193 GeV U+U centrality integrated

W Au+Au |5, =200 GeV [] Au+Au centrality integrated

[ Jp+p stat. uncertainty [ljcommon norm. syst.

STAR preliminIry
|2

4 1200
N

100

- Au+Au 0-10%: Y(1S) similarly suppressed as J/Psi at high pT.
- Au+Au 0-60% upper limit: Y(2S+3S) consistent with complete melting/suppression

(upper limits)

- U+U: centrality dependence pattern of Y(2S+3S) consistent with Au+Au Upper

Limits

- JIPsi, Y(1S), Y(2S+3S) suppression pattern supports sequential melting.
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b-bbar in p+PDb

* Y production in pPb collisions

® kinematics: 2.5 <|v|<4.0, pt < 15 GeV/c
]
arXiv:1405.5152
§ ,_'l'n"I"'l"'l"‘l'. § 'I'“"l"'l"'l"'l'
1.4 LHCb - o 14 LHCb
" Pbis . =5TeV ] Pbis . =5TeV
R PP |5y, ; 12k —4— PP |5y,
- .‘.‘.0 ] ~
L] R S L e -
- —— i T e——
0.8} r 0.8 '—#\
. . ] \
0.6 . = 0.6 —{ ot
0.4~ EPS00 at NLO in Ref.[4) —® LHCb, Y(1S) ] 0.41~ Energy loss in Ret.[3]
0.25 CTT) Y(19) =+ LHCDb, Prompt J/p 02f —— Y(1S)
: Frompt Je ~#— LHCb, Ji; fromb -~ - Prompt Wy
0 s . 1 . : 2 4 . ., . . a2 2 0 . 1 . . .1 . . . 1 . ., . . . . 1.
4 -2 0 2 4 -4 2 0 2 4

y

*® data consistent with NLO EPSO9 plus coherent energy loss
* very similar suppression for Y(1S) and J/{ from b
®* dominated by statistical uncertainties
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Are Upsilons supressed more than open beauty ?

é 1 4 R s l’ T Ll T ]’ T T T r 1] L] T T ' ]
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Y(1S) in PbPb within errors seem similarly suppressed as open beauty in PbPb
(needs better stat)

Y(2S), Y
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(3S) in PbPb more suppressed than open beauty in PbPb
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The ridge In p+p, p+A, A+A

2< Piiia < 4 GeVi/c -Pb |5, = 5.02 TeV ]
- IR First observed by CMS

PLB718 (2013) 795

After taking out jet-effects: Double Ridge

2<p_ . <4GeVic
. < 2 GeV/c

P-Pb|syy =5.02 TeV
(0-20%) - (60-100%)

E 0.85
8| s
| | ALICE PLB719 (2013) 29Z §_ 0.80
* Interpretation of ridge structure %13 g.75]
in p+p, p+Pb remains open I
CGC ? hydrodynamic flow ? <7\
0 ‘ R

\“b

Possibility of hot and dende’matter

formation in small systems ?
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Run-2 news: the ridge seen in p+p
collisions at 13 TeV

ATLAS Preliminary 0.5<p:b<5.0 GeV
(s=13TeV, L =14 nb" CNUNTE120
Data 2015

ATLAS Preliminary
(s=13TeV, L _=14nb”" |-
Data 2015 o

o.5<p:”<5.o GeV
10<N %°<30

\\\\\\\\\

N \\\\\\\\\\\\\\\\\\\\ Z10e
09 \\\“\\\\\\{\\\\t\\‘n ;'w ‘ 0.98

Low mult High mult

M. Arratia et al , ATLAS
EPS2015

Ridge: Similar in p+p 13 and 7 TeV
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RHIC: First 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)

=0.3
>
. .50 3 > |
* VFO00% 3He+Au 200 Go¥ >o.22;' * “He+Au 200GeV 0-5%, arXiv:1507.06273
025 * Vs 0-5% "He+Au 200 GeV 0.2- ® d+Au200GeV 0-5%, PRL. 114, 192301
s Vv, 0-5% d+Au 200 GeV 0.18; = p+Au 200GeV 0-5%
0.2/ 0.16; - bl ® 1
i 0.14— | U ﬂ
! | o12:> o = 0 [ | o |
0.15 LI i W e e
i B t.zl @ EL ‘ }.1 0.1 U | . '
: " i 0.08; - JU
0.1 ® 0.06; 2 @’
i ® 004~ @ -
of L A ﬂ oon.  ® PHI_ ENIX
0.05+ - 4 " 5 5V 02 preliminary
i * ﬂ .] j q .l E -:q 3 0' ' - 1 -
"= 05 1 15 2 25 3 35
ol ® el Loos il " P, [GeVic]
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Large v2, v3 components in 0-5% 3He+Au, d+Au and p+Au
from 2015 run
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Number of quark scaling in
SHe+Au

I O B [ L R ]
0.14F 0.59% *He+Au 200 GeV PHUENIX
- preliminary |
012_— [ | T[++T[- __ S Huang
- _ b
L O K++K' _|
- 010~ _ ﬁ — STAR,
E B A p+p _
S 0.085 @ ; - QM15
- O ﬁ -
0.06 @@@@% md E%B -
0.04- & =
- % .
0.02— & —
My y _|
_I 1 I | 1 1 I | 1 1 I | 1 1 I | 1 Il | | 1 Il | 1 1 Il | 1 1 Il | 1 1 ]
00 02 04 06 08 10 12 14 16 18

KE-/ng (GeV)

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 strangeness

5 4 AR
\u'.l‘ /
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- Presinary 0.Pb (i = 602 TV 4 PP i . -
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0- A A AL ll‘ll A A ‘llll A A A A L ALL l ‘-‘ c /l A AL lll AL A ll A A A llllll
1 10 107 10° 1 10 107 10°
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Vs N

* Z/x and Q/x reach Grand Canonical limit in Pb-Pb
* Similar multiplicity dependence in pp and p-Pb

L v" Neither PYTHIA6 nor 8 reproduce data in any of the tunes tested
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QGP forming in small systems ?

Sonia Kabana HEP 2016, Valparaiso, 6-12 Jan 2016

90



temperature (MeV)

First time proposed in:
S.K., P. Minkowski, 2001 New J. Phys. 3 4

Universality of the QCD phase transition in
p+p, p+A, A+A

Temperature T [MeV]

Pt — ?
* A+A sq.r?(sg’zl’. 4.9.. 5.4, 17,19, 130 GeV * A+A sqrt(s)=2,4.9,54,17,19, 130 GeVv
O ppbor sqrt(s)=900, 1800 GeV
200 | l 1 @®c'e” sqri(s)=91 GeV
| J. 1 1 i
150 e} l | 6 °© l { T T | o
. 1
100 | :
of 4 .
10 }
. L 1
1 “3 1 1(;
&, (GeV/fm?) &, (GeV/fm?)

First time found that small systems with initial energy density > 0.8 GeV/fm*3 seem
to reach the critical conditions for QGP formation. Extrapolating all data to mug=0 :
-> 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 dissappears at high enough initial energy density and at
same mus

91
Sonia Kabana HEP 2016, Valparaiso, 6-12 Jan 2016



IV Conclusions and perspectives

- A wealth of data on Hard Probes at RHIC and LHC are available and are confronted to
theoretical estimates.

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

- RHIC: accelerator and experimental upgrades -> wait for new results from 2014, 2015
run data with Au+Au, p+Au/Al, p+p and coming Au+Au 200 GeV and d+Au run in 2016

at few energies
- - LHC: run-2 started. First results from p+p 13 TeV out, Pb+Pb run in dec. 2015

- Further data taking and upgrades of existing experiments at RHIC, SPS and LHC, as
well as new accelerator facilities and corresponding new experiments, NICA in Dubna,
Russia and FAIR in GSI, Germany and J-PARC in Japan, will allow to progress in
significant way in the next decades.

(Center of mass energy (sqrt(s)NN):
FAIR: 2-6 (10) GeV, NICA: 4-11 GeV, RHIC: 7 (2.5) - 200 GeV LHC: 2.76, 5 TeV)

J-PARC: 1-10 GeV
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Thank you very much for your
attention
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