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Introduction

* Experiment

Particle identification

« J/¥ production in p+p, d+Au, Au+Au at 200 GeV

- Spectra, elliptic flow, nuclear modification factor.

Y production in p+p, d+Au, Au+Au at 200 GeV

- Cross section, nuclear modification factor.

o Summary
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Introduction

Charmonia: J/¥, ¥, x , Bottomonia: Y (1S), Y (25), Y(35), x,

= Heavy quarks are created in the initial hard scattering
— exposed to the evolution of the system.

= Expect a suppression of quarkonia in a QGP
[T. Matsui and H. Satz, Phys Lett. B 178, 416 (1986).]

— color screening of heavy quark pair potential

— unique probe ol deconfined medium

T/Te 1/(r) tfm]
)

2 | [vas) s

= Sequential melting of different states ~ [ %) 5

: C . 1.21ml 3/y(15) Y'(25) =
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Introduction

However, there are complications to quarkonium
production:

» Production mechanism unclear;

= Modifications from Cold Nuclear Matter effects
— modification of nuclear PDFs (shadowing), nuclear absorption

» Additional Hot Nuclear Matter effects

— regeneration in QGP
— system size and formation time eftects
(high-p,. escape from suppression zone) [leakage]

= [eed-down from resonances and decays

— Need to systematically study quarkonia production
in p+p, d+Au, Au+Au collisions:

Measure p,  spectra, elliptic flow,
nuclear modification factor to disentangle eflects.
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STAR Experiment

Solenoidal Tracker at RHIC

JJO,Y = e’ e
(BR = 5.9%, 2.4%)

Large Acceptance:

In[<1,0< ¢ <2m

Time Projection Chamber:

Tracking —p., n, ¢
dE/dx — PID

Time Of Flight:
Timing res. < 100 ps
1/B — PID

Barrel Electromagnetic

Calorimeter:

Tower An x A ¢
= 0.05 x 0.05

Large acceptance, excellent particle identification, fast DAQ)!
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Particle Identification: low p,

Time of Flight Time Projection
(1/B ~ 1 for electrons) Chamber dE/dx
=2 ;TimegszIight‘.‘:/ﬁ . ]l104 =: it
ol WA 0'8: pn<u.as GeVlc ] 5 21 .
L 1.8 -é ! _5103 g 5_= “ x
= . S
-'5) 1.6 i S_‘),
5 14 N
) E % &
g 1.2 1
= | 10
o8- Au+Au 200 GeV 1 e | IIHTICI3|F|1/I3l1II<I0-03j

' 1 03 1 5 0.3 1 5
05 1 15 2 25 3
Momentum (GeV/c) Momentum (GeV/c)

TPC: momentum reconstruction, good separation of
electrons from pions using dE/dx.
TOF: good separation of electrons from
heavier hadrons for p < 1.5 GeV/c using 1/ 3.
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Particle Identification: high p,

dE/dx normalized BEMC energy to
to electrons. momentum ratio E/p.
dE d 02 | | | |
no, = log ( / x|m63511md ) /J 0.18 3<p<b5GeVic -
€ .
dE/dx|Bethe—Bloch 0.16 | o Data _
® 1055— | T T T T T T T I a 0.14} A Simulation
= F 2.2<p<24GeV/ic Au+Au 200 GoeV 3 o
S 1o o 1 T O -
F ---Pions 3 Z 01} —
. o hedd
: X 0.08 =
i ] z
102 . — 0.06[ —
10k § ] Qb | | Electrons
] m 0.02 it %5 Au+Au 200 GeV
1 M T s Tiga’ B s s s aGaE
4 6 8 O wicbhdhe®™ | 1 Shbddpobddobdobdobobobobobobobodos
dE/dx no, 0 0.5 1 1 2

Energy/Momentum

BEMC energy E, TPC momentum p, E/p ~ 1 for electrons.
Good electron-hadron separation in E/p for p > 1.5 GeV/c.
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Results

Results from quarkonium production at STAR have been
obtained in p+p, d+Au, and Au+Au collisions

= Production in p+p collisions
— understand production mechanism
— provide baseline for heavy ion collisions

» Production in d+Au
— constrain modification from cold nuclear matter eflfects

» Production in Au+Au
— constrain modifications from hot nuclear matter eflects
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)/ in p+p at 200 GeV

Look at p, spectrum in p+p to

) ] C“: % L | L | | I;l | ‘ L |_I L | L IEZE
understand production mechanism. £ | s p+p — JAp+X, \'s =200 GeV |
2 1F ® STAR 2009 EMC -
- Color singlet model: G | v STAR2009 MB ]
direct NNLO* still misses high-p,; 8 107¢ = STAR 2005 & 2006
= o PHENIX 2006
. > B . N
- NLO CS+CO: describes data T 10° STAR Preliminary s
reasonably well at high p,; g | Inclusive J/y ]
HO E E
- Color Evaporation Model: %10.4;_ _;
describes the data reasonably % | ;
well across the p_ range m sk i
Py 5 107 cem (prompt) 3
. 63 [Idirect NNLO* CS y
INo B feed-down in models] 107 ---direct NLO CS+CO E
- — prompt NLO CS+CO :

STAR: Phys. Rev. C80, 041902(R) (2009); Arxiv:1208.2736; w——_t——
PHENIX: }I]’hys. Rev. D 82, 012001 (2010) 0o 2 4 6 8 10 12 14
NNLO* CS: Phys. Rev. Lett. 101, 152001 (2008) P, (GeV/c)

NLO CS+CO: Phys. Rev. D84, 51 114001 (2011)
CEM: hep-ph/0311048, and R.Vogt private communication
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B — J/9 (incl.) decays

J/ ¥ -hadron azimuthal correlations Arxiv:1208.2736;
Separate prompt J/¥ from = [ @STARnew
B — J/¥ feed-down: =05 _-(2 LSJmR PRC80
. — (b} B
J/'Qb Total J/wPrompt 7 J/wBHJ/w 2 = CDF
3041, po CEM LHC
LS T R P ‘é : O ATLAS '
o BN L 0.3F ¢ CMS
s 4 PR Al = |
200 £ £ S0.2F
E-:).s :g’ 1| -E ] T N {
9 0.1 CEM RHIC
4o 1 2 i;l(éd) "”-1'0'1”23“% “'-10‘121“3(&) 0-.|.|.|.|.|.|.|.|.|.|.|.
Model based extraction using PYTHIA 123456738 9101112
P, (GeV/c)
Contribution from B — J/¢¥ decay ~ 10 — 25 %
in p+p collisions at 200 GeV
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J/1¥ in d+Au at 200 GeV

J/ ¥ 1n d+Au collisions used to constrain CNM eflects.

2 T T T T T T T I 2 T T T T T
1 gL ® STARlyl<t d+Au — Jp+X | 18 @ STARIyl< d+Au — Jp+X
' s. =200 GeV o PHENIX lyl<0.35 (minimum bias)
6l © PHENIX Iyi<0.35 \'Syn i 16l — EPS09 +o,,_ (3 mb) N
EPS09 +o,, (3 mb) N, ONg,
1.4 (Jp+p = 1.4~ p+:') stat. N
[JPHENIX. | Wp+p syst. ]
S 12 1 = 2 127 OpHENIX. il
< M . -
T 1 S 1 [D
i " @ i et 0 T =
0.8 | n 0.8 @ ] [‘]
0.6 . 0.6~ ? .
0.4 _ 0.4 -
0.2 STAR Preliminary — — 0.2 \/syy =200 GeV STAR |Preliminary —
0 | | | | | | | I 0 l l | |
0 2 6 8 10 12 14 16 18 0 1 4 5

I\ICoII

T

23
p. (GeV/c)

Suppression in central d+Au collisions, however large uncertainties.

EPSO9 nPDFs + absorption cross section (fit to STAR data):
o ~=2.8 %2 (stat.) ) (syst.) 77 (EPS09)

abs -2.8
EPS09, Nucl. Phys. A 830, 599 (2009) R. Vogt, Phys. Rev. C 81, 044903 (2010)

More data required for precise measurement!



J/1¥ In Au+Au at 200 GeV

G STAR Preliminary
L Au+fl\u—>J/ I+X II I<1,0-EI30% 3 ' I =i I I l l
3 800K (o Lo00Gev  0<p, <5GeVicT 10° (a) 0-60% F Ty (b) 0-20%
= 7000-% oet+e - & 10° e
8 . v mixed-event —_ 7 T "
< 6000 A same-sign O 10 =
0 S:B =14 S 8 e
§ 50001 STAR Preliminary ] D 10 : o
8§ 4000 - s o 10° .
3000/~ B, O 1 — 107 O ®STAR Au+Au
ool e, o 10" OPHENIX Au+Au
inimum blas ~Yg = ; t t : :
1000 ! ! ! e > sk ]
26 2.8 3 32 34 36 C_107] = (d) 40-60%
Mass (GeV/c?) Q 10 e N i
B =
STAR p,, spectrum extended & 107] £ 1
Z 10°® ~ 1
to 0<p_ <10 GeV/e. G e
g m 9 ¥ Blast Wave ™
10 - - Prediction 1
Softer spectra as compared to 10f  —Fit(e=0) Au+Au 200 GeV
Blast Wave for lighter hadrons. o 5 4 & 8 (G VZI/ : 6 8 10
. p_ (GeV/c
— R@g@ﬂ@fﬂt]Oﬂ at ]OW'p 7 T
T STAR: Arxiv:1208.2736, Arxiv:1111.6944v2
. PHENIX: Phs.Rev.Lett.98:232301,2007
— Sma[[er ra dla[ ﬂO W? Tsallis Blast-Wave model: arXiv:1101.1912,
JPG 37, 08194 (2010)
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J/1¥ In Au+Au at 200 GeV

J/ ¥ from recombination of thermalized charm quarks expected to
acquire flow and populate low p,, — Look at J/ ¢ p,. spectrum and v P

0.16><10-3- T .STA.R Prelimz..nary. T T >N0'2E »  centrality 20~60 %
0.14}F (a) 0-60% (b) 0-20% 0.15- ‘ // ' non-flow estimation
0.12 Au+Au 200 GeV | 0.1 ///
g " = /,:"‘" % e
: . 0.05- Y . /fil“ Jn
: ST
i -0.05 3 STAR Preliminary
i -0.1 £ = initially produced (1)
: 0 15:_ coalescence: ]
i == I i p=igren =U.19F at freeze-out (2) hydro: %7'_)120 S
() 20-40% | (d) 40-60% . -0.25 1" wansport model (& — — T2165 with viscosit
1 ----Initial _ -0 25:_- ----- + initial mix (5) T=120 without viscosity
| =i o —<SEr =, slialmbete) ¢, <= 1155 Miloliryisdostty
- - Hydro T=120 0 2 4 6 8 0
$ { ol iz ey p_ (GeVic)
@\g 1 J/¥ v, consistent with zero within errors.
o o N T | Distavor regeneration from thermalized
° 2 h 0 B Gev) 8 “10  charm quarks in 20-60%.
L
(1) (4) Phys. Rev. Lett. 97, 232301 (2006)
— Good agreement with initial + regeneration. g

(3) Phys. Lett. B655, 126 (2008)
(5) X.Zhao, R.Rapp, 24th WWND (2008)

— Regeneratjon eXpected to be Signjﬁ(:ant n 0-20%. (6) Nucl. Phys. A834, 317 (2010)

(7) U.Heinz, C. Shen, private communication
Phys. Lett B. 678, 72 (2009).
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J/1¥ In Au+Au at 200 GeV

J/ ¥ nuclear modification factor RAA Versus p, .

STAR Preliminary
o| ©®STAR (a) 0-20% | —Zhao,Rapp  (b) 20-40% |
=+Liu et al.

OPHENIX

)
0518 Bl

--
-
-

I:{AA

S

L )
.1 ¢
LN
H

Au+Au 200 GeV T

0 2 4

8 2
P, (GeV/c)

Good agreement with theory
(initial + regeneration).

Suppression tfor pT < 5 GeV/c
— color screening

Increase of R, with p,
[R,, ~ 1 for pT > 5 GeV/c in 40-60%]
— formation time effects?

Expect an increase in R, at low
p, In central events from
regeneration.

STAR: Arxiv:1208.2736, Arxiv:1111.6944v2
PHENIX: Phs.Rev.Lett.98:232301,2007
Zhao, Rapp: Phys. Rev. C 82, 064905 (2010)
Liu et. al: Phys. Lett B. 678, 72 (2009).
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J/1¥ In Au+Au at 200 GeV

J/ ¥ nuclear modification factor RAA versus Np

art
[ I | | | [ |
O AurAU = JRpHX o SIAR(PP5GeVIe) | Good agreement with theory
L e e, .
ol O gHme ] (initial + regeneration).
Zhao, Rapp — (p,>4.5 GeV/c) P
- Luetal  ---(p>5 GeVic) — ZhaQ, Rapp under-estimate R |
Ef] at high-p,
o o e e e
< TR . P .
o ;.1; 1 Significant suppression in
I [ﬂ By @ .t EF E{ﬂ { central events
- [1° [{l@ ~~~~~ M. 1 — highp_Is less sensitive to
I {cﬂ%ﬂ regeneration, cold nuclear
- . effects.
\/Syy =200 GeV  STAR Preliminary||
0.2 | | | | | | [ 1 1
0 50 100 150 200 250 300 350 Less suppression at high p T
Npar compared to low pT
STAR: Arxiv:1208.2736, Arxiv:1111.6944v2 — formation time eftects?

PHENIX: Phs.Rev.Lett.98:232301,2007
Zhao, Rapp: Phys. Rev. C 82, 064905 (2010)
Liu et. al: Phys. Lett B. 678, 72 (2009).
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T in p+p at 200 GeV

Counts

STAR Prelminary
p+p S, = 200 GeV
ly, 1<0.5

® N __+N.

e N,_

Comb. Background {CB)
CB + Drell-Yan +bb

--- CB +DY + bb + ¥ ({15425438)

|10||| |||14|||16|

m,, (GeV/c?)
L dt = 19.7 pb*

" Y(1S+2S+3S)
Y STAR, p+p
@® CFS, p+A
W E605, p+A
A CCOR, p+p
¥ R209, p+p

STAR Preliminary
> R806, p+p
O UA1, p+p
/. CDF, p+p
& CMS, p+p
—— NLO CEM, MRST HO,
m=4.75 GeV/c?, m/p=1

10° s (GeV)1?

Y (1S+25+3S) > e" + €

140

Y(1S+2S+38), B- do/dy (pb)

20

120}
100}
0]
0]

40

" STAR Preliminary
[ p+p,~5=200 GeV
Y —e'e

Y STAR, lyl<0.5
[ IN_.-2 N_N.

NLO pQCD dao/dy
O CEM

2 A

0

CSM: J.P. Lansberg and S. Brodsky, PRD 81, 051502, 2010

CEM: R. Vogt, Phys. Rep. 462125, 2008

Y B(nS) x o(nS) = 91.8 +16.6 19 pb

n=1

Good agreement with NLO CEM
and world data trend.
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Y in d+Au at 200 GeV

Y is heavier than J/ ¥, less sensitive to nuclear absorption.

_ 60 — T -
70E R [ —— STARRun8 d+Au s, =200 GeV |y|<0.5 1400
[ — H - H ] : n
60 - + unlike - like i 50 ——e—— anti-shadowing(EKS98)+no absoption, R. Vogt {350
C < ] - ]
50— IYI 0.5 . = I —#—— Raw Counts J300
u Integrated all . € 40— ]
o F : {@? 5  STARPreliminary 3 §
E30 . > L ]
3 E STAR Preliminary 230 S #, {2003
20 — E - * . . o
= ] X, . ¢ 150
g + +++ +¥ @t # I\ % ]
ofeenedl L + ............ +_+'_E C & T . —[100
C ] 10— - d » B
- . - . o T . ]
10F 3 - . * I * —50
- . - » T . |
1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I~ :
6 8 10 12 14 16 18 0 Ll u’l L1 N1 N A N L1 |~|w L1 0
M., (GeV/c? -3 -2 -1 0 1 2 3
oo (GeVicT) Rapidity

Good agreement with anti-shadowing (EKS98) and
no 1 nuclear absorption.

R, =0.78 + 0.28 + 0.20

dA

Drell-Yan and bb not subtracted.
Published 2006 p+p cross section used as baseline (-114 pb).
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Y in Au+Au at 200 GeV

Y nuclear modification factor R 1 VEISUS N

Suppression increases with

Increasing centrality
— color screening

Lattice-based potentials
— Dislavors free energy

— Consistent with internal
energy

Calculations include
melting and feed down
(x, ~50% )

Consistent with complete

melting of higher states
Y (25+3S)

2
1.8
1.6
1.4

-
N

T(1S+25+3S)
|III|IIIEIII|III|III|III|III

Raa

©c o o Q
N OO 0O o

— assumes a direct fraction of 51%

part

T({15+25+3S)

— g%, Au+Au
[yl=0.5

p+p Sys. Uncertainty

p+p Stat. Uncertainty

Free Energy Potential Model

Internal Energy Potential Model

S

=200 GEV

III|IIII|IIII|IIII|IIII|IIII|IIII|II
50 100 150 200 250 300 350
Npart M. Strickland, PRL 107,

132301 (2011).
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Summary

In p+p collisions:
° J/¥ p, spectrum extended to 0 <p, < 14 GeV/c;
o B — J/ ¢ feed-down calculated at 10-25%;,
o High statistics Y cross section consistent with NLO CEM.

In d+Au collisions:

o Suppression of J/¥ in central events;
o J/¥ R fitted with EPSO9 shadowing + absorption,

J/ ¥ absorption cross section g extracted;
° T R consistent with EKS98 anti-shadowing + no abs.

In Au+Au collisions:
°J/¥ p, spectrum softer than TBW from light hadrons,

distavors hydro, good agreement with initial+regeneration;
o J/Y v, consistent with zero, favors initial (initial+regen.);

°J/¥ R, suppressed in central events, decreasing at high p .

and in peripheral collisions, agrees with initial+regen.;
o Y suppressed in central events, good agreement with lattice-
based internal energy potential.
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Future

Muon Telescope Detector

TPC | | TOF | |EMC | | magnet | | MTD MRPC technology (similar to TOF)
\ Acceptance ~ 45% (| n | < 0.5)

118 modules, 1416 readout strips,
2832 readout channels

No photon conversion
Less Dalitz decay

= W e : — J/ W trigger across pl range in
ION TELESGORE OSTECTOR 5. 27, 7007 WTo0TO NG central Au+Au collisions

Heavy Flavor Tracker

Pixel and silicon strip detector:
PXL: 2 layers of CMOS pixel detectors
(2.5, 8 cm)

IST: low mass silicon strip sensor

__ (14 cm)

Sp—— Emi— SSD: double-sided silicon strip detector
T (22 cm)

Constrain B — J/ ¢ feed-down
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