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Probe QGP with J/y

* Color-screening : J/y dissociates in the medium
J/w suppression was

Jhy
:——> proposed as a direct
proof of deconfinement
lllustration: A.Rothkopf
T=0 Te<T " T. Matsui and H. Satz PLB 178 (1986) 416
HOWEVER

* Various production mechanisms
— Prompt: direct production; decay of y(2S) and %, (40%)
— Non-prompt: B-meson decay (up to 20% at high p)

Phys. Rev. C 82, 064905, (Modified)
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 Ditterent etfects in play af AAu (00 A GeV)
— Hot nuclear matter effects o 0-209% CEET
* Dissociation < [ ]
+ Regeneration o o //},_‘._/_, ................................. :
* Medium-induced energy loss o= i
— Cold nuclear matter effects [t SO
p, (GeV)
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Y : A cleaner but rarer probe

Advantage

* Much smaller effects from co-mover absorption and

regeneration — ( o, ~ 800ub, 6, ~ 2ub)
* Sequential melting of different Y states
* Low combinatorial background

Disadvantage

* Much lower production rates (my, >>m,)
* Feed-down contribution to Y'(1S)
* Separation of different Y states via the

di-electron channel 1s challenging due to
bremsstrahlung.
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The Solenoid Tracker At RHIC (STAR)

* Mid-rapidity detector: n| <1, 0<¢ <2n
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TPC: precisely measure
momentum and energy loss

TOF: measure time-of-flight

BEMC: trigger on and 1dentify
electrons
MTD (|n[<0.5) : trigger on and
1dentify muons
— Installed 63% in 2013 and
100% in 2014 behind
magnet

— Precise timing
measurement (6~100 ps)

— Dimuon trigger for
quarkonia



J/y cross section and X scaling in p+p collisions

J/y cross section Xy scaling
2
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* Inclusive J/y cross section measured in 0 < p, <20 GeV/c
— CGC+NRQCD and NLO NRQCD agree with data

* X scaling of high-p; J/y observed for 500 GeV p+p collisions

— Breaking of x scaling : affected by soft process
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Counts

J/y yield extraction

3 Full statistics from 2014 Au+Au 200 GeV run
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| STAR preliminary Au+Au @ 200 GeV S 1
30— L~14.2nb" 8 i
- Pt >0 GeV/c ly,, |<0.5,p , >0GeV/c
- Ny, = 24935, S/B = 1:28.6
o Significance = 21.90
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Au+Au @ 200 GeV

- Significance = 15.20

o Unlike-sign pairs

— Like-sign pairs

— Mixed-event

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

Signal extraction

Mixed-event = combinatorial background.

Fit background-subtracted unlike-sign with
Gaussian+pol3

Signal = (counting in[2.9,3.3] GeV/c?) -
(residual background)

2.6 2.8 3 3.2 3.4 3.6 3.8

2:
M. [GeV/c?]

No bremsstrahlung tail

N ~ 25000

S/B ratio & Significance
S/B=1:29,~22¢ @ py>0 GeV/c
S/B=1:1.8,~15¢ @ p;>5 GeV/c
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Invariant yield of J/y

Au+Au @ 200 GeV L ~14.2 nb™
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* First mid-rapidity measurement of J/y yield in Au+Au collisions via the
di-muon channel for 0 <p, <15 GeV/c
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Invariant yield of J/y

C\'|_|
‘i 3 Au+Au @ 2 v
S 109  AurAu @200 Ge ® 0-60%x10
> _
.4 (1
8 10 =g STAR preliminary * 0-20%
: 10-5 = = . 20-400/0/5
> | L 4 ,#
o0ty ® = + 40-60%/10
Q T~ =7 )
oo’ .
S 10° g
N 10 . = ‘
2 - =
-9
N'c= 10 i
m 10'10 -- _

Open: Jiy—e'e, lyl <1

10" Filled: Jy—u*w, Iyl <0.5 Di-electron:
012 — TBW fit (3=0) STAR PLB 722 (2013) 55
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First mid-rapidity measurement of J/y yield in Au+Au collisions via the
di-muon channel for 0 <p, <15 GeV/c

Consistent with the published di-electron results using Run10 data over the

entire kinematic range.
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1 . _ O dzNAA/dyde
J/w suppression: «r,,- S o i

STAR Au+Au @ 200 GeV 0-60% 0-20%

* Jp—ut, lyl < 0.5
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* Suppression at Low-p * At high p, strong suppression in
0-20% and a rising trend in
20-60% central collisions

— Dissociation
— Cold nuclear matter effect — Formation time effect; B feed down
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— Dissociation

— Regeneration
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J/w suppression: «r,,-

STAR Au+Au @ 200 GeV 0-60% - 0-20%
* Jhy—utu, lyl <0.5 -
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* Consistent with di-electron channel results for the entire p
range within uncertainties in all centralities
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JAW R, vs pp : RHIC vs LHC

0-40% centrality STAR preliminary

1.4~ % STAR: Au+Au, s, =0.2TeV, lyl <0.5
C @ ALICE: Pb+Pb, |s,, = 2.76 TeV, lyl <0.8
1207 @ CMS: Pb+Pb, |5, =2.76 TeV, Iyl <2.4
) ‘ __
<
<
o
Z 0.8
.
0.6

|I|£III|III.|III
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O

* Less suppressed at LHC in low-p; — larger regeneration
contribution due to higher charm cross-section

* More suppressed at LHC in high-p; — larger dissociation
rate due to higher temperature
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R, , vs. centrality

2
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Central collisions : significant suppression is observed for p; >0
GeV/c and p; > 5 GeV/c — interplay of different effects

Peripheral collisions : R, , of J/y for py > 0 GeV/c 1s smaller than that
for p > 5 GeV/c probably due to cold nuclear matter effects
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Centrality dependence : RHIC vs LHC

> ALICE : PLB 734 (2014) 314
pT 0 GeV/ ¢ PHENIX : PRL 98 (2007) 232301

2
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e STAR data are consistent with PHENIX with better statistical
precision for p; > 0 GeV/c
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Centrality dependence : RHIC vs LHC

> ALICE : PLB 734 (2014) 314
pT 0 GeV/ ¢ PHENIX : PRL 98 (2007) 232301

2
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e STAR data are consistent with PHENIX with better statistical
precision for p; > 0 GeV/c

* pr>0GeV/c: more suppressed at RHIC in central collisions
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Centrality dependence : RHIC vs LHC

ALICE : PLB 734 (2014) 314 _
pr = 0 GeV/c PHENIX : PRL 98 (2007) 232301 pPr-=> 5 GeV/e CMS: JHEP 05 (2012) 063
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e STAR data are consistent with PHENIX with better statistical
precision for p; > 0 GeV/c

* pr>0GeV/c: more suppressed at RHIC in central collisions
* High p; : less suppressed at RHIC 1n all centralities
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Iranspo

rt Models

Transport model:

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

.8
E 0-40% centrality STAR preliminary
1.6~ % STAR: Au+Au, |s,, =0.2TeV, lyl<0.5 .
- W ALICE: Pb+Pb, |5, =2.76 TeV, lyl < 0.8 Model I
14— @ CMS: Pb+Pb, |s , =2.76 TeV, lyl <2.4 Tsinghua Group
- Transport Modell — RHIC LHC .
1.2~ Transport Model Il - - RHIC LHC Model 11 :
< I ‘ TAMU Group
e A .
= -
S 08 H
0.6 o
ALICE : PLB 734 (2014) 314 04
CMS: JHEP 05 (2012) 063 ® $
0.2
C 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0 2 4 6 8 10 12 14
P, (GeV/c)
* Transport models including dissociation and regeneration effects
qualitatively describe p dependence shape
* Model I : below data at low-p; for LHC and shows different trend at
high p; for RHIC
6/28/16 Takahito Todoroki, sQM 2016 16



Transport Models

> ALICE : PLB 734 (2014) 314
pT 0 GeV/ ¢ PHENIX : PRL 98 (2007) 232301

2
- P, >0 GeV/c STAR preliminary
1.8 4 STAR: Au+Au, |5, =200 GeV Iyl <05
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Transport model:

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

* pr>0GeV/c: both models can describe centrality dependence at
RHIC, but tends to overestimate suppression at LHC
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Transport model:

Model T at RHIC: PLB 678 (2009) 72
ral l S O l ' O e S Model I at LHC: PRC 89 (2014) 054911
Model I at RHIC: PRC 82 (2010) 064905

Model IT at LHC: NPA 859 (2011) 114
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2r — 1.8
- P, >0GeVc STAR preliminary E & STAR: AusAu, |, = 200 GeV, lyl <05, p_>5 GeV/c
:_ % STAR: Au+Au, |s, =200 GeV lyl <0.5 1.6~ m CMS: Pb+Pb, s, =276 TeV, lyl < 2.4, p,> 6.5 GeV/c
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— g C
C o g T N ————.. . . _ . .
o e o
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* pr>0GeV/c: both models can describe centrality dependence at
RHIC, but tends to overestimate suppression at LHC

* pr>35GeV/e: there 1s tension among models and data
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Does J/y tflow?

* Measure the second-order Fourier coefficient (v,)

— Primordial: little or zero v,

— Regenerated: iherit v, from the constituent charm quarks

0.25
0.2 = Au+Au 200 GeV 0-80 % e STAR J/hy—e*e Run10+11
0.15F-
>N 0-05 . — s‘/

0 I:\:ii‘;:".‘_:x‘q‘ A '

-0.05 E_ [] maximum non-flow STAR preliminary
= initially produced

-0.1 e coalescence from thermalized ct

0.15 - e initial + coalescence N
U.lor  — . — initial + coalescence -

_0 EI 1 ITIT TI Ihyldroldlylr‘lalrrllilcl 1 I | I - I J/IWI ?I ? 1 I+|I ? 1

) 1 2 3 4 5 6 7 8 9 10
< (GeV/c)

STAR, PRL 111 (2013) 052301

L. Yan, P. Zhuang, and N. Xu, PRL 97 (2006) 232301
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)
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* For ppabove 2 GeV/e,
v, is consistent with
zero = contribution of
regenerated J/y is small

— Non-flow effects
estimated using J/w-h
correlation in pp collision
can account for possible
deviation of v, from zero
at high p
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Does J/y tflow?

* Measure the second-order Fourier coefficient (v,)
— Primordial: little or zero v,

— Regenerated: iherit v, from the constituent charm quarks

0.4
~ Au+Au 200 GeV 0-80 % STAR preliminary
0.3
0.2 —  Consistent results from
01— & . el
- 2 ﬁ ) % m di-muon channel within
0 — 1
= |
b \_‘J large error bars
_0.2 - * Jhp—u*u lyl < 0.5, Runi4
- ® Jhp—e*e lyl <1, Run10+11
-0.3— []maximum non-flow

P, (GeV/c)
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Y'(2S+3S)/Y(1S) ratio

- =
c = Unlike-sign pairs (UL)
3 350 ~Like-sign pairs (LS)
© b — Combined Fit
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: v
pp AuAu @ RHIC PbPb @ LHC

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

* Signs of Y(2S+3S) from the di-muon channel

— Challenging for di-electron channel due to Bremsstrahlung

* Hint of less melting of Y(2S+3S) at RHIC than at LHC
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Summary

First J/y and Y measurements via di-muon channel at mid-
rapidity at RHIC
p+p collisions at Vs = 500 GeV

—Inclusive J/y cross section can be described by CGC+NRQCD & NLO
NRQCD for 0<p;<20 GeV/c

Au+Au collisions at Vsy, =200 GeV ( Run 14 full statistics )

—Clear J/y suppression above 5 GeV/c 1n central collisions — Dissociation

—J/y R, , can be qualitatively described by transport models including
dissociation and regeneration. However there is tension at high p;

—Updated J/y v, in di-electron channel using Run10+11 data — favors small
contribution from regeneration above 2 GeV/c

—Hint of less melting of Y’ (2S+3S) at RHIC compared to that at LHC
Similar amount of data from Runl6 on tape. Stay tuned!!
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Y'(2S+3S)/Y(1S) ratio

(2]
'g = Unlike-sign pairs (UL) Au+Au @ 200 GeV L ~ 14.2 nb™’
8 350 R\ = Like-sign pairs (LS) x2/ndf 22.38/17
= —Combined Fit Y(1S) Yield 156.7 + 23.5
300 C —Fitto LS ] + 0.
- Fitto T(S) Y(2S+3S)/Y(1S) 0.375 +0.132
250 C —Fit to Y(2S)
— ~Fitto Y(3S) -
200 —
150 —
100 —
50 —
0: L L l | I A——l’/] Ll L. l —L—'1"[‘:;::L-:;:'I“_1==F:J'-I—-J L L L 1 L _7‘7_ A1 Ll
8 8.5 9 9.5 10 10.5 11 11.5 12
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* Fit the like-sign and unlike-sign simultaneously:

— Mean of Y is fixed to PDG value, while width is determined from
simulation.

— Ratio of Y'(25)/Y(3S) is fixed to pp value, and shape of bb and Drell-
Yan background is estimated using PYTHIA
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Muon Telescope Detector (MTD)

? ; AuAu @ 200 GeV
© -e Electron: BEMC trigger with|E_> 3.4 GeV
* Relatively high efficiency 3 | = wonwmouise 4

for J/y at low p, = cover | .
wide kinematic range -

STAR preliminary

0 1 - 2 - 3 - 4‘H 5 6 7 :,T(GQeV/c'i)O
60 5 .
* Separate Y'(2S+3S) from g oo dgeve  280Pb PP oauiv.
Y(15) R T I R
2 imulatio 2s
* Potential to separate Y(2S)  f
and Y'(3S) states as muons 10

suffer less from bremsstrahlung — §5—5" g5 25—

u*u” invariant mass (GeV/c?)
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Runl3 p+p 500 GeV Analysis details

* Decay channel: J/yy =2 pu"+ u
* Data set: p+p collisions at 500 GeV taken 1n 2013

* MTD dimuon trigger: two hits in MTD
o Sampled integrated luminosity ~ 28.3 pb-!

* Muon identification SO i o e ats ]
— Match TPC tracks to MTD 6. 7008 'y“';':o's M =.06720.003 GeViE

. . S 600 ™ o = 0.062:0.003 GeV/c®

— Require z residual below 20 cm g #sona SB=085:004

$ 5oQl 7 Packground S/S+B =24.70s1.14

- 4007 STAR Preliminaryj

* Background: fitting Gaussian : *
(signal) & pol3 2000 E

» Signal extraction: Integral of 100 *
Gaussian 0342628 3 8234 36 88

M,,, [GeV/c?]
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A closer look: event multiplicity dependence
ICE pp @ 7 TeV

N
-]

—
D

—
N

(d*N/dydp.) / (EN/dydp.) =
> o &

arXiv:1505.00664°

AR S e P B e c)

IIIIIIII

T I TTTT
- = Percolation, pT>0
- = .EPOS 3.099 ;
[ ==EPOS 3.099 + Hydro ‘

Illl

-+« PYTHIA 8.157

IIIIIIIIIIIIIW

’ —
'
U

2<p_<4GeVic -

1

S N S S N R - N

(dNg/dm) / (dN_ /dm)

Stronger-than-linear rise of open
charm production vs event activity.

Similar behavior seen for inclusive
J/y at both mid- and forward-
rapidity.

Several ideas on the market:

— PYTHIA 8: ¢ and b quarks produced
in Multi-Parton-Interaction ->
underestimate yield at large
multiplicity

— Percolation model: string screening ->
quadratic rise at high multiplicity

— Hard process 1s associated with larger
gluon radiation

* Collective effects in high-multiplicity pp collisions?

* Do we see similar or different behavior at RHIC?

6/28/16

Takahito Todoroki, sQM 2016
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J/w yield vs event activity

~ p+p collisions

' L % STAR 500 GeV: J/y—u*w, lyl<0.5, pT>0 GeV/c
|y STAR 500 GeV: J/y—e*e, lyl<i, pT>4 GeV/c
101~ - ALICE 7 TeV: Jip—ete;, lyl<0.9, p,>0 GeV/c

~ @ ALICE 7 TeV: D meason, lyl<0.5, 2<pT<4 GeV/c

STAR preliminary

_______ @' STAR data points

(=]

AT ALICE : JHEP09(2015)148
2

R ] +15% one-sided error along both x- and y- direction
1"\%\\\\\\\\\\\\?

o

0.5 1 1.5 2 25 3

35 4 4.5
Event activity

J/w>

2T % STAR: Jiy—u*y, lyl<0.5, p >0 GeV/c

10

0 .1-!':3—:;:

:_p+p collisions @ 500 GeV

. % STAR: J/iy—e'e, lyl<1, p,>4 GeV/c
-.-.PYTHIA8.183 default: p,>0 GeV/c
.-~ PYTHIA8.183 default: pT>4 GeV/c
— Percolation model: pT>0 GeV/c

STAR preliminary

PSR
o

PP\ e ' STAR data points
-_l*‘_'. e -“ - ‘+15% onf-sided error along both x- and y- direction
i 11| 1111 I

2

25 3 3.5 4 4.5
Event activity

0 0.5 1 1.5

* Stronger-than-linear growth for relative J/iy yield — Soft and hard

processes are correlated

 Different trends for low and high p; J/w

« PYTHIAS and Percolation model reproduce trends in data
* Measurements at high multiplicities can help distinguish different models

6/28/16
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TofMult

Characterize event activity

Multiplicity of

TOF matched tracks
n| <0.9

60

- Run11 p+p @ 500 GeV

= Mean of each BBCrate sllce

H”H U ;‘Hl f\, ( ‘
aoll m\ st M‘IM ‘yrH ”l\“

50:1—1

ol
m ! \M

.‘Hl“ i

STAR preliminary

HM\ q‘r
“\ Mu ||\ HM

TofMult
< TofMult >

* Insensitive to pile-up
effects

0 I HHWHIHH\}HIHHI\I}\HIHHHHI\IIHHHHHI\I Hl\H L ‘I \ \I I I\ H\I\HH HI\IHHHHHHI\IHH\'\HHI\I\HHHH}\HI:IHHHHWHI\H‘hH'}HHIH”}HwhHHIF\HMHMI\HIH}'\} HHH}\}LM\“‘ | X1 0
600 800 1000 1200 1400 1600 1800 2000

Beam-Beam Counter coincidence rate
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Runl4 Au+Au 200 GeV Analysis details

* Decay channel: J/y, Y =2 u" +
* Dimuon trigger: two hits in MTD
e Data set: Aut+Au collisions at 200 GeV recorded in 2014

— Integrated luminosity ~ 14.2 nb"!
— Equivalent or more data will be taken in 2016

* Muon identification cuts
— Energy loss measurement by TPC

— Match TPC tracks to MTD
* Distance between MTD hits and projected TPC tracks along both z
and ¢ directions
* Time difference between MTD measured time and expected travel
time of muons
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Comparison to di-electron

2 . .
~  Au+Au @ 200 GeV STAR preliminary
1.8 % STARJA—uy, Iyl <05, p_>0 GeVic
16 - % STAR J/y—u*y, lyl <0.5, p,>5 GeV/c
L @ STARJmy—e'e,lyl<1, p.>5 GeV/c
1.4
< 1.2 %
1 | EanEELEE e n s CEEET s T TR TP L e e LT T PP LR CEP P EEPCRTT LT EEED
g FI
0.8 —
- ok
0.4 @
0.2 - N, uncertainty
0 l_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250 300 350
Npart
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JAW R,a vs pr 0 STAR vs Transport Models

1.8~ STAR Au+Au @ 200 GeV
1.65— % Jly—u*u, lyl < 0.5

1_45_ ¢ Jlp—e'e’, lyl <1 (MB)
] 2:_ Yo Jly—e'e’, lyl <1 (HT)

0-60%

STAR preliminary

0-20%

RAA
—

0.8
0.6
0.4F¢
0.2

- — Transport Model | (Y.-P. Liu et al)
1.4F - -Transport Model Il (X. Zhao et al.)

20-40%

40-60%

Transport model:

Model I at RHIC: PLB 678 (2009) 72
Model I at LHC: PRC 89 (2014) 054911
Model II at RHIC: PRC 82 (2010) 064905
Model IT at LHC: NPA 859 (2011) 114

6/28/16

09294 2 4
pT(GeV/c)
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Di-electron:
STAR PLB 722 (2013) 55
STAR PRC 90, 024906 (2014)
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JAy Ry, vs pp 0 STAR vs PHENIX

1.8
1.6
1.4
1.2

I:{AA
—

0.8
0.6
0.4
0.2

1.8
1.6
1.4
1.2

RAA
—

0.8

—  Au+Au @ 200 GeV 0-60% [ - 0-20%

E— * STAR J/p—u, lyl < 0.5 E— STAR preliminary

= @ PHENDGJy—ere Iyl <0.35 = PHENIX PRL 98 (2007) 232301

T R e 1
Aniy B ogmig 8 ¥ 8

f 1 1 1 1 1 | 1 f PRI B * | P | | | | |

- 20-40% [ H 40-60%
e NN

rTLLLE JTh
0.4f" 8 - %
0.2 —
T TR R T | R - | | ety ey By ey by by by by by
0 2 4 6 8 10 12 14 ) 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/c)
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JW Ry, vs pr : Mid vs Forward rapidity

_ Au+Au @ 200 GeV, 0-20% STAR preliminary
14— 5 STAR:J/y—u*u,lyl <0.5
. - @ PHENIX: J/y—y*u, 1.2 <lyl <2.2
. B PHENIX : PRC 84 (2011) 054912
e I )
<
<
o
2' 0.8
S

¢ o ¢
(2]
[T | T | T | T

o
I I =
==
SR S
 mE=
=" B
E=
E=
==
=

|
4 6 8 10 12 14
P, (GeV/c)
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Compare J/y v,

> | Au+Au 200 GeV 0-80 % o Jiy 0.25¢
- s @ 02 = Au+Au 200 GeV 0-80 % e STAR J/y—e*e’ Run10+11
0.2} [ charged hadron ’ g -
: l, : 0.15F
0.1 3! | I + = + //
3 ~ 0.05— S
C ‘:i i > = — y‘—‘_l‘_- I '
0 + O —wasi= ;éL ______ =
: 20.05F. [1 maximum non-flow STAR preliminary
3 maximum non-flow e .
E 1 l ' o - initially produced
: -0.1 E coalescence from thermalized ct
E e O mmmmes initial + coalescence
'0-15:_ —  — initial + coalescence
_0 :IIITITTIIr‘lyldrcl)dlylr]lalnllllclIIIIIIIIIIIIIIIIIIIIIIIIII
) 1 2 3 4 5 6 7 8 9 10
P, (GeV/c)

* By combining published results

0.1 —— initirllyprodu:ced [::‘1] ired g . . .
[ o nce from thermalized cT [32
L cotescmes on et < 2 with Runll analysis, the statistical
i ap—— error bar is reduced by a factor of
0o 2 a4 6 8 10 \2
P, (GeV/c) .

STAR, PRL 111 (2013) 052301

* Additional systematic uncertainty is
assigned due to J/y yield extraction.
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