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Heavy flavor physics at STAR &

= sQGP signatures and properties using heavy quarks (c, b)

1. Open Heavy Flavor
2. Quarkonia

p+p 200 and 500 GeV

d+Au 200 GeV

Au+Au 39, 62.4 and 200 GeV
U+U 193 GeV ...many more not covered

= Qutlook: data analysis with the newly installed HFT and MTD
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1. Open heavy flavor

» Heavy quarks c, b

Produced in initial hard processes

Probe the strongly interacting Quark—Gluon Plasma
Modified spectrum: access parton energy loss
Flow: sensitive to dynamics, thermalization

A+A
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1. Open heavy flavor o -

» Heavy quarks c, b
= Produced in initial hard processes
* Probe the strongly interacting Quark—Gluon Plasma
» Modified spectrum: access parton energy loss
* Flow: sensitive to dynamics, thermalization

= Semi-leptonic decays

= Higher branching ratio, easy to trigger on

= |ndirect access to kinematics,
mixture of ¢ and b contributions

= Hadronic reconstruction
= Direct access to kinematics
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DO and D* productlon in p+p
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p+p 200 GeV

» Essential as a baseline for A+A
= Consistent with FONLL upper limit
= New point at 0<p;<0.7 GeV/c

- Lévy fit describes data well
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and D* production in p+p
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DO production in Au+Au %

102_1- T Ol T | T | T ] 400_||||| I I ||||||| I I ||||||| I I ||||||| I I |||_|
o - STAR D™ @ 200 GeV Au+Au . 5 d+Au SNN =200 GeV -
S L 2~ * 0-80% ] B (D0+e) i
§ * *{ ® 0-10% [x20] - Sys. error .
o [y * m 10-40% [x5] 300 B |
OJT ] e . ¢ 40-80% [/2] _| — I NLO err. |
~ F 7R U7 SN anXivi1404.6185 Q N ;
= B “& ™ g submited to PRL | = [ PP L
T [P~ e ] > [(D%+D¥) Au+Au (D") T
- ~ S ~ B 1
QPN A T T = 200} -
TS [ Bk x_ C.® I e B R R P |
ot UwE 1 8| LI
B i o & 58 S 7 Z0o i runl2 |
SR L N ol | _8 Bl ‘ N
Z(D i O S S ] :l |:
- h ~ | 100 _: 9 E_
= [ W<t o ¥ ] i FONLLin p+p | -
C\IZ 2| O p+pD°+D* [x2] XX B ] — HE
o 10 p+p power-law s — . |_STAR Prellmlna[y FONLLerr. |: -
| -- p+p Llevy scaled Iby (N, ) I | IS S
L L 1 L IIII| L L IIIIII| L L IIIIII| L L IIIIII| L L1 11
0 2 4 6 8 ™ 10 10 10°

Transverse momentum p; (GeV/c) number of binary collisions N
bin

Total cross section scales with the number of binary collisions



ICHEP 14, 04/07/2014

Heavy Flavor at STAR, R. Vértesi

DO production in Au+Au
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Charm is mostly produced in initial hard processes
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DO suppression in Au+Au o

= Strong suppression in central
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DO suppression and models

Strong suppression in central
collisions at p>2 GeV/c

|dentical to that observed for pions

Enhancement at 1<p;<2 GeV/c

Understanding from models:

Characteristic low-p; “hump” is
described by models that include
charm-light quark coalescence

High-p; suppression is consistent
with strong charm—medium
interaction

CNM effects may be important

-> Call for a high-statistics
p+A (d+A) run
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DO in U+U collisions
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Non-photonic electrons in 200 GeV Au+Au &

2 T T | T T | T T T |
iy BT R ] Suppression
1.5 T Min Heetal. 1 = Significant suppression of NPE in
) - e — ,zd”,CFT'St3l‘ central collisions (p>4 GeV/c)
< T | 2 =« Similar to that of D and light
hadrons

» Radiation energy loss alone not
enough to explain suppression

0.16F . panpse 200 GeV, 0-60% centrality Anisotropy (v,)
014 o BAVIES heawy quark 3 = Substantial elliptic flow of NPE is
0.12F =77 JUHEES arXiv:1405.6348 3

seen in 200 GeV Au+Au collisions

Note: it's challenging for models to
describe suppression and flow at the
same time
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Non-photonic electrons: 39, 62.4 GeV
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2. Quarkonia

Quarkonia probe thermal properties of the sQGP

J/p suppression due to color screening
Sequential melting of states 2 sQGP thermometer

However: picture is complicated by...

Cold nuclear matter effects
Co-mover absorption
Regeneration in the sQGP...

T

450 MeV

240 MeV

200 MeV

Mécsy, Petreczky,
PRD 77, 014501

IIIII)

15
1/(r)
Y(1S)
%5(1P)
J/y(1S)

%(1P)
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2. Quarkonia

Quarkonia probe thermal properties of the sQGP T

= J/y suppression due to color screening 420 Me¥
= Sequential melting of states > sQGP thermometer

However: picture is complicated by... 240 MeV
= Cold nuclear matter effects 200 MeV
= Co-mover absorption Mécsy, Petreczky,

PRD 77, 014501

= Regeneration in the sQGP...

Precise measurements to disentangle various effects

= p+p > reference

= d+Au > CNM effects

= Vary collision energy: 39 GeV, 62.4 GeV, 200 GeV

= Vary colliding systems: U+U vs. Au+Au

» High-p; J/y = suppress CNM and regeneration

= Y - negligible recombination and co-mover absorption

IIIII)

16
1/{r)
Y(15)

Xb(lp)
J/p(1S)

%(1P)
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- " Au+Au 200 Ge 62.4 GeV theoretical curve
1.6 = Au+Au 62.4 GeV 39 GeV theoretical curve -
- [ N, uncertainty .
14 = Au+Au 39 GeV [] p+p uncertainty 62.4 GeV -
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e =
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J/y suppression: 39, 62.4, 200 GeV &

\"%

g STAR preliminary

Theory: Zhao, Rapp,
PhysRevC.82.064905

300

N
40
R,

art

Suppression

Similar to light hadrons

Similar in central collisions from

39 thru 62.4 up to 200 GeV

Note: 39 and 62.4 GeV CEM references
have large uncertainties

Similar in and Au+Au

Model with prompt production and
regeneration consistent with data
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J/p suppression and flow in Au+Au
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18

3 2F L B I B Suppression
TI8E e mwanon T R milar to [
1.6 ;* = Au+Au 62.4 GeV — zQIGﬁxctgﬁgir:tt‘i,cal curve ; u S'm”ar tO I|ght had rons
14f = Awmmey T ppucenanys2zacev | w - Similar in central collisions from
1.2 ;— * U+U193GeV  —— p+p 200 GeV(statistics) : 39 thru 62.4 up tO 200 Gev
T H  Theory: Zhao, Rapp, ] Note: 39 and 62.4 GeV CEM references
3'2; PhysRevC.82.064905 ] have large uncertainties
04k % 1 = Similarin and Au+Au
02 J/y STAR preliminary -1 = Model with prompt production and
% 100 200 300 409 regeneration consistent with data
part
~ F 3TARAu+Au
> F =200 GeV .
o S e Anisotropy (v,)

J/y v, consistent with non-flow

| ]
S - (pr>2 GeV/c; unique among hadrons)
3 E—) fl timati . .
3 mitially producea 2ol ol = Model with thermalized charm quark
S — | from thermalized ct [30 '
R s oaloscemon gy e 1] coalescence disfavored
- — . — initial + coalescence [33]
F —— hydrodynamic [34] J/lp [29] Yan, Zhuang,Xu, PRL97 (2006) 232301
ol IR R R SR R S ST N S S S RS S [30] Greco, Ko, Rapp, PLB595 (2004) 202
O 2 4 6 8 1 0 [32] Zhao, Rapp, PLB 655 (2007) 126

Phys. Rev. Lett. 111 (2013) 52301

[33] Liu,Xu,Zhuang, NPA834 (2010) 317¢c
[34] Heinz, Chen (2012)

P (GeVl/c)
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High-p; J/p in Au+Au

1.8 I 1 | I I I I

A+A — JY+X @ STARAu+Au
1.6—\/&,’—NN = 200 GeV ; STAR (p > 5 GeV/c) .

PHENIX Au+Au (ly1<0.35)| = CNM effects are small

1.4}F Zhao, Rapp
—— Zhao, Rapp (p >5 GeV/c)
| Liu et al. B} _
5 : $ ----- Liu et al. (p_ > 5 GeV/c) = |_ess regenera“on
e T S I

0.8-[}]\ :

N & !
0.4 ' —
'@ -------- STAR low-p; : arXiv:1310.3563
STAR high-p, : PLB722, 55 (2013)
0.2k | —] Liu et al.,, PLB 678, 72 (2009)

0 50 1 OIO 15l0 ZOIO zéo 3010 350 Zhao and Rapp, PRC 82, 064905(2010), PLB 664, 253 (2008)

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

1 = Suppression of high-p
+ | J/p in central collisions

part
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1.8 I 1 | I I I I
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.
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High-p+ J/y in

Heavy Flavor at STAR, R. Vértesi

A+A — JY+X @ STARAu+Au

DA /
DR S
0.2t I I I I 1 1 @ =
0 50 100 150 200 250 300 350
Npart

20

Au+Au o

= CNM effects are small

= Suppression of high-p-
J/p in central collisions

STAR low-p; : arXiv:1310.3563

STAR high-p; : PLB722, 55 (2013)

Liu et al., PLB 678, 72 (2009)

Zhao and Rapp, PRC 82, 064905(2010), PLB 664, 253 (2008)
PHENIX Phys. Rev. Lett. 98, 232301 (2007)

High-p; J/y suppression is clearly an sQGP effect
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AA,dA

Y(1S+2S+3S) R
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STAR Y(1S+25+3S)

I|IIII|IIIIIIII|IIII|IIII|IIII|IIII_ -
(@ 7
STAR Au+Au ()  STAR Au+Au, Centrality Integrated —]
STAR d+Au <> STAR U+U, Cent. Integrated, Prelim
STARU+U (prelim) Strickland-Bazow Model -
! . . Emerick-Zhao-Rapp Model -
. p+p Stat.+Fit Uncertainty STAR limi —]
Common Normalization Syst. pre imi nary ]
arXiv:1312.3675 ]

|

O—l-llllllllllll

\/sNNI =200|GeVI | | |IyYI<1'|0 .
50 100 150 200 250 300 350 400

Model calculations:

Potential based on internal energy

assumes 428<T7<443 MeV
Strickland-Bazov, Nucl. Phys. A879, 25 (2012)

Heavy Flavor at STAR, R. Vértesi

Upsilons in A+A

21

Co-mover absorption and
recombination negligible at
RHIC

Suppression in 200 GeV
central Au+Au

Trend continues in 193 GeV
U+U (20% more energy density)

Strong binding scenario, CNM effects included

A. Emerick, X. Zhao, R. Rapp, Eur. Phys. J A48, 72 (2012)
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Excited Y states in Au+Au o ]

n:é 1.2~ STAR Inclusive Quarkonium Measurements Central AU +Au:

" Au+Au, |s,, =200 GeV, lyl<1 . .
1_—5;)‘('{\','_'1'5{2"56‘7‘5 """"""""""""""""""""""""""""" = No evidence of excited
o 3ccepted in PLB states Y (2S) and Y (3S)

of l ,L o
T sssceve|é 119 . Y.(1.S) suppression is
S 3109 Centrality | oo similar to high-p; J/y
0.4/ ({25438}, 95% limit Suppression of Y is an indication
L l 0-60% Centrality of color deconfinement
- Au+Au
o0 - IO.|2I I |0.|4| I l0.|6I | l0.|8I - 1| - l1.12I | ]1.4

Binding Energy (GeV)
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Excited Y states in Aut+Au

23

n:é 1.2~ STAR Inclusive Quarkonium Measurements Central AU +Au:
" Au+Au, |s,, =200 GeV, lyl<1 . .
1_ e d319367E T = No evidence of excited
o 3ccepted in PLB states Y (2S) and Y (3S)
l | . Y(1S on i
suppression Is
0.6— Jhp, p_>5 GeV/e ‘ g.(11 ;’)/o ( . ) pp
- 0-10% Centrality | ity similar to high-p; J/y
0.4 » Suppression of Y is an indication
B Y (2S+3S), 95% limit .
i l 0-60% Centrality of color deconfinement
- Au+Au ,
B Rl L A R R AR AR AR RARAR AR
R S T T B R ¥ R 1 o f STARR,,, (1S+25+3S) (b)
Binding Energy (GeV) @LBT STAR p+p Syst. Uncertainty ]
& [ —5— PHENIX ]
H 31.65 N\t Shadowing, EPS09 (Vo.gt) -
owever... I S e o :
= d+Au data indicates that CNM 12k . E
effects can be important S . .
. . Q
= Models do not explain mid- 0.8 ]
rapidity d+Au data 0.6 =
—> Better understanding requires 0.4 d+Au -
. . . o b b b b b e b e By iy
high-statistics p+A (d+A) 25 2 15 -1 05 0 05 1 15 2 25
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Outlook: Heavy Flavor Tracker

,~ = Innermost, silicon

6/ detectors (3 subsystems)
,/ __.» Resolves secondary
- vertex

= Physics goal: Precision
measurement of heavy
quark production

Complete and taking data in Run14
IST at 14 cm /;i‘/‘ == > 25 ;(EOQ?BG?\LAU+AUt (.:,lollli:i;ns — ?r:,::goed hadrons

2

——= V)=V (q)
— = vy(0)=0

N
o

-
_—

™ gy

.-

N
($)]

||||‘]II|‘IIII|II\\|II

PXL at 2.9
and 8.2 cm

()]

o

L ‘ L [ 1 I 1 | L |
0 1 2 3 4 5

Transverse Momentum P, (GeV/c

Anisotropy Parameter v_ (%

\-/c)_

SSD at 22 cm
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Outlook Muon Telescope Detector

-

= Qutermost, gas detector
= Physics goal: Precision
measurement of heavy

quarkonia through the
muon channel

= Acceptance:
45% in azimuth, |y|<0.5

Complete and taking data in Run14

w | ||||||||l|||||||||||||||||||||| | B
< - 33 M Di-muon triggered events ] s I Y prOjeCtlon STARG':’)"::LH E:s;gziD:tj:zr
3 0F Run 13 p+p @ 500 GeV Iy 1<0.65 e
(&] ] o
wofd/W sample data __ ; jesign 1 ot m s
S | F— Like-sign . R bl Y8
30— — B @ Y (1S+25+3S)—e'e, lyl<0.5
C —e— Signal . oo
201=1R (I 2 = a + + ¢ + + ¢
1o e, N = F
ol 1l el il L] me? n".. e '-. . °'2; + + + + 0 + +
N | ol . ....: L N IR R R
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L
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e
Summary i

Open heavy flavor
= Total D° x-section follows N,,, scaling = early charm production
* Low-p; D° “hump” = suggests charm—light quark coalescence
= High-p; suppression > indicates strong charm—medium interaction
* No 62.4 GeV NPE suppression or flow observed, contrary to 200 GeV

Quarkonia

= J/y suppression similar in central 39, 62.4 and 200 GeV collisions
= No J/y elliptic flow is observed - thermalized cc-coalescence unlikely

= Significant high-p; J/p and similar Y (1S) suppression in central A+A,
hint for a complete Y (2S) and Y (3S) suppression
—> clear signal of a deconfined medium

U+U measurements show similar suppression patterns to Au+Au
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Open heavy flavor
= Total D° x-section follows N,,, scaling = early charm production
* Low-p; D° “hump” = suggests charm—light quark coalescence
= High-p; suppression > indicates strong charm—medium interaction
* No 62.4 GeV NPE suppression or flow observed, contrary to 200 GeV

Quarkonia

= J/y suppression similar in central 39, 62.4 and 200 GeV collisions
= No J/y elliptic flow is observed - thermalized cc-coalescence unlikely

= Significant high-p; J/y and similar Y (1S) suppression in central A+A,
hint for a complete Y (2S) and Y (3S) suppression
—> clear signal of a deconfined medium

U+U measurements show similar suppression patterns to Au+Au

Stay tuned for new great results with HFT and MTD
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DY in U+U, spectra and Ry,
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DO, model ingredients

I T [ T T T T T
STAR Au+Au — D’ + X @ 200 GeV Central 0-10% |
L T @ data i
- — TAMU -
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B ———— Torino ]
Lo~ PR Duke w shad. |
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QGP-Hydro
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DO R4
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STAR Preliminary

M U+U193GeV  D":lyl<1, 3<p <5 GeV/c

@ Au+Au 200 GeV D% lyl<1, 3<pT<8 GeV/c, arXiv:1404.6185 (submitted to PRL)
Au+Au 200 GeV n*: lyl<0.5, pT>6 GeV/c, PLB655, 104 (2007)

g 0-80% form.

L

40-80% | 10-4(?% | 0-10% |
0 100 200 300 400
< Dart>
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NPE Au+Au 200 GeV

P (GeVic)
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2 | 1
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NPE 62.6 GeV FONLL vs. pQCD ¢
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High-pT J/@y — motivation

I

1 | I

34

T
1.4
1.8 e STAR lyl<1 d"‘Al:' g 'J/_lxl""x n:§ i %% Pb-Pb |s=2.76 TeV, L~ 70 ub X. Zhao et al, NPA 859(2011) 114,
o PHENIX lyl<0.35 (minimum bias) . ) oo / total 0-20%
121 Altce ® Inclusive J/y, 2.5<y<4, 0-20%  ___ egeneration 0-20%
1.6 EPS09 +o,,, (83 mb) - [ sreutnmnary o Inclusive JAy, 2.5<y<4, 40-90% . total 40-90%
N DN . a N \ —— regeneration 40-90%
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AR global sys.= +6%
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' 0.2
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0 [ | 7 [
% : ' 7] g o 1 2 3 4 5 6 7 8

2 3
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Rys, ~ 1 at high P;

- CNM effects do not play a strong role Less regeneration at high Py

PHENIX data: Phys. Rev. C 87, 034904 (2013)
Model: E.Eskola, H.Paukkunenea and C.Salgo, Nucl. Phys. A
830, 599 (2009)
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J/Y vs pT, energy / system

Heavy Flavor at STAR, R. Vértesi
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J/p in p+p 200 GeV 5

% | ||:>+p —)l Jhp+)|(, \f§|= 200 |GeV %
!  STAR 2009 EMC -
v STAR 2009 MB 7
= STAR 2005 & 2006-
o PHENIX 2006 -

STAR Preliminary—=

[ [ 1direct NNLO* CS
= ----direct NLO CS+CO =
- — prompt NLO CS+CO .

0 2 4 6 8 10 12 14
pT(GeVIc)

= STAR coverage
out to 14 GeV/c

= Prompt NLO CS
+CO describes
the data

= Prompt CEM
better at high-pT
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J/Y In p+p — polarization
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2<pT<6 GeV/c

STAR+PHENIX
consistent with NLO
+CSM

= Higher statistics
needed to discriminate

p+p 500 GeV results
will improve precision
for future CNM
calculations
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Y in p+p 200 GeV

% STAR, p+p, lyl<1.0
@® CFS, p+A
H E605, p+A
A CCOR, p+p
V¥ R209, p+p

O R806, p+p
(] UA1, p+p
/\ CDF, p+p
O CMS, p+p
— NLO CEM, MRST HO,
m=4.75 GeV/c?, m/u=1

-~ Y(1S+2S+3S) 9

10° |5 (Gev)'”

Y(1S+2S+43S), B, xdo/dy (pb)
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