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Relativistic Heavy-lon Collider

~ RHIC Amazing QCD Machine: Many Species and Many Energies!

RHIC energies, species combinations and luminosities (Run-1 to 16)

""; 8 9 12 15 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy Vsyy [GeV] (scale not linear)

Extremely versatile: has collected data colliding a large array of different heavy ions

Only polarized proton collider in the world

Luminosity Au+Au:2x10%°cm?s?; p+p:2x1032cm2st

Beam polarizations P=70%
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STAR experiment

DAQ
Trigger
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Heavy Flavor Tracker (HFT)

e Took datain 2014-2016

e First application of Monolithic
Active Pixel Sensor technology in
collider experiments.

* DCA resolution <50 um for p ;=750
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Beam Energy Scan

Key physics questions: Mapping the QCD Phase Diagram

. Where is the onset of sQGP formation Quark-Gluon Plasma

— Can we “turn it on/off”?

*  Where starts the 1%t order phase
transition
— Is there a critical point?

19P))|03 VOIPTH 3BIT)

Range of matter
explored at RHIC

Critical Point  (location unknown)

*  What are the symmetries (degree of
freedom) of the sQGP
— Chiral symmetry restoration
— Quark and gluon degree of freedom

. Matter known
— Response to external field before RHIC

. What is Equation of State (soft) ok Hadm'aue
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Beam Energy Scan |
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Search for onset of QGP signatures

STAR Preliminary +  7.7GeV
statistical errors only = 11.5GeV
=10 4 + 14.5GeV vies W ]
BE n 19.6GeV ¥ 27
S 27GeV e
o - 39GeV ¥
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i = | i
Nyarf® NN
] . [T —
e, 62.4 GeV
Evolution of R, suppression Rl N 200 GeV
0 50 100 150 200 250 300 350 400
* Rp Exhibits suppression down to 39 GeV Noar?

e Cronin effects play a bigger role at lower energies.

* Yields per binary collision show indicate a balance of enhancement and suppression
effects at Vs, = 14.5 GeV.
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Search for onset of QGP formation

Triangular flow v; — a third harmonics in the fourier decomposition of the two-particle azimuthal correlations
—is a sensitive indicator for the presence of a low viscosity QGP phase
— higher energy collisions produces more particles and higher pressure should be more effective to
convert geometry fluctations to v,

Phys. Rev. Lett. 116 (2016) 112302
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= Sizable v; at lower energies in central to mid-
central centralities

= While the v; grows as ~log(Vs) at higher energy,

v; scaled by n, ., =dN,/dn/(N,./2) ~ energy density

it is nearly independent of energy below 20 GeV. =  Local minimum around 20 GeV
= Peripheral collisions consistent with zero for .
Vsyy less than 14.5 GeV = Softening of EoS?

(absence of low viscose QGP phase)
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Search for 1%t order phase transition: v,

—— S—
I \' :uScTOF?;:srA 750, 121 (2005). | Directed flow Vl
04 “1 - EOS without 1%t 0.p.t - Sensitive to the pressure

§ ; ;’ - Sensitive to EoS

% 0 "l f _ N _EOswith 1 o.pt. - Dipin dv,/dy — softening of
5 ‘.l‘ ‘ <« rv— EOS

* Hydro
e

10?
10\4“ sy (GeV)

Minimum in dvl/dyly:(, —hydro and baryon transport interplay
(Anti)-Lambdas follow those of (anti)-protons

Net-K and net-p are consistent with each other down to
~14.5 GeV

— net-K stays negative for VS, < 14.5 GeV

The non-monotonic variation for slope of net-proton directed
flow could be related to the softening of equation-of-state due
to the first order phase transition
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Critical point
* susceptibilities and correlation length diverge X_E — (02/M)} = ﬁ
* large fluctuation Xi &1

Observables

Search for critical point

 Higher moments of conserved quantum numbers =
(Q, S, B) . ;
— Direct link between theory and moments of x—f = (ko?)' = C—f
distributions (cumulant ratios) X2 E
B [L e I I"(p/T* =58
6| Xtz —e— m_ 1 _ewit ) o _
4 -l ¢ =V xC,, &(;{”)“ .q=B,0.§

— f‘-?

c

0.85 09 095 1

1.05 11 1.15

S. Ejiri et al, Phys.Lett. B 633 (2006) 275.

Cheng et al, PRD (2009) 074505. B. Friman et al., EPJC 71 (2011) 1694.

F. Karsch and K. Redlich , PLB 695, 136 (2011).

S. Gupta, et al., Science, 332, 1525(2011).

A. Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., PRL111,
062005(13) // P. Alba et al., arXiv:1403.4903
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The values of net-Kaon’s and net-Charge’s ko? and So/Skellam
are consistent with Poisson distributions within errors.
Non-monotonic behavior of net-proton ko? seen in top 0-5%, , | |
. . s =
5-10% central collisions ‘ | —
— Largest deviation from Poisson and uRQMD around 19.6 GeV 4 {-
2
Need more precise measurements below 20 GeV of e
— Finer steps in g 2 B
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— Increase accepted rapidity window



Probing Quark Gluon Plasma with charm quark

Charm quark: m; >> Tqgp, Agcp

Produced in the hard scatterings at the early stage of nuclear
collisions = experience the entire evolution of medium

Charm cross section scales with N_,, in Au+Au collisions =
important input for models to calculate regeneration
contribution to charmonium

* Currently, 16% uncertainty in 0-10% Au+Au events”
Clean probe at RHIC as contributions from gluon splitting and
bottom quark are small.

Its production rate is well described by pQCD in elementary
collisions
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CDF: PRL 91 (2003) 241804; ALICE: JHEPO1 (2012) 128
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DO R, in central Au+Au collisions &

* Rap>1forp;~1.5GeVic
7 Charm coalescence with the flowing

Au+Au 200GeV, 0-10%

e D°2014 1 medium
o D°2010/11 .
O 1 (0-12%) E

STAR Preliminary -

____________________________________ H * Raa<<1lforp;>25GeVic

1 Strong charm-medium interaction
1 leading to sizable energy loss

SO I TN Similar suppression as pions at high p

Transverse Momentum p_(GeV/c) — Collisional energy loss is important
— Shapes of parton spectrum &
STAR: PRL 113 (2014) 142301 fragmentation function need to be

taken into account.
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First D° v, measurement at RHIC

0'3_""|""|""|IIII L

[ Au+Au 200GeV, 0-80% Non-flow est. .
025 @ D° E '

[ —— TAMU w c diff. ]
0.2f —— TAMU w/o c diff. =

d’°N 1
E—
d’p “2m p,dp,dy

+"§‘, 2 Los[n(p—W )])

0.05F

- STAR Preliminary 1
N Lo S S S =7 H - S— .

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

* Finite D° v, observed above 2 GeV/c
e Data favor a model with charm diffusion
Charm quark flows in the medium
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V,. DYvs light hadrons

V, /Ny

i 0@ O
i Q@@%O o) o v n:l:ICJP
- &® [ e I
0-05 -_ 2 ' E.] i A S%;

. STAR Preliminary |

0 05 1 15 2 25 3

(m_-m,) /n_(GeV/c?) STAR: PRL 116 (2016) 062301
T 0 g

v' v, for DU is systematically lower than those of light hadrons

-> Hints that charm quarks might not be fully thermalized with
medium
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Comparison to models
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Theory curves private communications
DUKE: PRC 92 (2015) 024907
A.Andronic arXiv:1506.03981(2015)
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Comparison to models
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D, reconstruction

QOF T T T T
DI - nt¢(1020) - ntK* ; STAR Preliminary
- Au+Au (s, = 200 GeV
ct = 150 um 100~ RHIC Run 2014 B
:-, »
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5 o [ S/\S+B =8
Mass 1968.47 MeV/c o,
o
First measurement of D at ¢
c
5 40
RHIC 3 :
20
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19 1.9 2 2.05 2.1
Invariant mass, m x (GeV/c?)
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D, yield and D./D, ratio

| ———

STAR Preliminary
o Dg(AuAu,10-40%)

l Blast-Wave([frg error only]

— fragmentation factor 3

n 2 |
‘ﬁg : AU+AU (5 = 200 GeV, 10-40% = ok
> ® D, with HFT (Run 14) 3
g 10T o D°wlo HFT (Run 10+11) §
- 0.7
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[STAR: PRL 113 (2014) 142301]

1 2 3 4

[H1 Collaboration,
Eur.Phys.).C38(2005)447] [ZEUS
Collaboration,
Eur.Phys.).C44(2005)351]

* Hint of D4 enhancement compared to D°
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R compared to a model calculation

- - D, (Run 14)
[ =D’ (Run 10+11)
. e DT

[ lo.a,

L Au+Au 10-40%

T T L T | L T | DL L

77 Extrapolated error from p+p ref
mm N, uncertainty |

—
e

STAR Preliminary -

3

) Phys. Rev. Lett. 110, 112301 (201
00””1""2”"3""4""
P, (GeV/c)
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* p+p reference obtained from

the charm cross-section
measured by STAR scaled by
c = D fragmentation factor

[H1 Collaboration,
Eur.Phys.).C38(2005)447] [ZEUS
Collaboration,
Eur.Phys.).C44(2005)351]

* Consistent with the He-Rapp

model calculations within
uncertainties

5 * Hint of D enhancement
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Probe QGP with quarkonium

* Color-screening: guarkonium dissociates in the medium

J/y suppression was

Yy proposed as a direct proof
z_> of QGP formation
lllustration: A.Rothkopf T. Matsui and H. Satz PLB 178 (1986) 416
T=0 Te<T

« However, interpreting J/iy suppression is no easy job!
— Hot nuclear matter effects

2

® DISSOCIatIOH 1,8;AU‘-AU‘ (Zdo A‘GE\‘/) ‘___‘__"r’e";’:r?;é;'gloﬁvlﬁ‘e+s‘fd;
: [ ly|<0.35 —a ]
» Regeneration from uncorrelated quarks iU o
» Medium-induced energy loss ' |
« Formation time effects o8-
06 Pl .
— Cold nuclear matter effects oapmst—————— i
— Feed-down of excited charmonium state: o/~ Z--é- VE SRt
and B-hadrons b, (GeV)
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Quarkonia measurements with MTD

* Based on the same proven MRPC
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technology as TOF

* dataforJ/Y and Y studies

« Unlike-sign pairs (UL)
» Like-sign pairs (LS)
Combined Fit

F —Fitto LS
300:: Fitto Y(15)
E ~Fitto T(25)
250, Fitte T(35)
200+
150
100

50 _ STAR preliminary

Precise timing info (~100ps) for p;>1.2GeV/c

— muon online triggering and offline
identification

* Recorded 28 pb 1,120 pb 1,400 nb
and 22 nb ! dimuon-triggered 500 GeV
p+p, 200 GeV p+p, p+Au and Au+Au

AusAu @ 200 GeV L ~ 142 nb”
windf 223817
T(1S) Yield 156.7 + 235
T(28+3S)7(1S) 0.375 +0.132

T TR T TR TR

s 12
“u(&v‘lcz)
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J/U R,, in Au+Au at 200 GeV

HAA

HAH

185 STAR Au+Au @ 200 GeV 0-60% E  $yaR preliminary 0-20%
1.8 K Jp—ptu lyl <05 - _ T = FirstJ/ results from the
1aE 7T Jhpetelyl <1 (MB) Takahito Todoroki, ) .
OE s anete i< (4D SQM 2016 dimuon channel at mid-
E rapidity in Au+Au collisions
0.8 - at RHIC
o g
5 B * = Full statistics from 2014

0.2

1.8
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1.4
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Au+Au 200 GeV run

Consistent with di-electron
channel

PLB 722 (2013) 55 8
PRC 90 (2014) 02490 =
P I i

/- Lo o 0 P ey oo by oo B o B e v s 1 og e o 1oy og o b

=
L]

— 6 8 10 12 14 ) 2 4 6 8 10 12 14
p. (GeV/c) p. (GeV/c)
Suppression at low-p; High-p;
e Dissociation = Strong suppression in 0-20%
. = Rising trend in 20-60%
* Regeneration N
= Dissociation
*  Cold nuclear matter effect = Formation time effect; B feed down
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J/W Ry, —comparison to LHC and models

Data: Transport models:

ALICE : PLB 734 (2014) 314 Model | at RHIC: PLB 678 (2009) 72 Model Il at RHIC: PRC 82 (2010) 064905
CMS: JHEP 05 (2012) 063 Model | at LHC: PRC 89 (2014) 054911 Model Il at LHC: NPA 859 (2011) 114
PHENIX: PRL 98 (2007) 232301
2r - — 1.8
- p,,, >0GeVic STAR preliminary - % STAR:Aus+Au, |5, =200 GeV, lyl <05, p_>5 GeVic
1.8— ¥ STAR: Aushu, \'ﬁ = 200 GeV |y| < 0.5 1.6~ m CMS: Pb+Pb, ﬁ =276 TeV, lyl 2.4, p.> 6.5 GeV/e
1.6 © PHEND: AusAu, {/Sy = 200 GeV |y| < 0.35 C  Transport Model ] — RHIC — LHC
: m ALICE: Pb+Pb, UE =276 TeV |y| < 0.8 1.4 :_ Transport Modell -- RHIC --LHC
1.4— Transport Modell — RHIC LHC 1.9 STAR preliminary
2; Transport Model Il - -- RHIC LHC r
1.2 e -
3 B SR ' e I
> - = -
= o 0.8—
X1 &] 3 -
0 E: | 0.6—

0.4 0.4
. [
02 sTARN_, uncertainty 0.2 STAR N_, uncertainty
ul’....I....I....I....I....I....I....I. ull1l|tll||L|l||t|l||L|l||l|l|JL|||||
1] a0 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Npart Npad

J/W Ry, for p >0 GeV/c: RHIC is smaller than LHC -> more recombination at LHC
JJU Ry, for p;>5GeV/c: LHC is smaller than RHIC -> stronger dissociation at LHC

Transport models with dissociation and recombination qualitatively describe data
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Does J/Y flow?

* Measure elliptic flow v,
* Primordial J/y: little or zero v,
* Regenerated J/Y: inherit v, from the constituent charm quarks
0.4

Au+Au 200 GeV 0-80 % STAR preliminary
0.3

0.2

—

t 8 118

¥ Jhy—u*y |y| < 0.5, Run14

0.1

0

-0.1

Vs
||||[|||||||||| ||||||||||||||||
— - )

2

-0.2
® J/y—e'e |yl <1, Run10+11
—0.31 [] maximum non-flow
= :l | I | I | I T 2 | l I B sl | l | s I [ | I 100 4 | I {1 L I | I I | I | I T al | I | W I IR | I 2o L (0 |
0123 T s s 7 8 9 10

P, (GeV/c)

* Updated J/U v, in di-electron channel combining Run10 and Runl11 data
favors small contribution from regeneration above 2 GeV/c
e Consistent results from di-muon channel
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Upsilon measurements

Y -cleaner probe compared to J/y

* co-mover absorption - negligible

— Y(1S): tightly bound, larger kinematic threshold.

* Expect o~ 0.2 mb, 5-10 times smaller than for J/y
Lin & Ko, PLB 503 (2001) 104

* recombination - negligible
— at RHIC: o, ~800ub >> o, ~(1-2)ub

* Excited states: expect sequential suppression
of Y(1S), Y(2S), Y(3S) states

e Challenge: low rate, rare probe

— Need large acceptance, efficient trigger
— STAR upgrades
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Y(2S+ 3S)/ Y(1S) ratio
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 Combined signal of Y(25+3S) from the di-muon channel

— Challenging for di-electron channel due to Bremsstrahlung

e Less melting of Y(25+3S) at RHIC than at LHC ?
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Direct photon-hadron/n® — hadron correlations
STAR PLB 760 (2016) 689 arXiv:1604.01117
~ Away-Side  Au+Au 200 GeV (0-12%)
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Suppression: hadron triggers = photon triggers
No clear path length and color factor effect observed



Summary of results

* Spanning a range of pg that could contain features of the QCD phase diagram.

Beam Energy Scan

* Observed signatures consistent with disappearance of parton dominated regime

* Indicators pointing towards a softening of the equation of state which
— possible evidence for a first order phase transition.

e Critical phenomena —signal from higher moment fluctuations
— Statistically demanding

Heavy flavor

Successful data taking with MTD and HFT

D% R,, and v, in Au+Au collisions:

— favors models calculation with charm quark diffusion
— Diffusion coefficient compatible with lattice calculations

J/U Ry, in Au+Au collisions: larger (smaller) R,, at low (high) p; than LHC
— Effect of recombination

Upsilon in Au+Au collisions:
— hint for less Upsilon(25+2S) suppression at RHIC than LHC
Jets
* No clear path length and color factor effect observed in gama/n® hadron correlations
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