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Relativistic Heavy lon Collider

BNL on Long Island - taking data from 2000 RHIC has been

o T B T itrs e

RHIC site in

SLERL E3

exploring nuclear matter
at extreme conditions
over the last years

Lattice QCD predicts a phase
transition from hadronic matter
to a deconfined state, the
Quark-Gluon Plasma

Colliding systems:
pT+pT, d+Au, Cu+Cu, Au+Au
Cu+Au, U+U

Energies
Vs = 20, 62, 130, 200 GeV

(500 GeV) | i
+7.7,11.5, 27, 39 GeV HEP 2007 °

Manchester, England
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p+p 900 GeV, 7 TeV (14 TeV ) Heavy ion experiments:
Pb+Pb 2.76 TeV (5.5 TeV) ALICE
p+Pb 2012? ATLAS + CMS hardprobes
> N
- A

S LHC - B CERN

ghaint 8 "= ATLAS ALICE

1| Point 1 <= Point 2

!

CcCMsS A 155
RoIntiSi=——7)



/

Little Big Bang in laboratory

compress large amount of energy in a very small volume
produce a “fireball” of hot matter:

temperature O(10%2 K)

~ 105 x T at center of Sun

~ T of universe @ ~ 10 ps after Big Bang

how does matter behave under such extreme conditions?
study the fireball properties

QCD predicts state of deconfined quarks and gluons
(Quark-Gluon Plasma)

jaroslav.bielcik@fjfi.cvut.cz
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Exploring QCD phase diagram

Pre-Equilibrium
Phase (< 1)

Hadronic Gas ‘ / \\
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Nuclear modification factor
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 Hard probes - produced in hard scatterings in initial phase of collision
* Nuclear matter influences the final particle production
e.g. production of particles at given p;
supresion of particle production of particular type

* Nuclear modification factor - quantification of nuclear effects R,
| -

Yield,,(p;)
Raa(Pr) = oo
s | | AT (Nbin), | Yield (p;)
L) jaroslav.bielcikwijn.cvut.cz



/

Heavy quarks as a probe of QGP

e p+p data:
— baseline of heavy ion measurements.
— test of pQCD calculations.

* Due to their large mass heavy quarks
are primarily produced by gluon fusion in aEj;

early stage of collision. E

— production rates calculable by pQCD.
M. Gyulassy and Z. Lin, PRC 51, 2177 (1995)

* heavy ion data:

« Studying energy loss of heavy quarks.
— independent way to extract properties of
the medium.

« Studying the quarkonia suppression

— deconfinement
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Quarkonia states in A+A

Charmonia: Jhy, V', %, Bottomonia: Y(1S), Y(2S), Y(3S)

Key ldea: Quarkonia melt in the QG plasma due to color

screening of potential between heavy quarks

* Suppression of states is determined by T and their binding
energy

* Lattice QCD: Evaluation of spectral functions = T,,ing

Sequential disappearance of states:
—> Color screening = Deconfinement
= QCD thermometer = Properties of QGP

When do states really melt?
Tdiss(\V,) ~ Tdiss(Xc)< Tdiss(Y(3S)) < Tdiss(J/\V) ~ Tdiss(Y(ZS)) < Tdiss(Y(ls))
T <T, T =12T, T= 3T,

oal |1 I R U | EA N ;

VXNV Y XpY'X, ¥ Y XY’ Y H. Satz, HP2006
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STAR detector and Particle ID

The “olenoid Tracker /At THIC (STAR)

Large acceptance
In|<1, 0<¢<2n

» Time Projection Chamber
dE/dx, momentum

» Time Of Flight detector
particle velocity 1/

» ElectroMagnetical Calorimeter

E/p, single tower/topological Trigger

Au + Au 200 GeV

05 1 2
Momentum (GeV/c)

Momentum (GeV/c) 10
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Open heavy flavor
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600

400

Raw Counts (x 10%)

200

Raw Counts (x 10%)

DO signal in p+p 200 GeV

| [ | | [
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- 5 > same event
__ — track rotation
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. AL
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D°(D°) - K*7*

| B.R. =3.89%

p+p 200 GeV MB 105 M

4-c signal observed.

Different methods
reproduce combinatorial
background.
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Counts

D* signal in p+p 200 GeV

STAR QM2011

T T T T T n
* — - c
D* > D°(DN+7" > K'z* +7° 3
2500 [~ ] o
. . VR
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}
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"
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Minimum bias 105M events in p+p 200 GeV collisions.

Two methods to reconstruct combinatorial background:
wrong sign and side band.

8-c signal observed.
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B.l.~Abeley, et al., PRD 79 (2009)
112006.
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Background combinations:
Wrong sign:

D% and n, DY and =+

Side band:

1.72< M(Kr) < 1.80 or
1.92 < M(Kr) < 2.0 GeV/c?
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DY and D* p; spectra in p+p 200 GeV

a4 ' | ' I ' | | |
g 1~ Run 9 p+p 200 GeV A D°/056 s
(] | 95% C.L. ® D*/0.22 .
Q., i T FONLL uncertainty
—
'g 102 — — power-law fit s
= L T .
© i _
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O 104 -
o B . _
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N - |
= 5 . i
g U S
B 10° STAR Preliminary T
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STAR QM2011

DO scaled by N../Np, =1/ 0.56!

D* scaled by N../Np. = 1/0.221
Consistent with FONLL? upper limit.
Xsec = dN/dy|°¢_y X F X o,
F=4.7+0.7 scale to full rapidity.
c,,(NSD) = 30 mb

The charm cross section at mid-rapidity is:
202 + 56 (stat.) £ 40 (sys.) £ 20 (norm.) ub

949 + 263 (stat.) £ 253 (sys.) ub

The charm total cross section is extracted as:

[1] C. Amsler et al. (Particle Data Group), PLB 667 (2008) 1.
[2] Fixed-Order Next-to-Leading Logarithm: M. Cacciari, PRL 95 (2005) 122001.

jaroslav.bielcik@fjfi.cvut.cz
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/ayl_, (ub)
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do

400 B

W
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o
o

100

Charm cross section vs N,

STAR QM2011

All of the measurements are consistent.
Year 2003 d+Au : D% + e

Year 2009 p+p : DO+ D*

Year 2010 Au+Au: DO

Assuming Ny, / N, = 0.56 does not change.
Charm cross section in Au+Au 200 GeV:
Mid-rapidity:

186 + 22 (stat.) £ 30 (sys.) = 18 (norm.) ub
Total cross section:

876 + 103 (stat.) + 211 (sys.) ub

i Sys. error \/San = 200 GeV i

d-|;]Au FONLL err. |
. (D +e) NLO err. *
b + -
= * —
(@b AutAu (DY) 1
i 0-80% .
i g 50-80% 20-50% 0-20% T
—P ﬂl IXe . —
. FONLL in p+p
e | | STAR Prq]iminary |

1 10 102 10°

number of binary collisions NIoin

[1] STAR d+Au: J. Adams, et al., PRL 94 (2005) 62301
[2] FONLL: M. Cacciari, PRL 95 (2005) 122001.

[3] NLO: R. Vogt, Eur.Phys.J.ST 155 (2008) 213

[4] PHENIX e: A. Adare, et al., PRL 97 (2006) 252002.

Charm cross section follows number of binary collisions scaling =>
Charm quarks are mostly produced via initial hard scatterings.

jaroslav.bielcik@fijfi.cvut.cz
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! 1L T 0 '_ﬁ LA DL | BW (nKp): B. I. Abeley, et al., Phys. Rev. C 79 (2009) 34909.
N (D°+D°%)2, |y| < 1 : _ | . | _
> 0-80% Au+Au 200 GeV. n:g F | | | '5
107F E -
S5 ol
>
-D|_1 0—2 3 - 2 B
o
-D|_ 1 [ .
g 10°F . :
N - B
3 -~~~ Power-law fit 0.3l
é 10*F -~ Blast-wave fit RN |
NZ — p*p scaled by <Nbin> STlAR F’relliminau'yr| | > |
© 10°% | STAR Preliminary O .\ - 0 1 2 3 4 5
0 1 2 3 4 5 STAR QM2011 P (GeV/c)

DO R, VS Pt

P, (GeV/c)

No obvious suppression at p;r < 3 GeV/c.

Blast-wave predictions with light hadron parameters are different from data.

=> DO freeze out earlier than light hadrons.

jaroslav.bielcik@fjfi.cvut.cz
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ALICE charm measurements

ALICE SQM2011
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Comparlson to pQCD

3
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- Data compatible with pQCD prediction within  [ALICE sam2011
uncertainties

— As observed at lower energies, data are on the upper edge of
FONLL uncertainty band



Prompt D meson Ry,

Raa prompt D

.2_I T T | I T 1 | ' T 1 T T T I T1 | I T1 | T T 1 | T T 1 T T I__I T 1 I T 1 ' T 1 [T T | T | [T T | [T T | [T T | [T |_
1a WD + ALICE E
- :D,+ Centrality 0-20% + Centrality 40-80% ]
18 0 08 =+ Pb-Pb, {5y =276 TeV
141 =+ 3
121 + | E
1l - R T e —~
0.8 - 3
0.6 - =
S SIS S
0.2 —+ —
:|||||||||||||||||||||||||||||||||||:_III|I||||||||||||||||||||||||||||||:

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

Suppression of prompt D mesons in central (0-20%)
Pb+Pb collisions by a factor 3-4 for p>5 GeV/c

— Smaller suppression for peripheral events
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Prompt D meson R,

[}

D :I LI | | | : é :I T T | ' T T | T T | T | T | T | T | T T T T I:
S af ALICE E o, . ALICE E
e 1.8F _ . 1.8F _ .
o - 0-20% centrality . - 0-20% centrality ]
S 1.6F Pb-Pb.\[s, = 2.76 TeV 1.6 Pb-Pb,\[s, = 2.76 TeV
<L - 0 e ] B _
A Average D°, D", D, |y|<0.5 7 1.4F o Average D’ D*,D™,|y|<05  —
3 —J NLO(MNR) with EPS09 shad. E - o Charged hadrons, |<0 8 .
1'2: I — 1'2:_ = CMS non-prompt Jiy, |y|<2.4
1 EH:_/?' - —— B '_'__'_"'-""—"'"_"'_"':":"":""'__: 1EE‘} H """""""""""""""""""""""""""""""""""" _:
D.E; - 0.8 -
0.6 - 0.6 -
0.4F ﬂﬁ 4@7 = 0.4F- EL 4 n -
0.2F JET E B - 0.2 %L E . ﬂ—  mun®E
D:I 1 1 | 1 11 | 1 11 | 1 11 | L 11 | 1 11 | 1 11 | 1 1 1 | 1 1 I: :I 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 11 | 1 11 | 1 1 I | 1 1 I:

0 2 4 6 & 10 12 14 _16 18 % 2 4 & 8 10 12 14 18
p, (GeVic) (Gewc)

« Little shadowing at high p; = suppression is a hot matter effect

« Similar suppression for D mesons and pions

— Hint of R,,P > R,,™ at low p;
— CMS measurement of displaced J/y (from B feeddown) indicate R,,B > R,AP
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Measurement of non-photonic
electrons

Background Dominated by Photonic Electrons from .

0 _
TS —>y+e +e
Same for All Experiments

n—y+e +e

_I_ J—
}/ —> e +e Depend on Experiment

0
*Mostly from T (77) — }/_I_}/
«Conversion probability: 7/9* X,

When X, is large, gamma conversion dominate
all the background.

These background has to be properly subtracted

Still mixture of B,D origin

21



Non-photonic RAA at RHIC

DGLV:

Djordjevic, PLB632, 81
(2006)

BDMPS:

Armesto, et al.,PLB637, 362
(2006)

T-Matrix:

Van Hees et al.,
PRL100,192301(2008).

Coll. Dissoc.

R. Sharma et al., PRC 80,
054902(2009).

Ads/CFT:
W. Horowitz Ph.D thesis.

RL.+ Caoll.
J. Aichelin et al., SQM11

2

14

10

STAR charged had. P, > 6 GaVic

....... BDMPS c+b, § = 10 GeV3fm

------- Collisonal dissociation.

I I
DGLV Rad dN .-'dy = 1l]ﬂl]

DGLV Rad+EL .
DGLV charm Rad+EL -

van Hees EL

/] Ads/CFT D=3

A

] T —L T

- STAR Au_+Au (0-5%) H -

i PHENIX Au+Au (0-10%) :
2 4 6 8 10

GeVic)

J Models with different or similar mechanisms can or can not describe the data

» Which one is right and what are missing?
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1/2np_ d’c/dp_dy (mb/(GeV/c)?), |y|<0.8

Data/FONLL

10?2
103
10
10°

10°®

Electrons from Heavy Flavour decays

pp,\'s = 7 TeV, J-Ldt =2.6nb"

E
E i

—o— ALICE b,c — e 1

[ JFONLLD E pp,\'s =7 TeV, JLdt =2.6nb"
,C—> e

1077:

—¢— ALICEb,c—e
102 —EF— ¢ — e from ALICE D mesons
[ ] FONLLbc e
""" 10° [ | FoNLLc e

IIIII|_|,|,| IIIIILI_I] IIIII|_|,|,| IIIII|_|,|,| IIIIII_I,II IIIIIEI]

Ldy (mb/(GeV/c)?), |y|<0.8
Q

3 o
. 3 10°
107 ALICE Preliminary = NS
7% normalization error E © .6
1 0-8 — Q_'_ 1 0
5 B
2 — o
3 - 10—7
15 - ALICE Preliminary
= 7% normalization error
1 g 10-8 Il | Il Il Il | Il Il Il | Il Il Il | Il Il Il I
0.5 = 0 2 4 6 8 10
00 1 1 1 I 1 ] pT (GeV/C)
2 4 6 8 10

P, (GeV/c)

« Subtracted cocktail of electron background based on the measured 1° spectrum +
m-scaling + pQCD direct photons.

« Good agreement with FONLL b+c over the full p, range

« Consistent with the prompt charm measurement from D mesons
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1/2np_ d®c/dp_dy (mb/(GeV/c)?), ly|<0

Data/FONLL

T

T

Electrons from Beauty decays

Strategy : select electrons from displaced vertexes

1002 g0 T
; pp,\s =7 TeV §
B Ldt=1.3nb" i

1073 3 5 J " D FONLLb— e E
- > ~8— ALICEb e 1
= \‘ -

104 \*Q 3
= \'t* 3

HH“HWHH“THI

Measurementof B-> e+X
from1.5 to 6 GeV/c

Good crosscheck with D,B [
e + X and D meson
measurements

Well described by FONLL
calculations

(b—e)/(c —e)|y|<0.8

3

0\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

rec. track

Primary
Vertex

X

DB —e+X
D—>_e+X
Boe+X

T

1/2np_ dc/dp_dy (mb/(GeV/c)?), |y|<0.8

pp,\'s =7 TeV

J.Ldt =1.3nb’

r —e— ALICE(b—e)/(c—e) B

ALICE Preliminary

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

-t
e
N

—t
Qe
w

10"

0 1 2 3 4

Impact parameter analysis

T T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T
Fpp,\'s =7 TeV [_]FoNLLb > e 3
B -¢-ALICEb e, |Ldt=13nb"

* ALICE (b,c — €) - (c — e from D meson), J-Ldl =26 ni

E ALICE Preliminary E

- 7 % normalization error |

5 6 7
P, (GeV/c)

24



QUARKONIA
JIy

SQM11 LHC results

EEIAFI

25
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Jhy —> e*e  signals

g | p+p 200GeV like-si 53000 Au+Au 200GeV, 0-60% -»- unlike-sign, same event
% ~4.0<pT<12.0 GeV/c :_.__.un IKe-Sign > 3. 0<p <10.0 GeV/c  — unlike-sign, mixed event
s 100 " like-sign g — like-sign, same event
S [#h=376 ; s [ ﬂgﬁ #hy = 2117
Q I S/B 22 STAR Pre zmmary 32500|_ #Bkgd = 14523
% 80 A - * S/B =0.15
£ | - - ;‘4:'& * SNS+B=16.4
s | pP+p, 2009 o . ¢¢ +* STAR Preliminary
O 60 O 2000[- + ¢
B i EMC triggered events
- i ‘E{:'—q:t E;>4.3 GeV
40 i
- ’ o
20 4t S
- _ 4 g
g * . i ‘I ~ h:- -I---I-*:-I- = m I III IIé II II 3I5 I I'I4I-IJ_I Ll | Ll | | Ll I_:I f;;*ﬁ
2 24 26 28 3 32 34 3 6 38 4 X T W Y ) 6 38 4
Mq, (GeVic?) M, (GeVic?)
TPC+BEMC TPC+BEMC+TOF

« Significantly reduced material in 2009 p+p and 2010 Au+Au collisions

» Clear signal for high-p; in both p+p and Au+Au 200 GeV collisions
| .

STAR
2l
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Di-muons in PbPb at 2.76 TeV

—— I_ ! ! I ! I | I I I ! ]
© CMS F*rellmlnary
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— L|>J 150~ = same-sign —_
= [ — total fi
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| L L | Lo | L | | l - + . + . !fiu
HIN-10-006 My, (GeVic?) |
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EE'I'T&FI 2 22 24 26 28 3 32 34 36 38 4
123 This is really impressive Mo (GeV/CY)
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Quarkonia Suppression Similarity in Vs

PHENIX arXiv:1103.6269

Overall suppression of J/y is

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] | supy
= PHENIX 12<yi<22 nearly identical between RHIC,
® PHENIX lyl<0.35 ||
NA38/50/60 syst 11% | SPS! &- LHC

_I TTT TTTT | TTTT | TTTT | TTTT | T T TT ‘ T 1T 1T \_
L\::'ri 1.4 CMS Preliminary -
' | I PbPb \/s,, =2.76 TeV
L 1_2 —
0.2F lyl<0.35 syst 12% . C7V\5Pr-ompt J2415 GeV :
| 1.2<lyl<2.2 syst 9.2% PHENIX fi ] 1 Pr> 0.9 28 [
| | Or'er'd & - AUAU \[S,,,, = 200 GeV ]
00 100 200 300 400 ‘ 0.8 o PHENIX: lyl<0.35 —
B || o PHENIX:1.2<lyl22 ]
part 065 H lll é H (both arXiv:1103.6269)
oab h | i j
: g W o :
0.2 00<lyl <2.4 o % ~
: " F o : L 6.5<p_<30.0 GeVic ¢ 1
* dlfferent Condltlons - Slmllar SuppreSSIon _I | I-I | IFI)TI | | | I L1 | L1l | L1l | L1l ‘ L1l ‘ L1 \_
% 50 100 150 200 250 300 350 400
N
* how to get full control on cold nuclear matter effects part
| -

STAR 28
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Quarkonia Suppression Levels Differ in Details

1 . q: TTTT TT]TT T TT T TT T I T T TT T TTT T T
PHENIX arXiv:1103.6269 - B | iL I I PbPb \ 8y, = 2.76[TeV I i
N "': I 1.4 | ] CMS PAS'HIN'10'006 __
® 2004 Au+Au, Iyl<0.35, global sys. =+ 12% ] ’ Prompt J/y _

lyl<2.4, 6.5<pT<30.0 GeV/c
= ALICE QM2011 2.4<lyl<4.0 |

AuAu \ s, = 200 GeV

. | O PHENIX: lyl<0.35
j_L o PHENIX: 1.2<lyl<2.2

® 2007 Au+Au, 1.2<lyl<2.2, global sys. == 9.2% | 1.2

E 1

m H . - ;? (both arXiv:1103.6269) |_£
: ¢ g Mid-rapjgi, 0.8H| 1 ‘ 7 STAR QM2011 _
0.4:— foE] g E] E )t: p>5 GeV/c, lyl<1.0 ]
o Targ® By f corftl [I4h | E L Lo -
I S It gl Tt
o . o Hgpw? g E
%ﬂﬁ 1'?: global sys. == 10.7% 1 - @ @ % -
5 os ! ; $ E 0.2 = " % .
oo s 8 ¢ : :
D_ 5'0 1[']0 15'0 2['}0 25'0 300 35'0 4}]0 0 pova b b b by by e b

Nyar 0 50 100 150 200 250 300 350 400

Npart

Forward-rapidity is suppressed more than Mid-rapidity

?ETAH
[
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JI¥ Rep: ALICE vs ATLAS

2 1.2

N B

o9 B

g 1 % ................ T ................ T o ,1- .......
S -

ge! ) ]L '

N 038 J[ Il
g |

© 0.6 - I

n:%

Pb-Pb \ s, =2.76 TeV
s ALICE, 2.5<y<4, pT:-U (preliminary)

o
~
T T 1 I 1T I I T T ] | L] | T T

0.2 e ALICE, ly|<0.8, p_>0 (preliminary)
o ATLAS, |y|<2.5, p,>6.5 GeV/c (arXiv:1012.5419)
| | |
L 40-80% 20-40% 10-20% 0-10%
centrality

ALI-PREL-5551

o Less suppression in ALICE than in ATLAS

— ATLAS! 5 ALICE:

* lyl<2.5 oo
« 80% of Jiy have p;>6.5 GeV/c Ay I 2.5<y<4.0

._.rL i v e*e-in |y|<0.8
—Error i the 20=80% bin not
ﬁIAH propagated v p>0 GeV/c
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HIN-10-006

Nuclear Modification of J/y

< frrrrpTn T | IIIIIIII |
r 1.4 CMS Prellmlnary
- PbPb \/s, = 2.76 TeV
1.2

* m  Prompt Jly
p>6.5 GeV/c

AuAu \/SNN =200 GeV
0.8+ l% *x 0 PHENIX: |y|<0.35

o PHENIX: 1.2<|y|<2.2

* STAR preliminary

0-100%

00<|y|<24
I|IIII|IIII|

: TE6eve [
E

(both PRL 98, 232301 (2007))_

0-60%, [y|<1.0 Pr < 8 GeVZ

(@]

15 20 25
P, (GeVic)

30

14

1.2

- CMS Prellmlnary -
PbPb \/s, = 2.76 TeV

= Prompt Jly

0.8

0.6

0.4

0.2

AuAu \[s,, =200 GeV L
[ 0 PHENIX: |y|<0.35 -
o PHENIX: 1.2<|y|<2.2
(both PRL 98, 232301 (2007)) ]

g U =
_—0100%! * @ E%] —
- 65<p <30.0 GeVic

[’y

Factor 3 suppression for p; > 6.5 GeV/c at y=0
Trend to less suppression at forward rapidity

ALICE: R,,(p"" > 0 GeV/c, 2.5 <y < 4.0) = 0.49+0.03+0.11 (QM11)

CMS: Rua(p" > 3 GeVic, 1.6 < y < 2.4) = 0.39+0.06+0.03
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R, Of Prompt J/y vs. Centrality

< TTTT TTTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT
< ™ . h
X 1.4 CMS Preliminary ]
PbPb \/s\, = 2.76 TeV i
1.2 ]
= Prompt Jly |_:
1 E
i AuAu \s,, = 200 GeV i
0.8 0 PHENIX: |y|<0.35 -
i o PHENIX: 1.2<|y|<2.2
0.6k (both arXiv:1103.6269) |
0.4 g @ + @ % % |
02~ 0.0<|y|<24 @ @ @ @ % ]
- 6.5< p, < 30.0 GeV/c .
_I 11 | || | || | | | | | | | || | || | 11 I_
00 50 100 150 200 250 300 350 400

N

part

<
<
x

14

1.2

TTrT | TTTT | TTTT | TTTT | TTTT | TTTT TTT
iL CMS Preliminary
PbPb \/s\, = 2.76 TeV

= Prompt Jly
|

1

0.8

0.6

0.4

0.2_— 0.0<ly|<2.4
- 65< p, < 30.0 GeVic

ig AuAu \/s, =200 GeV

‘ Y STAR preliminary
p,>5 GeV/c, ly|<1.0

+

0

|

B

%

50

= CMS R,V < STAR R,V at intermediate p; range

| -
STA
A~

R

100 150 200 250 300 350 400

N

part

= _Need more systematic comparison in the same p- range
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deN/(anpoTdy) [(GeV/c)?
S © o o o 3
& N & [ FN [
T HHHI I'l Hml‘ﬂ T Imrﬂ]

—h
e
[7<]

10'1%

107

|
o 1 2 3 4 5 6 7

Jhy spectra in 200GeV Au+Au collisions

STAR EPS 2011

IIIIIIIIIIIIIIIIIIIIIIIIIlllIIIIIIIII]IIII]IIII

Au+Au — Jp+X, \[sy, =200 GeV STAR

® © 0-60%x10
STAR Preliminary g 0-20%

A A 20-40%/5
Y ¢ 40-60%/10

— TBW (fix f=0)
-- TBW predictio

u] ] muu] ]

LIl

”Hm[ Illlﬂﬂl LRI Iﬂ]

PHENIX
E © 0-60%x10
0 0-20%

s 20-40%/5
F 0 40-60%/10

lllllllllllllllllllllllllllllllllllll

Ll ll Ll llul L lll]llll | lllllllpl Jlllllll

Phys. Rev. Lett. 98, 232301 (2007)

Good consistency between
STAR and PHENIX.

Significantly extends the p-
range to 10 GeV/c.

Jhy spectra significantly softer
than the prediction from light
hadrons.

Regeneration at low p;?

Tsallis Blast-Wave model: ZBT et al., arXiv:1101.1912; JPG 37, 085104 (2010)

|

STAR

[

jaroslav.bielcik@fjfi.cvut.cz
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STAR QM2011

Raa VS. Pt

. @0-20%
A 40-60%

2 PHENIX

solid lines: Tsin
dashed lines: Z

Au+Al 200GeV

hua U.
ao+Rapp

L | L | L L L | 1
T 5” AR Prez' fmmary

0 1 2

3

4 5 6 7 8
P, (GeV/c)

* Increase from low p; to high p;
« Consistent with unity at high p- in (semi-) peripheral collisions.

N
STAR
Y

jaroslav.bielcik@fjfi.cvut.cz

STAR CuCu: PRC80, 014922(R)
PHENIX: PRLOS8, 232301

Yunpeng Liu, Zhen Qu, Nu Xu
and Pengfei Zhuang, PLB 678:72
(2009) and private comminication

Xingbo Zhao and Ralf Rapp, PRC
82,064905(2010) and private
communication

* More suppression in central than in peripheral even at high p-.
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STAR EPS 2011

IIlIIIIIIIIIIIII]II[IIII|1III|IIIIIII

_ STAR Au+Au, |y|<1, p.>5 GeV/c

\Syy =200 Gev ¥

N ® 11 STARAuAU, ly|<1, 25p_<5 GeV/c |
STAR Cu+Cu, |y|<1, pT>5 GeV/c

O PHENIX Au+Au, |y|<0.35

% Nbin err.
W p+p stat. err.

STAR Preliminary %
i — Tsinghua U., Au+Au, pT>5 GeV/c
-.-- Zhao+Rapp, Au+Au, pT>4.5 GeV/c

Raa VS. Npart

Y. Liu, et al., PLB 678:72 (2009)
X. Zhao and R.Rapp, PRC 82, 064905(2010)

02050 100 150 200 250 300 350
Npart
« Systematically higher at high p+in all centralities.
« Suppression in central collisions at high p-.
|-
STAR jaroslav.bielcik@fjfi.cvut.cz
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Jhy elliptic flow v,

STAR QM2011

}N 0.2 = centrality 20~60 %
0.15 ;_ STAR Prelimiﬂary non-flow estimation
0.1—
0.05 I
- 2
0 Bt mninammntfl o wioiee T T T
-0.05
- coalescence: = initially produced [3]7.8fm
-0.1— at freeze-out [1] MB hydro: [6] 20-60%
e in transport model [2] MB— T=120 with viscosity
015" in fireball [3] 7.8fm T=165 with viscosity
. DRI + initial mix [4] 20-40% T=120 without viscosity
L0.pbL 7 ¥ initjal mix [8] 7.~ T=165 withopt viscosity
0 2 4 6 8 0
P, (GeVic

« Consistent with zero, first hadron that does Not flOW 11 s & ke, pL8 a5 126,

[3] L. Yan, P. Zhuang, N. Xu, PRL 97, 232301.

» Disfavor coalescence from thermalized charm quarks x. zo, r Rapp, 24t wwno, 200

[51Y. Liu, N. Xu, P. Zhuang, Nucl. Phy. A, 834, 317.

a,t h |g h pT' [6] U. Heinz, C. Shen, priviate communication.

|
iﬁ:{nﬂ jaroslav.bielcik@fjfi.cvut.cz
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QUARKONIA
Y —> ete-
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Y Signal in Au+Au 200 GeV

2 e STAR Preliminary E60- STAR Preliminary
3 0 to 60% centrality S . nOR% ceantrality
160 L — :e-l-e N 50 :_ = Fit Function
L — - 285.6 +/-52.0
140 Ne+e+= 69 2 40 —— DY + b-bbar
B ete- o %2INDF = 1.5
120F- Neier = 149 300 T =196.6 +/- 35.8
: ge.e.;“’)w‘} 31.1 ‘N
100 __ = +/= . 20 -
C LS +
80 101 +
C C | ++ L +
60— 0F T
40— A0t
20 20E
UT_ 1 | 1 | | (- M _3 - | L 1 | | 1 | | | | | L 1 | L1 1 | | | | [ 1 |
8 9 10 1 12 % 8 9 10 11 12
M, (GeV/c?) M,... (GeV/c?)

Raw yield of Y—>e*e" with
ly|<0.5=196.6 +35.8 __
=N, -N_-N,, - [DY+bb

|
STAR
Y

STAR QM2011
A

Drell-Yan+bb = m
+-—)"
n =459 m,=27 my

jaroslav.bielcik@fjfi.cvut.cz
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Y(1S+25+38)

Y(1S+2S+3S) R,

by 5+25+35:'|y|<u s e‘e

p+p Sys. Uncertainty

p+p Stat. Uncertainty

* oT(18)— e'eloT(15+25+3S)— e'e

T(15+25+385)
Rua

Jhy P, > 5 GeV

if only T{18) survives

STAR Preliminary

\/Syn = 200 GeV

50 100 150 200 250 300 350 400 450
sTARQM2011 N,

« Suppression of Y(1S+2S+3S)
in central Au+Au observed.

Raa (0-60%) = 0.56+0.11(stat)+0.02/-0.14(sys)

Raa (0-10%)=0.34+0.17(stat)+0.06/-0.07(sys)

Data from Run 2009 and Run 2011

will reduce the uncertainty by factor of ~2.

jaroslav.bielcik@fjfi.cvut.cz 39
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70

60

50

Events / ( 0.14 GeV/c?)

40

30

20

10

80—

Y(2S+3S) vs. Y(1S) in PbPb

T
| .
= o
- o

=

Q

p: >4 GeVlic

e

CMS Preliminary
pp \s = 2.76 TeV
0.0<|y|<24

0< p, < 20 GeV/c
L= 225nb™

s = 92 MeV/c? (fixed to MC)

LIII|IIII|IIII|IIII|IIII|IIII|IIII7
@

O7 8 9

|
STAR
Y

10 1
Mam (GeV/c?)

12 13 14

Events / ( 0.14 GeV/c?)

ul D
o o

I
o

30

20

10

e data
— PbPb fit

pp shape
p' >4 GeVic
;

CMS Preliminary
PbPb \/% =2.76 TeV
0-100%, 0.0 < |y| < 2.4

0< p, < 20 GeV/c

L. =7.28nb"

int

s = 92 MeV/c? (fixed to MC)

—0—&4—0—‘\\\\‘\\\\‘\\\\‘\\\\'\\\

%

8 9

Fraction of excited states Y(25+3S) relative to Y(1S)
— Core Gaussian with power-law tail of EM final state radiation

— Resolutions and efficiencies fixed by MC
— Peak separation fixed to the PDG values

10 11
Mam (GeV/c?)

12 13

— Background as a second-order polynomial

14

(TTOZ) 20€£2S0 ‘20T 14d

40
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Y(lS) |n Pbe at 2 76 'lj,@\/m

2-5 TTT TTT
n:§ i CMS PreI|m| ary n: 1_4_— CMS Prellmlnary —_ a: 1.4_— CMS Prellmlnary .
i PbPb \[Syy =276 TeV | i PbPb\[S =2.76TeV 1 [ PbPb \[sy, = 2.76 TeV :
2 0 Lep 0L sU(1S)  ©(0-100%) 7
¢+ U(1S) ] _ s UQ@S) e B AuAu \5, =200GeV

] gt Y¢ STAR QM2011
] i ly|<0.5, U(1+2+3S)
7 08¢ +

T T

part

= Needs more statistics: with the current statistics,
— No obvious suppression at high p-
— No obvious rapidity dependence

= CMS Y(1S) RpA(0-100%) = 0.62+0.11+0.10

\ " STAR Y(1S+25+3S) Rps(0-60%) = 0.56+0.11"0%2  , (QM11)
_ﬁ;'ﬁﬂ 41

0.5 * — ‘
i 0-100% - 0.2/~ 0-100% 1 02-00<|y<24 —
i 00<Iyl<24 00<p <2OOGeV/c 1 -O,O<p_lrJ<20,OGeV/c
GH\‘\H‘ e b b b b Lo Ll \ L b b b b b T RN SNETE SNETE SRS SR SN FENY
0 2 4 6 8 10 12 14 16 18 20 %5 2 15 1 05 0 05 1 15 2 2! 0o 50 100 150 200 250 300 350 40
P, (GeVic) y N
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Summary

* Heavy flavor is an important tool to understand medium properties.
* Results are interesting and challenging.

charm measurement

- Possibility to extract charm production cross section.
- FONLL QCD describes the data rather well.
- Hint of diferent suppresion of charm mesons and hadrons at ALICE.

Jy
* Puzzeling situation SPS x RHIC x LHC mid x forward
» Less suppression at high-p; in STAR
* Flow consistent with zero

Y
» Signal observed in Au+Au collisions as well Pb+Pb
» Suppression of Y(1S+2S+3S) in central Au+Au observed.
_ » Suppression of Y(1S) in CMS
| -
STAR

L) jaroslav.bielcik@fjfi.cvut.cz
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Politovanihodny je Clovek, ktery s
nejuslechtilejSimi ze vsSech nastroju, védou a
umenim, neusiluje o nic vyssiho a k vyssimu
nesmeruje nez namezdna sila s nastrojem
nejnizsim! Protoze v risi naproste svobody v
sobé nosi dusi otroka!

Friedrich Schiller 1789

\f STAR 43

(] jaroslav.bielcik@fjfi.cvut.cz
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ruture Oor neavy riavor vMeasurceinerit 4dt

SSD at r=22cm MTD (MRPC)

PHENIX 2008 W STAR 2008 PHENIX 2008  ml STAR 2008

- 1¢° Bl PHENIX 2013 Bl STAR 2013 ) B PHENIX 2013 B STAR 2013

i E 3 © 10 =

;__J = p+p 200 GeV 3 © Au+Au 200 GeV =
B 12 weeks run > s

. 12 weeks physics run
X

10° g 10°

10?

— —

2 2,

I \IIIIII| [ TTTTI I IIIIIII| [ TTTTI
L LIt L LI L1 LI [
—t — —

& 2 g

di

rra ro
#1( eg ‘Q‘a"“kﬁ ¥ ~ee 'ui-t =) 8

S, J/W ""/{I’

J/WJ/wJ/ip Wy L “"ee K-‘-ﬁ' J{(ﬁr ko
eg Hu

g g™
‘*wa‘,wee fSe).x .oy, ﬁme “

Source: Phys. Rept. 462: 125-175, 2008 Source: Phys. Rept. 462: 125-175, 2008
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il

Counts

T(18+25+3S), B- doldy (pb)

Upsilon Iin p+

PRD 82 (2010) 012004

- e Unlike-Sign, Nh
60—
C * — Like-Sign, 2\|N, ,N_
- e Like-sign fit
50—
40:— * [ ] *
30— ... l
20F ' I
10:— + | |
C - *
0_ 1 | | | | | 1 I 1 1 1 | | | | | 1 1
4 6 10 12 14 16
m.. (GeVic?)
140: * STAR, |y|<0.5
[ p+p,\s=200 GeV LINL - 23 NG N
120 F—ee NLO pQCD do/dy
C o CEM
100~ PRD 82 (2010) 12004 ... csM
80—
60
40~
20
oF
_IlIIII|IIII|IIII|IIII|IIII|IIII|I

-3 -2 -1 0 1 2 3

(=

—
o
(0]

_,(pb)
<

B - do /dy]|
=

—

10~

B —

ee

PRD 82 (2010) 12004
| Y(1S+2S+3S)
= % STAR, p+p
- @ CFS5, p+A
- m E605, ptA
= A CCOR, p+p
- ¥ R209, p+p
- O R806, p+p
i O UAT, p+p
- A CDF, p+p
E — NLO CEM, MEST HO,
i m=4.75 GeV/c?, m/u=1
| | | 1 111 || | | | 1 111 || 1 |
2 3
10s (Gev) 1°
do
=114+38(stat)*>>(sys) pb
dy|,

45
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Upsilon in d+Au 200GeV

STAR Preliminary

go= 1 | | L L B ) L B e 1 — .
g —— unlike sign . —N— STAR Run8 d+Auns, ;=200 GeV |y|<0.5 ;
7 E_ _____ |Ike Sign __ 50 E ——a—— anti-shadowing(EKS98)+no absoption, R. Vogt E
60 ruie oo cey |5 [ — Rawcoms  NPAB830(2009)235c 1
_ U VS, ~ eV ] C .
50F- + " 3 = G,  d*Au200GeV |
£ INPA830(2009)235¢ 1 - ﬁ? s  STARPreliminary
240 — = =30 L P ]
e N S L o L] ]
30F +' 4 8 s “ E
- H + 1 §¥C 3 % i
20 4 + i & E - y E
= : e I ] - . :
101 R A 5"+H*++ 4 1F K :
O ool B R S A A T
D E IB — |1n| |12| I |14| I I1EI 1113 D_II M| Ll 11 1 N e N ] |~IM L]

M,, (GeVic?) 3 -2 -1 o 1 2 3

a8 Rapidity

do
dy Yo
Ry =.0.8+ 0.3(stat) + 0.2(sys)

STAR
““Consistent with N, scaling of cross-section p+p - d+Au 200GeV

B

ee

= 35+ 4(stat) =5(sys) nb
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STAR

Y Yield by centrality

60 STAR Preliminary
30 to 60% centrality
F « N _-N_-N_
50 F — Fit Function
- 72.7 +/-23.4
40— ——— DY + b-bbar
+2INDF = 0.5
30 T =481 +-15.5

60 :_ STAR Preliminary

40 ——— DY + b-bbar

. %
104

10 to 30% centrality
« N_-N_ -N.
= Fit Function
124.2 +/-30.7

¥3INDF = 1.1
T =91.34-226

STAR Preliminary
0 to 10% central

e N_-N_-N.

— Fit Fun
+/-44.3

90.4

ction

=—— DY + b-bbar

#*INDF = 1.5
T =51.54+-252

ity

—

+ bt

z::, Pe”pher.a'.. = Mid-Central -;ﬁ Central
« System uncertainties
— p+p luminosity and bbc trigger efficiency
] Y Line-shape
= Drell-Yan and bb background
STAR 47

[

Rosi Reed - Quarkmatter 2011
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STAR with HF T

eg/ (

0.6

0.4

0.2

2

Anisotropy Parameter v_(%)

|

50M Central TPC+HFT

I T
= O - = -
L @ 500 ub™'Lw/HT trigger (central only) 1 = 04 - "]'.(13) VS = 200 GEV AutAu
[ . STARp+pe-h = E [ - -
[ —— FONLL 1 = 02F 1
i 15 0 I{ ni ii i{ -{ i*
i ] 5 'ﬂ.z _— &
[ O Au+Au 200 GeV Central 0-10% U-04 _'STAR RHIC: 2 nb-‘] RHICI: 20 nh-i
[ L ! i -
2 4 6 8
P, (GeV/c)
' I ' | ' I ' |
B T T T ] - 20 r 200 GeV Au+Au Collisions at RHIC ]
25 [ 200 GeV Au+Au Collisions at RHIC ]
- (DD: 500M minimum bias events; |y|=<0.5) ]
E ] 1.0 oo e ]
20 - E - E]¢ N, scaling ]
15[ —— —= | _+_v-(c}=v{q}_: o | e 49 ]
- e ‘ S B S R o §
3 —e= 1 . + ++ - |
10 [ e | . N, scaling L 4
B ks _ __*—+.—-—T—' ] 02 I | -4 ++ i
5[ —¢—* o A vA@)=0 ] :
- #_*_ - o1 L - Doe 0 500M minimum bias TPC+HFT
°L e L L ] L B>e * m 500 ub”' L w/ HT trigger :
0 1 2 3 4 5 6 B . | . ! . | . | i
0 2 4 6 8

Transverse Momentum p_ (GeV/c)

Transverse Momentum p_ (GeV/c)
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D* reconstruction

&S D candidates
side band

o
Lk 4
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o
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S
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7
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X

1 .|8 9
M(Kn) (GeV/c?)

—

M(Krr)-M(Kn) (GeV/c?)

All triggers included.

r=1 =
o _ o I %300
< °F R STAR Preliminary {12 O
O 16 :: S PR 200}
B i . o
E ok G w100
~ B - ; -%'t_
Q_l_ 10 :-. :f-i... -l o :
8 _-'-. : e : A : - q.
s -4 gk RS U L e L | =10
- = g - S S g s e
4 [
B !- _ I
2 _.---\. B - 0 Br e — e — R B e
| | | | | | | |
0 0.14 0.145 0.15 0.155 0.16 0.165 0.17 0.175

Background combinations:
Wrong sign:

DO and n-, DObar and n*
Side band:

1.72< M(Kn) < 1.80 or
1.92 < M(Kn) < 2.0 GeV/c?

More than 4c signal at low p; and very significant at high p; - mostly from
EMC-based high neutral energy triggers.

EETA R
[

Yifeli Zhang LBNL
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Charmonia In nuclear matter

Production mechanism is not clear
Observed J/y is a mixture of direct production + feeddown

— All Iy ~ 0.6 Iy (Direct) + ~0.3 y. + ~0.1y/’

Suppression and enhancement in the “cold” nuclear medium
— Nuclear Absorption, Gluon shadowina, initial state energy loss,

Cronin effect and gluon saturation =T I T=12T
AN Y %Y A y Y XY’
T= 3T,
H. Satz, Nucl. Phys. A (783):249- TR TEETERT
) 260(2007) TR I Tt
Hot/dense medium effect o
Y

— Jhy, Y dissociation, i.e. suppression
— Recombination from uncorrelated charm pairs
|

STAR . o
LA jaroslav.bielcik@fjfi.cvut.cz
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Gcc. comparison with other

10°

(Mb)

NN
cC

O

10

measurements

E ¢ UA2 pp; PLB 236, 488 A STAR d+Au; PRL 94, 062301
- % MUON cosmic rays; NPB 122, 353 @ STAR Au+Au (preliminary)
| % PAMIR cosmic rays; NPB 122, 353 @® PHENIX p+p; PRL 97, 252002
L @ NA32p+A; PR 433, 127 A PHENIX Au+Au; PRL 94, 082301
B E769 p+A; PR 433, 127 Bl PHENIX Au+Au; PRL 88, 192303
— A NA16 p+A; PR 433, 127 -
= A NA27 p+A; PR 433, 127 -7 :
- [0 E743 p+A; PR 433,127 _ -7
L ¥ E653 p+A; PR 433, 127 T#r’ -
L ¢ HERA-Bp+A; PR 433, 127 s
O NA5O p+A; PR 433, 127 g
— 2K NABO In+In (preliminary)
— x
= , NLO with CTEQEM
C S il NLO Uncertainty Bound
— '
- f K (from R. Vogt, arXiv:0709.2531)
| | | .'j | | L1111 | | | L1111 ‘ | |
10 10? 10°

Vs (GeV)
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™y 0

-
(e)

o ? o
&
(5)

FIG. 1. Representative diagrams con-
tributing to Y hadroproduction at orders
ai (a), at (b,cd), a? (e.f). See discus-
sions 1n the text.

(d)

he _
Heavy quarkofia 52
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What can we learn at the LHC

« Higher c and b cross

sections: s [T
3_ ~ ALICE Preliminary (tatal unc.)
— More abundant heavy gygoL T e
flavour production S A
— Better precision (reduced v -
errors) 100 v
$ E

cc cc
Olhe #10:-0pyc

bb bb 102
O e ~100- gy E

« High precision vertex -
detectors e
— Background removal 10
- — Separate cand b
N
ﬁTAFI 53
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High T: the potential between the
qguarks i1s modified.

e Charmonium

suppression: 1000
longstanding QGP 800 |
signature 600
— Original idea: High T leads 400 1
to Debye screening 200
— Screening prevents heavy %[ /;
quark bound states from  -200
forming! 400 [/
— Jhy suppression: _600

* Matsui and Satz, Phys. Lett. B
178 (1986) 416

— lattice calculations confirm
screening effects

* Nucl.Phys.Proc.Suppl.129:
560-562,2004

il ., I

STAR
[

1.25T, —=— ||

260T, — |-
450T, ——
7|50T(\| f I

T13T, = |]

1.40T, —— |

02 04 06 08 1

r [fm]

O. Kaczmarek, et al.,

12 14 16 138

Nucl.Phys.Proc.Suppl.129:560-562,2004
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Jhy in Pb+Pb at 2.76 TeV

Events / ( 0.02 GeV/c?)

[*2]
o

—
N
o

—
o
o

o}
o

F=
o

N
o

— CMS Preliminary

- I/ —

- PbPb\/s,,, =276 TeV
C L, = 7.28ub"

[ 0-100%, 0.0<lyl <2.4
— 6.5< p, < 30.0 GeV/c
- ¢ data

| —— total fit

[ — - bkgd + non-prompt
- -- background

HIN-10-006
o = 34 MeV

Excellent mass
resolution of ~1%o,
comparable to pp

39624 Jhy
(6.5 < p; < 30 GeV/c)

8

6 27 28 29 3

31 32 33 34 35
2
m,. (GeV/c?)

First time that the prompt and non-prompt J/y's
are separated in heavy-ion collisions
=00+13 [B — J/y] events for p/v > 6.5 GeV/c

—~~ _I LI I T T T l IIIIIIIIIIIIIIII
= -
€ | CMS Prellmlnary
8 .5l PbPb \% =2.76 TeV
o 10°F
S [ Ly=7.28ub’ * data
S — total fit -
48 — = bkgd + non-prompt _
Q el --- background
T
0-100%, 0.0< lyl < 2.4
6.5 < p, < 30.0 GeV/c
105—
1 + —
:IlllllIIIIIIII lllllllll
-1 -0.5 0 0.5 1.5
Ling (mm)
STAR
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