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Outline

 Why Quarkonia? J/W and Y as QGP Probes
* The STAR Experiment

» J/W Production Measurements at STAR

* Y Production Measurements at STAR
 Summary and Outlook

arxiv:1309.7616 QGP and Srgnlc pwes Quark-Gluon Plasma is

initial hydrodynamic expansion

formed in heavy-ion
collisions. We can use
quarkonia production
. R as a tool to probe the
“Glasma” Hydrodynamlcs Hadronic gas properties of the QGP.
Today we’ll focus on
leptonic channels:

T/ —eTe” (upm)
~wy T —=ete ()

pre-equilibrium

D

&

WWND 17 Zachariah Miller



Why Quarkonia: J/W

lllustration: A.Rothkopf

T=0 0<T<T, Te<T
J/W suppression in heavy-ion collisions, compared to p+p collisions,

was proposed as direct proof of deconfinement.
- T. Matsui and H. Satz PLB 178 (1986) 416

Challenges:
e Multiple production mechanisms

Prompt: direct production (~60%), W(2S)
and Xc decays

D
: CO-Movers

D

M

Non-prompt: B-meson decays
 Multiple effects

Hot matter effects: dissociation, regeneration, energy 10ss

Cold nuclear matter (CNM) effects: nuclear PDF, kt broadening, etc
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Solenoidal Tracker At RHIC (STAR)

 Mid-rapidity detector: n| < 1,0 < ¢ <2m

* TPC: precisely measure
momentum and energy |0ss

* TOF: measure time-of-tlight

* BEMC: trigger on and
identify electrons

* MTD (Inl<0.5): trigger on and
iIdentity muons
- Fully installed in 2014

nehind magnet

- Precise timing

N T2 Y N measurement (o~100 ps)

Barrel E%Eetroﬁagnelorimeter ) Di'muon_ trigger for
| guarkonia

W Muon Telescope Detector
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Solenoidal Tracker At RHIC (STAR)

 Mid-rapidity detector: n| < 1,0 < ¢ <2m

* TPC: precisely measure

| Time-Of-Flight | | Muon Telescope Detector momentum and energy loss

* TOF: measure time-of-tlight

* BEMC: trigger on and
identify electrons

* MTD (Inl<0.5): trigger on and

' L) identify muons

-_Fullv installed in 2014
E — ' 17 0.2 T T | T
é‘? Au + Au 200 GeV @,0-18— 3<p<5GeVic
2 - . , -'§ 0.16 o Data _
Tin g 6 | 3 | : I/ﬁ U{0.14_ A Simulation  _
- » 4 _F
W AR | Z o2 - )
” (T SN ' T ook E/p - pS
0.08} _
BEMC _
Saln e Electrons ]|
kb \ - e R 002 4 45 Au+Au 200 GeV -
0.5 1 2 1 2 0 bl | W

Momentum (GeV/c) Momentum (GeVic) 0 05 1 15 2
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J/W |dentification and Yield

Di-electron Channel: Tag electrons
using TPC, BEMC, and TOF. Pair and
remove combinatorial background (BG).
Di-muon Channel: Tag muon tracks
using TPC and MTD in di-muon
triggered events. Pair and remove
combinatorial BG.
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Au+Au @ 200 GeV

STAR preliminary
L~14.2nb™

Open: JAp—e'e, lyl <1

Counts

= IIIIIIII| IIIIIIﬂ] IIIIIIﬂ] IIIIIIII| IIIIIIﬂ] IIIIIIﬂ] IIIIIII| IIIIIIﬂ]

o™ illed: .
30 Filled: J/Ap—u*w), Iyl < 0.5
Pr > 0GeV/c 1Y 5. 1<0-5, Py, > 0 GeVie J0 12| — TBW fit (=0)
e N, = 24935, S/B = 1:28.6
Significance:Zl_g# 10—13 oo v b b v b by by
20 2 4 6 8 10 12 14

P (GeV/c)

First mid-rapidity measurement via the
di-muon channel in Au+Au collisions.
Consistent results from the di-electron
and di-muon channels.

10 O Unlike-sign pairs ( ! 0.15)
— Like-sign pairs ( ! 0.15)

— Mixed-event (! 0.15)

III|IIII|II|:I:|I|IIII|III

ol e e e e e ey
2.6 2.8 3 3.2 3.4 3.6 3.8

2
M [GeVic?]
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J/W Suppression

1.8F- STAR Au+Au @ 200 GeV 0-60% £ <ram oreliminar 0-20%
16F Kk Jyp—uw,lyl<0.5 2 P y
E S Jly—e'e, lyl <1 (MB) 3
1.4F g :
- hp—e'e’, Iyl <1 (HT 5 .
o TESMSTED 3 R = _tua O'Ny /dydp,
n:g e . AN

<Ncoll> dz’ pp/dydpl'

Raa measures the

T e -l difference between
o smanrn oy s - Au+Au collisions and
A - % __________________ | “number of binary
= oef Q % $ |§ $§% I collisions” scaled
oy g B R o+p collisions.
02():_' B S S S S T/ R R vy >_ I S S S TR T R Y

P, (GeV/c) P, (GeV/c)

Suppression at High pr. Rising
Trend in Peripheral Collisions :
Consistent with dissociation

Formation time and feed
down??
WWND 17 Zachariah Miller

Suppression at Low pr:
Consistent with dissociation
CNM effects?




J/W Suppression

2 —
~  Au+Au @ 200 GeV STAR preliminary
1.8~ 4 STARJ/! " py, Iyl <0.5, p, >0 GeV/c
1 6:— * STARJ/! " i, Iyl <0.5,p_>5 GeV/e
C @ STARJ!" e'e, lyl <1, p_>5 GeV/c
1.4
< 1.2
et F
1__ ------ E---% ---------------------------------------------------- ‘
< -
S o8 o L
- X
0.6:— o * E
0.4 @
0.2 - N, uncertainty
0]_ II|IIII|IIII|IIII|IIII|IIII|IIII|I
0 50 100 150 200 250 300 350
N

part

 Seems less suppressed at LHC in
low pr: larger regeneration
contribution due to higher charm
cross-section.

 Seems more suppressed at LHC
in high pr: larger dissociation rate
due to higher temperature.
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* Peripheral collisions: larger
suppression for pt > 0 GeV/c,
probably due to CNM effects.

e Central collisions: significant
suppression for both pr regions;
points to interplay of different
effects.

1.8
—  0-40% centrality STAR preliminary
1.6~ % STAR: Au+Au, \|s,, =0.2TeV, |y|<05
- W ALICE: Pb+Pb, |5, =276 TeV, |y| < 0.8
14—~ @ CMS: Pb+Pb, s, =2.76TeV, |y| < 2.4
: Tsinghua Model = — RHIC LHC
1.2~  TAMU Model - - RHIC LHC
2 i
0.8]. +
0.6
0.4H 1] Tr—=EE—=T2
_ = =
0.2—
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5 6 7 8 9 10
p_ (GeV/c)




J/W Suppression: LHC vs. RHIC

> ALICE : PLB 734 (2014) 314
pT 0 GEV/ C PHENIX : PRL 98 (2007) 232301
2 -

C b >0 GeVic STAR preliminary
1.8
1.6
~  m ALICE: Pb+Pb, |s =276 TeV|y|<0.8
1.4
1.2~
>

R

J/!

Z:Z

A8 B

T,
% STAR: Au+Au, \s,, =200 GeV |y|<0.5
O PHENIX: Au+Au, \s,, =200 GeV |y| <0.35

1_ ..................................

d &g

0.4— 5 "
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0.2 :_ STAR N_,, uncertainty
O r | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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N

part

CMS: JHEP 05 (2012) 063

pr>5GeV/c

1.8

1.6

1.4

1.2

|III|III|III|III|TIII|III|III|III

SNN

m CMS:Pb+Pb, \s, =2.76TeV, |y| <24, p.> 6.5 GeV/c

* STAR: AutAu, |s =200 GeV, |y| <0.5,p_>5 GeVic

STAR preliminary

0.8 [ﬂ H
0.6 |_1|:| IE
0.4 % E
o (0
0.2 e
T STAR N_, uncertainty
O | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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N

part

 STAR data consistent with PHENIX for pt > 0 GeV/c, but with

better statistical precision.

* More suppression in central collisions at RHIC for pr > 0 GeV/c
e |Less suppression for all centralities at RHIC for pr > 5 GeV/c
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Transport Models

Transport models:

o
(o)
T[T

A

-~

o
o

Tsinghua at RHIC: PLB 678 (2009) 72, Liu, Qu, Xu, Zhuang TAMU at RHIC: PRC 82 (2010) 064905, Zhao and Rapp
Tsinghua at LHC: PRC 89 (2014) 054911, Zhou, Xu, Xu, Zhuang TAMU at LHC: NPA 859 (2011) 114, Rapp et al
ALICE : PLB 734 (2014) 314 )
Pr = 0 GeV/ce PHENIX : PRL 98 (2007) 232301 Pr-= 5 GeV/e CMS: JHEP 05 (2012) 063
2r — 1.8
- P, >0 GeV/c STAR preliminary - % STAR:Au*Au, |s,, =200GeV,|y|<0.5,p_ >5GeVic
1.8 C~ % STAR: Au+Au, \'s,, =200 GeV lyl <0.5 1.6~ m CMS:Pb+Pb, \s =276 TeV, |y| <2.4,p_> 6.5 GeVic
1.6 __ PHENIX: Au+Au, V?W =200 GeV |y| <0.35 L Tsinghua Model — RHIC —LHC
T m ALICE: Pb+Pb, |s, =2.76 TeV Iyl <0.8 LA 1AMU Model = RHIC --LHC
1.4— Tsinghua Model — RHIC LHC 120 STAR preliminary
- TAMU Model - - RHIC LHC <L
< 1.2 } L
< . I S 1 D
= > N
S 5 O

- 0.4
04 — [l = e
- TR 0.2
0.2 - STARN_, uncertainty ' STAR N_, uncertainty ~ o====.
0 ]— | I I | | | I | | 11 1 | | | I I | | | I I | | | I | | 11 1 | | | 0 11 1 | | | I I | | | I | | | I | | | I | | | I I | | | I I | | |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Npart Npart

 pr > 0 GeV/c: Both models can describe RHIC data, but
overestimate suppression at the LHC

e pr > 5 GeV/c: Tension among models, though the Tsinghua
model looks to better capture the RHIC data
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Why Quarkonia: Y

Much rarer (mp >> mc¢), but also much cleaner than J/W.
« Co-mover absorption/regeneration suppressed (Occ/Opp ~ 400)
e Sequential melting of excited states (thermometer)

D

D —avD T/T% 1/(r) [fm]
= CO-movers -
- 2 |- | Y(1S)
Iy D - | %0P) Sequential
L2l smas)ves) Melting
Challenges
: '(2P) Y
* Low production rates (mp >> mc) =TIl 26y "wog

 Feed down to ground state

» Separation of ground and excited
states in the di-electron channel
difficult due to bremsstrahlung.Di-
muon channel may allow separation.

A. Mocsy, EPJC61 (2009) 705
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Y |dentification and Yield

Upsilon production measured in four different collision systems at
RHIC in the di-electron channel. For the first time, it is also

measured in the di-muon

8 r 8 [
B 7o‘—STAR p*p O N..#N. e N,_ § 35 STAR d+Au O NN e N, (b)
' S [ Vs=200Gev S F
channel in Au+Au il B T
o Y, [<0.5 ~ CB + Drell-Yan + bb
. ' 50— =~ CB +Drell-Yan + bb 25 _
collisions at RHIC ener : — B oveEs smam
. aof- + ~—— CB + DY +bb + Y(15+25+3S) 20 f_ pHpX<N_,>
- 3 ptp
T A « Unlike-sign pairs (UL) Au+Au @ 200 GeV L ~ 14.2 nb™’ 20 -
g 350 » Like-sign pairs (LS) %3/ndf 22.38/17 - .
FI\, :’iomb:n«l Fit Y(1S) Yield 156.7 + 23.5 1059 - §> ¢
[ [ =Fitto LS 3 : $
300 \ l'.it ‘0 T(IS) r(zs’ssm('S) 0.375 tlo.132 0 '1" -¢. [O O‘?)l:? I'Ol%..l o .1-8 1 9 111 l1o| L 111| 11 1.12: L 113| 1
E “Fitto T(28 ' KD 12 13
2501 Fitto Y() T — ,U/+ v m,, (GeVic?) m,, (GeVic?)
r \
Z [P =
200 £220E STAR Au+Au O NN o N, 35 STAR U+U \[5,,=193 GeV 0-60%
E 82003 {S =200 GeV, Iy_I<05  eu-.... Comb. Background (CB) Y(15+25+38) »e'e  |y|<1
150': 1w CB + Drell-Yan + bb 30 o ::- N
= 160 R - ON..#N__
100 140 = OB+ DY+ B+ Y(ISH25+59) 25 --- combinatorial bg
» - PPxNeor> 2 20 - - comb.bg.+correlated bg.
50 12081 3 : — comb.bg.+corr.bg.+Y
| 100 RN C y
[ - » A --- Y(1S), Y(2S), Y (3S) +bg.
F T - 7. 15~ &
oTA s Al i ...-,"- i .-.‘.-r“".“"’- A _"‘.“r." - oL 80:_ -(%)—#."n; ey Au—l_Au \\ ™ ".
8 8.5 9 9.5 10 10.5 1 115 212 60F- %{2} ‘ 10 g T \
M, (GeVic?) s0f- -5 . |
20 __0-60% centrallty : RS A
Coav oo Loy N EEE AN EE EEEEE NN U SO T S T W AT S A i I e e 0 o2 T
% 8-5 9 95 10 105 11 115 12 8 85 9 95 10 105 11 11 5 12 125

M. (GeV/c?) Mee (GeV/c?)

p+p, d+Au, Au+Au: PLB 735 (2014) 127
U+U: arXiv:1608.06487
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Y Suppression

R R T T T S ST
18- STAR |s5,=193 GeV |y|<1 |
165 B AMAU200GSY D AueAu cont imooraed * Peripheral collisions
14— ¢ Pb+Pb2.76 TeV (CMS) <5 Au+Au (PHENIX) . .
2 arXiv:1608.06487 | consistent with small or
e B R - R — -
< E ﬂH’ | t+ NO suppression.
R %1 i $ * Central collisions show
0.4 o : : :
03 @ Tis+28.35 | hints of suppression in
125 %[]p+pstat unc;e;talnt; l.‘C‘MS ;ornwlal;zatuc;nl B bOth AU +Au and U+U
1.6?— Blcommon norm. syst. [[JPHENIX normalization CO||ISIOI’]S (Wlth |arge
oE * uncertainty on U+U).
& W — * Similar trends seen for
08— .
osE 3 ﬂ u ﬂf # $ Pb+Pb collisions at the
0.4
02 1) 1019 LHC energy.
0 ~"Fo0 200 300 400
Noart
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Y Suppression

1.8

e

1.6

14
1.2

0.8
0.6
04
0.2

1.8
1.6F

14

1.2F

0.8
0.6
OA
02

—

L} l L] L] L] L] l L L L 13 I L] L L L] l L]

STAR |s,,=193 GeV |y|<1
e U+U 193 GeV

arXiv:1608.06487

—
s L
>
N A 24
N\ q i ' gy

2» \\\\\\\\\ \\\\\\\*\\ 3‘

(a) r(1s»,2s+éé)"" 277

O U+U, cent. integrated
m Au+Au 200 GeV [0 Au+Au cent. integrated

IIT T1lIITTIIII]IIIIIT]IIIT]TIT[TII TTT]IIT

TITTII'TT]TTT

IIII

IITT]’ IIT I
.
..

[jp+p stat uncertalnty
Blcommon norm. syst.

-« Liu-Chen model

(b) T(1S)

Stribkiahd rf\o'cie'l A '
Strickland model B
Rapp SBS model

0

PR ST W N S ST T S S T S S S S S
100 200 300 400

Strickland, Bazov: [Nucl.Phys.A 879,25(2012)]
428 < T <443 MeV
Hydro-dynamically expanding fire ball
Feed down
Model A: free energy as heavy quark potential
Model B: internal energy as heavy quark potential
Liu, Chen, Xu, Zhuang [Phys.Lett.B 697, 32(2011)]
T =340 MeV
Feed down included
Only excited states could dissociate
Emerick, Zhao, Rapp SBS model:
[Eur.Phys.d A48, 72 (2012)]
T =330 MeV
Modified nPDFs

Absorption cross—section ! (abs):
CNM Effects included

0-3 mb

The internal-energy-based models
generally do a better job describing
the data.
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Y Suppression

2
1.8

—

—

-

1.6}

14
1.2
2
0.8
0.6
0.4
0.2

1.8
1.6
14
1.2

.1I|IT1IIITXIIIIITIIIIT]IITII1I

IIIII ] ] I 13 L] L] L] l L] L] ]

STAR V_sm=193 GeV |y|<1

e U+U 193 GeV > U+U, cent. integrated
m Au+Au 200 GeV [0 Au+Au cent. integrated

arXiv:1608.06487

\\\~
&* !

(a) T(1 S+2S+3S)

AAAAA

Strickland, Bazov: [Nucl.Phys.A 879,25(2012)]
428 < T <443 MeV
Hydro-dynamically expanding fire ball
Feed down
Model A: free energy as heavy quark potential
Model B: internal energy as heavy quark potential
Liu, Chen, Xu, Zhuang [Phys.Lett.B 697, 32(2011)]
T =340 MeV
Feed down included
Only excited states could dissociate

2

LB

TI.TT

IT]'TTI]II

Blcommon norm. syst. - Strickland model B
Rapp SBS model
% ««Liu-Chen model

A .

[:]p+p stat uncertalnty | 'Stnckland model A |

Emerick, Zhao, Rapp SBS model:
[Eur.Phys.J A48, 72 (2012)]

T =330 MeV

Modified nPDFs

Absorption cross—section ! (ans): 0-3 mb

c:gr

The observed suppression hints that Upsilon is melting in a
deconfined medium. Need to quantify CNM effects to further
constrain the available models.

Study of p+Au data taken during RHIC 2015 Run underway now!
 eee———————————————————————————————————————
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Y vs. J/W Suppression

Aritv=160aloeaiT The Y(1S5) state sees a similar
123'_}\“'];3;,15;250'(;;\,' | l.'“':l.c’ol.?'?,éz"égéel"l | Ieve! of suppressiprj as high pr
1.6;2 ];u?-so:geev/c RUMAIRC Y 0-60% J/W in central CO”ISIOHS..

R ssz<ss?i\g% D4t Bechmorinfm yec Integrated over Central ity, Y(15)
JE Y(@8435) Iy r(is) sees less suppression.
[N 4 H I Y(2S+3S) sees more suppression
0sf ¥ w than high pr JJW.
3
T 0= 3 More precise measurements
o g L el required for interpretation. Must
RIMGIPE, Srergy|(Gev) also consider other effects such
Di-electron channel only as multiplicity dependence.
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Ratio of Excited States to Ground State

At R

0.8 .
= —&— p+p (world-wide)
0.7 :— —e— CMS Pb+Pb@2.76 TeV (0-100%)
- — % STAR Au+Au@200 GeV (i) (0-80%)
06__ i X
a : . .
2 05F STAR preliminary
N os- K
4 0.4:
h -
N 0.3:—
02F
- | (2S)1 (1)
0.1— &
= | (3S)) (1S)
ob : ' ;
PP AUuAU @ RHIC PbPb @ LHC

|C energies, there seems to be

excited states compared to the LHC.
Au+Au collisions recorded during RHIC 2016 Run, should
double statistics.
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ess melting of
_arge dataset for

World-wide p+p: PRC 88 (2013) 067901
CMS: PRL 109 (2012) 222301
CMS: JHEP 04 (2014) 103
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sSummary

e First measurements of J/U and Y in the di-muon channel
at mid-rapidity at RHIC.

e Clear J/W suppression above 5 GeV/c in central
collisions, which is a signature of a deconfined medium.

e Transport models can explain J/W data when including
dissociation and regeneration.

o Clear signs of Y suppression in central Au+Au and U+U
collisions.

e Hints of reduced melting of excited Y states at RHIC

energies seen in the ratio of Y(2S+3S)/Y(1S).
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Outlook

Already on disk at STAR:

* High statistics p+p data at vs= 200 GeV to improve
the baseline for high prJ/W and Y comparisons in both

the di-electron and di-muon channels.

* High statistics p+Au data at vs = 200 GeV to

investigate CNM effects on quarkonium production.

* Another large Au+Au dataset at vsvy = 200 GeV with

the MTD. Expect to double the statistics for guarkonium
measurements in Au+Au.

The next few years at STAR will be filled
with exciting quarkonium results!
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Extra Slides
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110°

72
e
S 1 STAR preliminary AutAu @ 200 GeV
8 B L~14.2 nb™
Pr > 5 GeV/c ly,.1<0.5,p_, >5GeV/c
o N,. =1129,S/B=1:1.8
K o™ Significance = 15.2#
0.5
| O Unlike-sign pairs
— Like-sign pairs
— Mixed-event
110°
ﬂ -
§ STAR preliminary AutAu @ 2?0 GeV 0= - N
o 30 | L ~ 14.2 nb- | | | | | | | | | | | | | | | | | | | | | | | | | |
& I pT > 0 GeV/C ly, 1<0.5, b, > 0 GeV/c 2.6 2.8 3 3.2 3.4 " ?i:.geV/c;B].B
- ey N, =24935, S/B = 1:28.6 Wi
] Significance = 21.9#
20
10 o Unlike-sign pairs (! 0.15)
— — Like-sign pairs (! 0.15)
- — Mixed-event (! 0.15)
_I | | | | | | | | | | | | | | | | | | | | | | |

2.6 2.8 3 3.2 3.4 3.6 3.8
M. - [GeV/c?]
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1.8

—  0-40% centrality STAR preliminary
1.6~ % STAR: Au+Au, |s,,=0.2TeV, |y|<0.5
~ M ALICE: Pb+Pb, |s, =2.76TeV, |y|<0.8
14— @ CMS: Pb+Pb, \s,, =2.76 TeV, |y| < 2.4
B Tsinghua Model — RHIC LHC
1.2 TAMU Model - - RHIC LHC
< B
D:< etk ."
o M
S * ot H|-"7" - |
ALICE : PLB 734 (2014) 314 0-4;*____ == [k
CMS: JHEP 05 (2012) 063 - = =
0.2/—
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 1 2 3 4 5 6 7 8 9 10
p. (GeV/c)
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Does J/!' flow?

¥ Measure the second-order Fourier coetficient (v,)
Bl Primordial: little or zero v,

Pl Regenerated: inherit v, from the constituent charm quarks

O:EEAu+Au 200 GeV 0-80 % e STARJ/"! e*e" Run10+11 ¥ For pT above ZG eV/C,
0.15 B Vs IS consistent with

zero! contribution of
regenerated J/\ is small

Pl Non-flow effects

-0.05 [] maximum non-flow STAR preliminary
initially produced estimated using J/! -h
0.1 coalescence from thermalized ct . . .
oqsE. T initial + coalescence correlation in pp collision

— + — initial + coalescence I + -
—_—— hydrodynalmic lJ/'_/l' 9|e _Il_ €

0,35 T o Myedynamie, Rk A can account for possible
] 1 2 3 4 5 6 7 8 9 10 . e
p. (GeV/c) deviation of v, from zero
STAR, PRL 111 (2013) 052301 T

L. Yan, P. Zhuang, and N. Xu, PRL 97 (2006) 232301 at hi gh P
V. Greco, C.M. Ko, and R. Rapp, PLB 595 (2004) 202

X. Zhao and R. Rapp, arXiv: 0806.1239

Y. Liu, N. Xu and P. Zhuang, NPA 834 (2010) 317

U.W. Heinz and C. Shen, (private communication)

6/28/16

Takahito Todoroki, SQM 2016 ‘ 19
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Does J/y flow?
* Measure the second-order Fourier coefficient (v,)
— Primordial: little or zero v,
— Regenerated: inherit v, from the constituent charm quarks
0.4
0. -~ Au+Au 200 GeV 0-80 % STAR preliminary
02 ~ * Consistent results from
LE 4 * N m di-muon channel within
> oC
- x
0.1 large error bars
020 * Jhp—u*u lyl < 0.5, Run14
= e Jiy—e*e lyl <1, Run10+11
-0.3 = [J maximum non-flow
ok IS RN T R SRR SRR R AR B BT
p. (GeV/c)
6/28/16 Takahito Todoroki, sQM 2016 20
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