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Heavy quarks
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v c and b quarks are produced in initial hard scattering

* Cross-sections calculable ?
within pQCD
* Unique probes of QGP : -
properties
}
"
ptp A+A

* Degree of medium thermalization - production and
elliptic flow sensitive to dynamics of the medium

* Parton energy loss mechanism -
AE >AE >AE >AE,?
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Open Heavy Flavor in STAR

> Non-photonic electrons (NPE)
3 — electrons from semi-leptonic HF

I \Q hadron decays
v higher branching ratio

+ .
~0 K v easy to trigger
~ Indirect access to heavy

quark kinematics
~ contribution from c and b

> Direct reconstruction of
open charm

v direct access to heavy
quark kinematics

~ high statistics compete with
large combinatorial background
w/0 good vertex resolution

courtesy of David Tlusty ~ * difficult to trigger
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STAR Experiment

Large acceptance: |[n| <1,0< ¢ <2n
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v/ Better precision - new
2010+2011 data
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Charm cross section at 200 GeV
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v Total charm production follows
number-of-binary-collision scaling
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D° in Au+Au 200 GeV

2 ) T - -
N 107 Au+Au 200 GeV (D"+Eﬁ)/2, lyl <1 1 25_ 40-80% (b) -
S A Y 0-80% — 1.5 § E
3 e O 0-10% [x20] 1—§$$§ --------------- =
) '_:g:""ﬁ: :@:x O 10-40% [x5] A 05 5_5' g _E
O 10 :\% o . O 40-80% [/2] UF - | E
= R _ 2t N
S e, LS 1 10-40% (c)

— = . < 1.5E § =
S T o T B o Y -
O [ © e % . 1o T e o
Q 10*- % \#N"n I 7 0551 } 3
N . :O:x \Nk - ~. :; . | | _

5 o T ' F 0-10% (d)
S - el U - 1.55 ~§§ @ E
& g7k © P+ DD [x2] - (a- - e E
© - — - p+p Levy scaled by (N _ ) ’ . 0 5_ 5 © & E

= SR R R B = | | — E
0 2 4 6 8 0 2 4 6 8
TransverseMomemtum p. (GeV/c)
v In central collisions strong suppression at high p,
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D° in U+U 193 GeV

H/gher energy density

compared w:th Au+Au
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v Similar behavior in U4+U and Au+Au collisions
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D°R,, in Au+Au 200 GeV

v Suppression at high p.

2 | ' AutA |:|1“+x@2m|e.ev 104y1T]
v f L T e 1 v Enhancement at
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1.5 | — He 0-5% ~ *  Cronin ?
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h .
I > Enhancement described by
i models with light-quark
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P, (GeV/c)
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NPE in p+p and Au+Au 200 GeV
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NPE in Au+Au 200 GeV
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- L H . both c and b
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v Gluon radiation scenario alone fails to describe
large NPE suppression

v No model can successfully explain the suppression
and v, simultaneously
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NPE in Au+Au 62.4 GeV
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Quarkonia at RHIC - Motivation

Charmoma: 7/, ¥, Bottomoma: V(1 §2” Yi2S), Y(3S), ys
/b= ¢ ¢ (BR5.9%) Yo' (BR2.4%)

v/ Quarkonia suppression in QGP in heavy-ion collisions
due to color screening

v/ Suppression of different states is determinate by Tc
and their binding energy - QGP thermometer

T/Te 1Ar) tfm Screening radius:

5> | |yas) ro(T) < 1/T
— | %,(1P) T <T, T =12T, =l
1.2/l 7/4(15) Y'(25) I]] Dm I I:[I:
The QGP ’ U S e
XN Y %YL v Y XY Y
Thermometer _t |8l (2P) Y'(3S) . :
%(IP)  w(25s) Quarkonia spectral lines as
thermometer

H.Satz, Nucll. Phys. A 783, 249
A .Mocsy, Eur. Phys. J. C61, 705-/ +u (2007)
(2009)
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Quarkonia - Other effects

But there are more complications:

- Still unknown production mechanism in elementary collisions
- measure pr spectra and polarization

- Feed-down:

- prompt J/w production - direct J/wy (~60%), feed down from g’
(~10%) and Xc (~30%) decays

- non-prompt - B-mesons feed-down (10-25% at 4-12 GeV/c, STAR, Phys.
Lett. B722 (2013) 55)

- Cold Nuclear Matter (CNM) effects - nuclear shadowing,
Cronin effect, nuclear absorption, ...

- Other Hot Nuclear O .O O
Matter effects - S oo "Ye < (B¥6)
recombination, ... B — 00 0g0 @

*
recombination

screening O
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v Trend towards longitudinal

polarization in the HX frame

[ >
o

200 G

J/win p+p 200 GeV

| [ | | [ |
p+p — Jiy+X, s

® STAR 2009 EMC
v STAR 2009 MB

¢

iy _________

o PHENIX 2006
STAR Preliminary

T
2
o
N
ol
T
o
o
N
<
w
[

inclusive J/y
production

L _____ﬁ
5

- CEM
[ ldirect NNLO*

CS

--direct NLO CS+CO
— prompt NLO CS+CO

| - | I | I | - | I | I | ]
6

[
R ________ [

10 12 14
P, (GeV/c)

8

0

1

- o ®

o o (=

0-4

[(2/A29)/qu] (Ap dp diz)/o pg

10°

10©

107

v It's challenging to describe both J/y p, spectrum

(ZT0Z) t00Z60 ‘S8 d "oy 'SAYd :XINIHd
€%G ‘(ZT02) Z ON ‘S'|OoA g edluojod ‘SAyd e1dvy ‘g JVvLS
GG (£T02) 2ZL 9 ‘1191 'sAud : DINT HVLS

and polarization

WWND

18

April 8, 2014



J/w pr spectra in Au+Au 200 GeV

— 12 ’ -« 20'40%3 v At low pr J/w spectra
S 107 k softer than the TBW
%“ 10° : prediction from light
(5 10° : hadron

Blast Wave

- - - Prediction
— Fit (B=0)

B ®STAR Au+Au
PHENIX Au+Au

54 et » + gmall radial flow ?
T_10° (c) 40-60% - 0 2 , _
Q. 10° = .8 recombination at
N 107 (01 E low pr ?
i s 0 %
Z 10°F s
cﬂo -QE 10 =
m °F = 103 2
107k AASTAR Cu+Cu WD
10k VSun =200 GeV *gaﬁ\l&w 10"<  )/y prrange extended
E- | ] | ] O ] 1 F)l-l-p ] 10'5“-_;*'::: tO 0_10 GeV/C
0 2 4 6 8 2 4 6 8 10 —
P, (GeV/c)
| | STAR high-pr : Phys. Lett. B 722 (2013) 55
Prve R G 762009 051901 STAR low-pr : arxiv:1310.3563
Chin. Phys. Lett. 30 (2013) 031201 STAR high-pr Cu+Cu : Phys. Rev. C 80 (2009) 041902

April 8, 2014 1 WWND



J/w Raa in Au+Au 200 GeV

18 | | | | | | |

(gl AtA 2 IWHX e sTAR AusA ] ..

[ =200GeV § sram (o 55 Gevig 7/ Suppression Increases
1.4 5 PHENIX AutAu (ly<0.35] with collision centrality

$ _ v/ High-pt Raa IS
......................................................................... I systematically higher

+ ] v High-pr J/w suppressed in
)@EF - central collisions
LA

E“@ 0 U * OGP effects ?
0.2k | @]

0 50 100 150 200 250 300 350

N STAR high-pr : Phys. Lett. B 722 (2013) 55

Y.Liu et al., Nucl. Phys A 834 (2010) 317c¢ part STAR low-pr : arxiv:1310.3563
Zhao, Rapp, Phys. Rev. C 82 (2010) 064905
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J/w Raa in Au+Au 200 GeV

18 | | | | | | |

A+A S Jly+X @ STAR Au+Au _ .
M e =200Gev & gﬁﬁﬁ|{>ﬁ’ﬁfﬁeﬁ2nj.3§f /7 Suppression Increases
o Cuetal : with collision centrality
1.2 [‘E ] v High-pr Raa is

I | T I systematically higher
0.8 I v High-pr J/p suppressed in
0.6 - central collisions
0.4 e * QGP effects ?
0.2k ! I ! | l ! El _
0 50 100 150 200 250 300 350
N STAR high-pr : Phys. Lett. B 722 (2013) 55
Y.Liu et al., Nucl. Phys A 834 (2010) 317c part STAR low-pr : arxiv:1310.3563

Zhao, Rapp, Phys. Rev. C 82 (2010) 064905

> Both models - color screening + statistical regeneration - describe
the data well at low pr
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J/w Raa in Au+Au 200 GeV

A+A - J/y+X @ STARAu+Au

1.6F — _ e STAR(p.>5GeVic) -
Yoy =200 GeV o pHENIX AutAu (y|<0.35)
1 4F Zhao, Rapp (p. > 5 GeV/¢)
o Liu et al. (p_ > 5 GeVic)
1.2
<
oC
0.8
0.6
0.4
02 — ] | | | | 1 —
0 5 100 150 200 250 300 350
YLiu et al., Nucl. Phys A 834 (2010) 317c Npart

Zhao, Rapp, Phys. Rev. C 82 (2010) 064905

Suppression increases
with collision centrality

High-prt Raa IS
systematically higher

High-pr J/p suppressed in
central collisions

* QOGP effects ?

STAR high-pr : Phys. Lett. B 722 (2013) 55
STAR low-pr : arxiv:1310.3563

> At high prLiu et al. model describes the data well,
while Zhao et. al model underpredicts the Raa
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Energy dependence of J/y Raa

theoretical calculation: X. Zhao, R. Rapp, Phys. Rev. C 82
(2010) 064905

CEM: R. E. Nelson, R. Vogt and A. D. Frawley, Phys. Rev. C
87, 014908 (2013).

p: - STAR Preliminary ' S | 3 I ' ' ' I
o : %g?_g{hﬂ 1 STAR Preliminary 0-60% Au + Au
u 39GeVMB

= 200GeV

m 62GeV(CEM)

m 39GeV(CEM)
e N, uncertainty
[ 62GeV p + p uncertainty(CEM)
I 39GeV p + p uncertainty(CEM)

N, uncertainty

62GeV theoretical calculation

39GeV theoretical calculation
p+p uncertainty 62GeV(CEM estimation)

/1
[ ptp uncertainty 39GeV(CEM estimation)
0 ptp 200GeV (statics)

8 e

(e Y e T - =k =k =i
B O 00 a N A O 0 N

ERERN
o
N

e = o= s
O N P oo oo oN

=III|III|III|III.III|III|III|III|III|I

(=

g'III|III|III|III|III!III|III|III|III|III
A =

700 200 300 I‘"l"ﬂl - 2 a4 pI{G;VIc?
v/ Suppression of J/y at 62.4 and 39 GeV - no strong energy
dependence of J/y Raa

> Data agrees with the prediction of the two-component model

* p+p reference for 62.4 and 39 GeV data from Color Evaporation
Model (CEM) - large theoretical uncertainties
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J/w v2 in Au+Au 200 GeV

>' 0.3 Au+Au 200 Gev
0.2 4
0.1F ,H.
A
o ;
0.1F ()
020 *010%
- m 10-40 %
-0.3 4 40-80 % maximum non-flow
T L1 R ! I T N SR S|
0 2 6 8 10
P, (GeV/c)

Phys. Rev Lett. 111
(2013) 52301

initially produced [31]

....................... coalescence from thermalized ct [32]

initial + coalescence [34]

- = [nitial + coalescence [35]
— — — hydrodynamic [36]
1 1 1 I 1 1 1 I 1 | 1 I

2 4 6 8 10
p, (GeV/c)

[31] L. Yan, P. Zhuang, and N. Xu, Phys. Rev. Lett. 97 (2006) 232301
[32] V. Greco, C.M. Ko, and R. Rapp, Phys. Lett. B 595 (2004) 202
[34] X. Zhao and R. Rapp, Phys. Lett. B 655 (2007) 126

[35] Y. Liu, N. Xu, and P. Zhuang, Nucl. Phys. A 834 (2010) 317c

[36] U. W. Heinz and C. Chen, private communication (2012)

v J/@ vz Is consistent with zero at pr > 2 GeV/c

> disfavors the case that J/p with pr > 2 GeV/c are produced
dominantly by coalescence from thermalized (anti-)charm

quarks
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Multi-gap Resistive Plate

Chamber (MRPC) - gas detector TPC | | TOF | EMC | magnet MTD
Acceptance: 45% at |n| < 0.5 :

Long-MRPCs
Electronics same as in STAR

. k-

- b L]
MUON TELESCOPE DETECTOR FEB. 27. 2007 MTDO10.DWG
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Muon Telescope Detector (MTD)

*  No y conversion

Multi-gap Resistive Plate . -
Chamber (MRPC) - gas detector I iy dar Much less Dalitz decay

contribution
. (o) . .
Acceptance: 45% at |n| < 0.5 %7 it Less affected by radiative
Long-MRPCs ﬁ looses in the materials
Electronics same as in STAR *rt'«?i |
- ___-L : a _—Y # =
TOF Yol o £ 0<py<5 GeVie
' S %S _“I:‘,r" zuf— ......... 1;
LA 00 = —_—
R 80 F

iz simulations
20
%;5 ] 9.5 10 II ‘Iﬂ.ﬁl 11
o 55 Wi invariant mass (GeV/c?)
1.4 300 pu' p+p. 20 nb' Au+hu, 0-20% ;u_ 20 nb V AusAn -R0 |
121 0.15— - :
N 0.1- -+ Excellent mass resolution
- 0.05— 1 _ o
6 l 0.05 | . .
o Iy | and high pr J/p in central
o2- Iy Ml s Au+Au
ﬂﬂ T T (- .:]
PRl Tt TR T S dud T Psimulations
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Summary

> NPE and D° suppression at high p. Au+Au 200 GeV

> No NPE suppression at 62.4 GeV Au+Au collisions

»DCR,, - similar behavior in Au+Au and U+U collisions

> High pr J/y suppressed in central Au+Au 200 GeV

> No strong energy dependence of J/y suppression in
Au+Au 200, 62.4, 39 GeV

>HFT and MTD since 2014
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Open Heavy Flavor flow Au+Au 200 GeV

— T | T | J |
BESH_AII'F&“ZWG'E‘T ® IV 20-60% _U-ES_IIII!!{I:}EIII*:I:||I6I{;:|._.-IIIIIIIIIIIIIII'IIIIIIIII_
.._;4 === ] He (-8Bl * gTAR D“ﬂ-ﬂﬂ{-'i : n 1-*2{_“ -0 l:l STAR FTE']THIT'I-‘:IT}-‘ :
T L . | - e NPEv,{4},0-60% "o
B ALICED"30-50%| | 0.2
= vem € gLk cinasn'| oy = -~ He et al. N }
20| A o 0-80% i [ o BAMPS Il ]
f'_,.--';" .L = (.15 = Gossiaux et al. $ —
i /’{ L. 3 mh_‘!fghthadmns— . ]
o { 01 _
T 0.05F —
1 : :
OF :
D I é é : é D [}5: I i I i I I i I i | L I L :
0 | 2 3 4 5 6 7 &
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How to disentangle color screening vs CNM
effect vs recombination

> Energy dependence of the J/y | R
production - varying relative  1s AuAu (00 A GeV 035 0-20% -
. . L6 prim. w/llet Bfd — - - primordial w/fte "
COntr|bUt|OnS 1'4 [ — regeneration « = = Nuc. Abs. 1
' total = = = Nuc. Abs. w/fte
. 1.2 yrimordial 0 PHENIX 7
> H|gh_p-|- J/LIJ - almost not = L — q#., DR o e LT s
affected by CNM effects and 03] ﬁhf:_“,’_‘,-w' .............................
. . (.6 - T =
recombination [,_q%ﬁ%rl S 3
STAR high-pr signal: B S
r , o 1 2 3 4 5 o6 7 8 9 10
prp 200 Gel p, (GeV) X ZhaoandR Rapp, PRC82, 064905
S 30F (@) 8 <p <12GeV/c Au+Au 200 GeV P dNldy,,
o 25f N (a) unlike-sign pairs "N, dNldy,,,
E 20 H %Emi o 3<p_<5 GeV/c
= sl + + > 70Cqudey & o 5<p <10 GeVic
E ol + &BDG background
S Ml ! 3 5 mixedeventy  Megsure J/@ prspectra,
ofr : Raa, polarization, elliptic
200
2628 S SpiNeSES L flow ...

|rw

Phys. Lett. B 722 (2013) 55

IF‘I'H’(

EEEB 3 32343638

ee) (GeV/c?)

April 8, 2014 33

WWND



STAR  |/y-hadron correlations in p+p 200 GeV

Phys. Lett. B 722 (2013) 55

B - J/y feed-down — -
Model b d extracti = [ ® STAR 2009 (c)
using PYTHIA >0.3[- = FONLL+CEM
10 ﬂ-ﬂﬂp!' <0 A ndf=2 %'la”f %
1.4 05<PF . E’O oF .,
| STAR Preliminary ~ - I
12 PYTHIA * = f
| Prompt J/y = .
Z LBy p O1F
T [—Sum an) :
T oal — 200GeV p+p
" [ T R T B BT R .
2 | 23256 789701112
£.0.6( p_ (GeV/c)
0.4f- + + 1 v Extracted from near side J/y-h correlation
0l .. 1 ¥ B-hadron feed-down contribution of 10-25%
o o I"‘{ at 4-12 GeV/c
4 0 1 2 im:"adl v Result consistent with FONLL+CEM
calculation
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016510, v Viscous hydrodynamics

0.14} (a) 0-60%
Au+Au 200 GeV

* prediction for two J/y decoupling
temperatures: T = 120 MeV and
T =165 MeV

Fails to describe the low-pr J/y
yield (< 2 GeV/c) and J/y
elliptic flow at pr > 2 GeV/c

Q.
<) . X
O 007) (c) 20-40% | (d) 40-60% -
E UD? ""lnitiﬁl / L’u etl all
& 0.06 [ -- Regeneration ] :
M 0.05F + = Initial+Regen. 1 ¢ J/w suppression due to color
s\ == Hydro T=120 MeV . e
0.04 H: T -.-Hydro T=165MeV - screening + statistical

regeneration + B-meson
feed-down + formation-time
effects

0 2 4 6 Pf- ( GV/(EJ) 476078 10 pascribes the pr spectrum

Hydro: U. W. Heinz and C. Shen (2011), private grpp pioh nr : Phys. Lett. B 722 (2013) 55

Liu et. all: Y. Liu,Z. Qu, N. Xu, and P. Zhuang, STAR |OW-pT -arxiv:1310.3563
Phys. Lett. B 678 (2009) 72
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STAR |/y Raa Vs pr in Au+Au collisions at 200 GeV

v/ J/g suppression decreases with

1 v At high-pr:

——— * suppression for central collisions
(d) 40-60% |

1.8 _Zhao, Rapp (a) 0-60% O® STAR  (b) 0-20% ] - -
Lol oo P (@)060% o8 BIRw ®10%0% [ increasing pr across the
1.4 1 - centrality range
1.2f 1 -
) I B - .I_ ..................................... ] ¥ Strong suppression at low pr
081 4 EH%[@ E@@ ( < 3 GeV/c) for all centralities

* Raa consistent with unity in
(semi-)peripheral collisions

,_@_tH;-_:]
# H v Data agrees with theoretical

naBED rs! ]
el 8 )] = PEE [ _ :
8 $ - _ calculations
o2 g AnAu200GeV * color screening + statistical
0 2 6 8 2 4 6 8 10 regeneration
p. (GeV/c) )
| * Zhao et. al: +
Y.Liu et al., Phys. Lett. B, 678 (2009) 72 \ \
Zhao, Rapp, Phys. Rev. € 82 (2010) 064905 AR high-pr : Phys. Lett. B 722 (2013) 55 formation-time effect and

PHENIX: Phys. Rev. Lett. 98 (2007) 232301

STAR low-pr : arxiv:1310.3563 B-hadron feed-down
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| [ - | [ | [ 1 [ [ | | [ I _]
18 (a) ® STAR 1 (b) |
161 1 pT::S GeV/c * STAR Cu+Cu | @STAR, 200 GeV Au+Au, |y|<1.0, pT:n-5 GeV/c ]
: 200 GeV Au+Au :?f:{“)f (P>0) L CMS, 2.76 TeV Pb+Pb, y|<2.4, 305p>6.5 GeV/c -

- i _

14r T —— Model |, Liu et al.

1ok —v— Model I, Zhao et al._| |¥| _'

@ [L]] w1

0"' |||||||||||||
50 100 150 200 250 300 350 O 50 100 150 200 250 300 350

Npart Npan

v Higher Raa for STAR than CMS for all
centralities
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J/w in U+U collisions at 193 GeV

v Non- spherical nucleus - higher initial energy density

377M minimum bias events
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Significant suppression at
200 and 62.4 GeV In central
collisions

April 8, 2014

39

WWND



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39

